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Supervisor’s Foreword

It was K. G. Wilson’s great insight that the renormalisation group lay at the heart of
what it means to have a quantum field theory. He showed that a genuine continuum
quantum field theory exists if it is supported by a suitable ultraviolet fixed point and
its (marginally) relevant perturbations.

Already in the review of 1973, Wilson and Kogut put forward a continuum
version of such a renormalisation group, which they christened the Exact
Renormalisation Group, and predicted that this would play an important role in
future years.

For the perturbative quantum field theory behind the very successful standard
model of particle physics, the ultraviolet fixed point is just the trivial Gaussian fixed
point corresponding to free field theory. However in this case, only quantum
chromodynamics (QCD) has the correct properties to have a genuine interacting
continuum limit. Again in their review, Wilson and Kogut were the first to search
for a suitable non-perturbative fixed point that would solve the triviality problem in
these other sectors, focussing on scalar field theory in four spacetime dimensions.

In 1979, even more radically, Weinberg pointed out that the problems of
quantum gravity, which stem from the fact that Newton’s constant is an irrelevant
coupling about the Gaussian fixed point, might also be solved if a suitable
non-perturbative ultraviolet fixed point could be found around which to define its
continuum limit. He christened this scenario “Asymptotic Safety”.

Decades later, this idea would receive a boost from the discovery, in 1993,
independently by Wetterich and myself, that the Exact Renormalisation Group
could be cast into a particularly powerful version in terms of an effective average
action. This action has the property that in the limit that the cut-off is removed, it
becomes the Legendre effective action which thus gives direct access to the physics
of the quantum field theory. But what makes this framework especially powerful is
that it allows for very general approximations that still preserve the crucial property
that a continuum limit can be defined through the existence of an ultraviolet fixed
point and its (marginally) relevant perturbations.
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It was Reuter who adapted this formulation to Asymptotic Safety in 1998,
resulting in an explosion of interest continuing to the present day. Nevertheless, the
existence of even very crude approximations that demonstrate the property of
Asymptotic Safety in quantum gravity is also a potential trap: for this scenario
really to exist, background independence must also be properly incorporated and
not just for small fluctuations (that are tacitly assumed in the most popular
approximations) but also for fluctuations that are large compared to the cut-off
scale.

It was efforts to understand this issue that lay at the heart of Zo€ Slade’s
research. The thesis starts, however, by describing research that solved a different
problem, the so-called reconstruction problem. This is the issue, emphasised by
Reuter, that the effective average action at high values of the cut-off does not give
the bare action (from which one might hope to recover insight into the microscopic
degrees of freedom and make contact with other approaches to quantum gravity). In
fact, an exact solution to this reconstruction problem is inherent in my 1993 paper,
as Zo€ pointed out, by using the equivalence relation between the Wilsonian
effective action and the effective average action. Using this duality, Zo€ provides
actually two exact solutions to the reconstruction problem and uncovers a new
duality relation between effective actions, a result which is also of significance
outside the field.

Then Zoé€ turns to research that develops a deeper understanding of the rela-
tionship between Ward identities that enforce background independence and the
existence of fixed points, using the so-called conformally reduced quantum gravity
approximation. As Zoé€ and collaborators then show, background independence
provides severe constraints that can even rule out asymptotic safety, depending on
the particulars of how the approximation is defined, unless the recently discovered
background independent variables are used (that exist at least within this
approximation).

Finally, Zoé reports on work with her collaborators which shows that the
asymptotically large curvature form of solutions, in the so-called f(R) approxi-
mation, can be derived analytically. She presents a pedagogical guide to correctly
constructing these asymptotic solutions to the fixed-point equations. These solu-
tions already allow to determine crucial features of the fixed-point solutions as a
whole, including the dimension of the fixed-point manifolds, and the physical
equation of state. As she shows, not only is this much easier than finding a
numerical solution, it is necessary to validate such numerical solutions by checking
that these solutions actually match a valid asymptotic form. Depending on the
values of various parameters, alternative scenarios for the equation of state are
found, pointing to the need for more such f(R) studies.

Southampton, UK Prof. Tim R. Morris
February 2019



Abstract

This thesis is devoted to exploring various fundamental issues within asymptotic
safety. Firstly, we study the reconstruction problem and present two ways in which
to solve it within the context of scalar field theory, by utilising a duality relation
between an effective average action and a Wilsonian effective action. Along the
way, we also prove a duality relation between two effective average actions com-
puted with different UV cut-off profiles. Next, we investigate the requirement of
background independence within the derivative expansion of conformally reduced
gravity. We show that modified Ward identities are compatible with the flow
equations if and only if either the anomalous dimension vanishes or the cut-off
profile is chosen to be power law, and furthermore show that no solutions exist if
the Ward identities are incompatible. In the compatible case, a clear reason is found
why Ward identities can still forbid the existence of fixed points. By expanding in
vertices, we also demonstrate that the combined equations generically become
either over-constrained or highly redundant at the six-point level. Finally, we
consider the asymptotic behaviour of fixed-point solutions in the f(R) approxi-
mation and explain in detail how to construct them. We find that quantum fluctu-
ations do not decouple at large R, typically leading to elaborate asymptotic
solutions containing several free parameters. Depending on the value of the
endomorphism parameter, we find many other asymptotic solutions and fixed-point
spaces of differing dimension.

vii
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Chapter 1 ®)
Introduction Check for

General relativity (GR) is one of the towering achievements of twentieth-century
physics. Its predictions have received spectacular experimental confirmation time
and time again since its publication over one hundred years ago [1]. However, GR
is not the end of the story as far as gravity is concerned. Singularities appearing in
the theory provide internal evidence that it is somehow incomplete, and furthermore
GR is a classical description of gravity whilst nature at a fundamental level behaves
quantum mechanically. At scales approaching the Planck length quantum effects are
expected to become important and it is believed that a theory of quantum gravity is
needed in order to describe nature at the Planck scale and beyond.! Such a theory
promises to bring a deeper understanding of fascinating phenomena such as black
holes and the big bang, and its discovery remains one of the biggest open challenges
in fundamental physics.

Actually, there is nothing preventing us from quantising GR using the standard
perturbative techniques that have been successfully applied to nature’s other funda-
mental fields. The resulting quantum field theory (QFT) can be used to make testable
predictions, for example in the form of corrections to the Newtonian potential [2].2
However, if we wish to describe gravity at distances approaching the Planck length
predicitivity is lost. It turns out that an infinite number of measurements need to be
performed by experiment in order to determine the parameters required to cancel the
divergences of the theory i.e. the theory is perturbatively non-renormalizable [3—6].

Perturbative quantisation of GR therefore only provides an effective description
of the graviton. Still, effective field theories are commonplace in physics and some
of the most successful field theories of the last century come under this umbrella.

'Even though probing Planck-scale physics may require energies far above those accessible at
current particle accelerators, there are ways to study quantum gravitational effects e.g. from the
finger prints of the very early universe left on the CMB. See Chap.5 for more discussions on
experimental searches for quantum gravity.

2 Although these effects are very small and therefore not likely to be measured any time soon.
© Springer Nature Switzerland AG 2019 1
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2 1 Introduction

The Standard Model for example can be considered an effective description of the
interactions of fundamental particles. Likewise, Newton’s theory of gravity is a low
energy approximation to Einstein’s GR, which in turn must be an effective description
of some higher-energy theory of the gravitational field (whether this be a QFT or
something more exotic).

The shortcomings of perturbative approaches® do not mean that QFT and gravity
are incompatible however. A well-behaved quantum theory of gravity might be recov-
ered by taking the dynamics of the non-perturbative regime into account. One such
non-perturbative route, which retains the fields and symmetries of GR, is asymptotic
safety. Asymptotic safety posits the existence of a non-Gaussian UV fixed point of
the gravitational renormalization group flow to control the behaviour of the theory at
high energies and thereby keep physical quantities safe from unphysical divergences.
This idea was first put forward by Weinberg [8] and has since been the focus of many
searches for quantum gravity, the majority of which offer encouraging signs that an
appropriate high-energy fixed point could indeed exist.

It may well turn out that we have to go beyond conventional QFT in order to
describe gravity at the Planck scale and in the process introduce additional degrees of
freedom and symmetries like those of string theory or additional spacetime structure
asinloop quantum gravity, or perhaps something else is required altogether. However,
whether or not the asymptotic safety hypothesis turns out to be ultimately correct, it
is important to make progress with fundamental aspects of the approach, a collection
of which provide the focus of this thesis.

In the sections that follow we give the necessary background for the research
presented in Chaps.2—4. We begin with a review of the renormalization group as
understood by Kenneth Wilson in Sect. 1.1, before introducing the theory space on
which the renormalization group flows play outin Sect. 1.2. In the following Sect. 1.3,
we review the specific application of the renormalization group in the asymptotic
safety approach to quantum gravity. Section 1.4 contains a discussion on popular
approximation schemes employed in asymptotic safety, many of which are then
used in the chapters that follow. Finally, we conclude this introductory chapter with
an outline of the rest of the thesis.

1.1 The Wilsonian Renormalization Group

Naturally the scale at which we observe the world determines how we describe it.
We construct theories in terms of variables appropriate for the viewing scale and
in fact we need not worry about what goes on at shorter distances (or equivalently,
higher energies) in order to make successful predictions. For example, to describe

3 Another example comes from [7] in which adding higher derivative operators to the Einstein—
Hilbert action leads to a perturbatively renormalizable quantum theory of gravity, but which does
not respect unitary.



1.1 The Wilsonian Renormalization Group 3

water flowing in a stream we do not need an understanding of water at the molecular
level, instead the physics of fluid mechanics is enough.

However, by the very nature of their construction our theories are often blind
to UV dynamics; they are effective theories with limited descriptive power and a
finite realm of validity. The scale at which a theory ceases to be applicable is aptly
named the cutoff scale. It indicates the point at which our knowledge breaks down
and beyond which new physics lies. As we have already mentioned, in the case of
perturbative quantum gravity this is the Planck scale. How then are we able to gain
access to a high-energy (short-distance) description of nature?

An answer comes from the understanding of the renormalization group (RG) owed
to Wilson [9]. The RG is the mathematical formalism that enables us to systematically
generate and relate descriptions of a system befitting different viewing scales, and for
this reason is often said to be analogous to a microscope with varying magnification.
The basic idea is that a system’s microscopic degrees of freedom can be replaced
by effective ones, together with appropriate rescaled interaction strengths, to give
a different description of the system but which produces the same predictions for
physical observables. RG methods are at the heart of the asymptotic safety approach
to quantum gravity and as such provide the focus of this section.

Wilson’s RG has its origins in the study of condensed matter systems and so we
begin this section by introducing key RG concepts through a discussion on Kadanoff
blocking. We then move on to review the continuum description of the RG due to
Wilson and visit Polchinski’s flow equation. We end this section with a compar-
ison between the renormalization of perturbation theory and the modern view of
renormalizability that Wilson’s ideas brought about.

1.1.1 Kadanoff Blocking

Consider a two-dimensional lattice of atoms each possessing two spin degrees of
freedom, up or down, and with nearest-neighbour interactions, as shown in Fig. 1.1a.
In this example the cutoff scale is given by the lattice spacing . Now suppose we
average over a group of neighbouring spins and replace them by a single “blocked”
spin at the centre. For example, a 3 by 3 block of spins containing mostly up spins is
replaced by a single spin-up degree of freedom, and vice versa for down spins. The
resulting picture is one with fewer degrees of freedom at an increased separation, see
Fig. 1.1b. This procedure is known as blocking or more generally as coarse graining.

In order to compare the coarse-grained description of the system to the original
microscopic Fig. 1.1a, a second step is performed—a rescaling—to shrink the lattice
spacing back to its original size, see Fig. 1.1c. This two-step process of coarse graining
and rescaling is known as block-spin renormalization and was introduced by Leo
Kadanoff in 1966 [10]. Together the two steps make up a renormalization group
transformation.*

“Note that these transformations do not form a group in the formal sense as the coarse-graining
procedure is not invertible.
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Fig. 1.1 Illustration of a block-spin RG transformation in a 2-dimensional lattice of spins. Coarse
graining proceeds from (a) to (b), followed by rescaling from (b) to (¢). In ¢ lattice sites previously
outside the picture have been pulled in

Block-spin renormalization gives us an alternative way of describing the lattice of
spins, i.e. in terms of coarse-grained variables with appropriately scaled interaction
strengths (as opposed to in terms of the original microscopic degrees of freedom). In
this sense, an RG transformation is like a reorganization of what we already know.
In fact, not only does the block-spin procedure modify the spin-spin interactions, but
it also gives rise to new ones. In the original lattice there are only nearest-neighbour
interactions, but the block-spin transformation generates next-to-nearest neighbour
interactions, next-to-next-to-nearest neighbour interactions and so on.

Crucially though, these different pictures of the system still predict the same
values for physical observables, so long as we consider physics at length scales much
greater than the cutoff. In other words, performing an RG transformation changes
the couplings in such a way so as to leave observables unchanged. Indeed it seems
reasonable to expect that when describing some long-distance phenomena, far away
from the cutoff scale, predictions for observables should be insensitive to changes
in it. In the case of a lattice of spins such an observable would be the resistivity of a
metal, which is independent of the precise inter-atomic spacing.

1.1.2 Wilsonian Renormalization

The RG transformations of Kadanoff’s blocking procedure are concerned with dis-
crete changes in the cutoff scale. In 1971 Kenneth Wilson introduced a version of
the RG adapted to continuous changes in the cutoff which could be implemented
through the path integral formulation of quantum field theory [9].

To illustrate this approach let us consider a single-component scalar field ¢(x)
with bare action S [¢]. In the language of path integrals, physical observables of the
field are then given by derivatives of the generating functional

A N
Z[J] =/ Dgpe SO0 (1.1.1)
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with respect to the external current J(x). We will use a dot notation to denote inte-
gration over position or momentum space:

d d'p
J-p=Jipy E/d xJ(x)p(x) =/—dJ(P)¢(—P)- (1.1.2)
(2m)

For bilinear terms we regard the kernel as a matrix, thus the following forms are
equivalent:

d
(‘;W‘; o)A (pP)é(—p).

(1.1.3)
Note that when transforming to momentum space, Green’s functions G(py, . .., pn)
come with momentum conserving delta functions such that they are only defined for
p1 + -+ + pn = 0. Thus two-point functions are functions of just a single momen-
tum p = p; = —p,. The integral (1.1.1) is endowed with a sharp UV cutoff A such
that only those modes propagating with momentum |p| = \/? < A are integrated
over. Here and throughout the rest of this thesis we will now deal with energy scale
cutoffs as opposed to length scale cutoffs § = 1/A. Note the Euclidean signature
of the functional integral needed in order to take proper account of modes with
nearly light-like four momenta. (In gravitational theories the Euclidean signature
gives rise to the well-known conformal factor problem which has profound conse-
quences for the RG properties of the theory in question. We discuss this in more
detail in Sect. 1.4.4.) Finally, the requirement for physics to be independent of the
cutoff in the context of the path integral means for the generator of Green’s functions
Z[J] to be independent of A:

6876 = 0aloy = [dtxalyomal o = [

dzZlJ]
A== =0. (1.1.4)

Here coarse graining corresponds to lowering the cutoff by integrating out the
high-energy degrees of freedom between A and some lower energy scale k, cf.
Fig. 1.2. For simplicity, let us only consider observables with momenta less than the

Hidden

Physics

Fig. 1.2 Energy spectrum over which modes are integrated out
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lower cutoff k so that J(p) = O for | p| > k. Splitting the modes into two sets, those
with momenta |p| > k denoted by ¢.. and those with |p| < k denoted ¢, we can
rewrite (1.1.1) as

0<|pl=k k<|pl=A R
Z[J] = / Do f D e Slo<+0-1+/0< (1.1.5)
0<lpl=k “
= f Do e S 100 (1.1.6)

where the result of integrating over a shell of momenta k < |p| < A has been re-
expressed in terms of a new, effective action’

. k<|pl=A \
SHgl = —In / D e Slo<+o-1 (1.1.7)

This effective action predicts exactly the same low-energy (E < k) physics as the
original bare action S. It contains new interactions arising from the coarse-graining
procedure (just like we saw in Kadanoff blocking). As the cutoff is lowered, modes are
removed from the propagator and “hidden away” in the effective action, manifesting
themselves as changes in the couplings, cf. Fig. 1.2. These changes compensate for
the change in the cutoff, meaning that Z[J] and its functional derivatives remain
unchanged i.e. they obey (1.1.4). It follows that a simple Lagrangian at the cutoff
scale A will become more complicated as the the cutoff is lowered, growing new
interactions, including contributions from irrelevant operators.°

We still need to perform the rescaling step. This can be most easily achieved by
making all quantities (fields and their couplings) dimensionless by dividing by the
effective scale k raised to the power of their scaling dimension. This is equivalent to
rescaling distances and momenta, and sends the cutoff back to its original size. Thus
writing everything in terms of dimensionless quantities, in addition to the coarse-
graining step as described above, completes an RG transformation in the Wilsonian
approach. Applying successive RG transformations gives a series of effective actions:

S - § = & = .. (1.1.8)

describing a system up to successively decreasing cutoff scales.

Joseph Polchinski adapted Wilson’s RG by introducing a smooth momentum scale
cutoff in a more direct way [11]. This was achieved by incorporating a smoothly
varying cutoff-dependent function f into the propagator like so’

5See Chap. 2 for a more comprehensive example and further discussions.

SWith this in mind, it no longer makes sense to insist that Lagrangians only contain relevant opera-
tors. Indeed, in the application of the Wilsonian RG to asymptotic safety we allow for all possible
operators consistent with symmetry constraints.

7Where the mass term is contained within the interactions.
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1 2/k?

— - f(”—z/)zAk. (1.1.9)
p p

The function f has the property that for |p| < k, f = 1 and mostly leaves modes

unaffected whilst for |p| > k, f suppresses modes, vanishing rapidly at infinity.

Using the modified propagator, (1.1.6) instead becomes

ZlJ] = fme*%@'<“>"'¢*5k[dﬂ+"®, (1.1.10)

where for the sake of neatness we have made the replacement ¢ — ¢ and where the
effective action ¥ [#]has been splitinto a kinetic part and interactions S¥[¢]. The path
integral is smoothly regulated in the UV by the cutoff function f. Polchinski showed
that if the effective interactions S*[¢] satisfy the following integro-differential equa-
tion [11]
k k k kK §2¢k

ﬁskw]:l&i.ai.éi_l"ﬁ(ai.é_s) (1.1.11)

Ok 2090 Ok o 2 Ok 0o
then (1.1.4) (with the replacement A — k for the case at hand) follows. This is
Polchinski’s version of Wilson’s flow equation [12, 13]® which we will see again
shortly in Chap.2. It expresses how the effective interactions must change as the
cutoff is lowered in order to keep Z[J] constant. It is commonly referred to as an
exact RG equation (ERGE) as no approximation is used in its derivation; in particular,
it does not rely on small couplings.

1.1.3 The Wilsonian Perspective

Wilson’s approach brought about a new understanding of renormalizability in quan-
tum field theory. In the old view of renormalization a cutoff is introduced to loop
integrals to enable their computation on the way to calculating scattering amplitudes
and is nothing more than a mathematical trick. Physical quantities are then made
independent of the cutoff (they are “renormalized”) such that its value can be safely
taken to infinity at the end of the calculation with physical quantities remaining
finite. This is the familiar renormalization of perturbation theory, implemented for
example by redefining bare couplings in terms of renormalized ones or subtracting
divergences with a finite number of counter terms.

From the modern Wilsonian perspective the cutoff should be viewed as physically
meaningful and all quantum field theories in possession of one should be treated as
effective theories only valid up to the cutoff scale. As already mentioned, the cutoff
represents the scale at which our knowledge breaks down and therefore we cannot

8For a more careful comparison between Wilson’s and Polchinski’s versions see Ref. [14].
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justify taking the limit A — oo, at least not before knowing the high-energy
behaviour of a theory.” For a theory to be renormalizable from the Wilsonian perspec-
tive means that it is truly free from divergences at all scales: no divergences appear,
no matter how high we take the cutoff. Technically, this is achieved by arranging for
the theory to emanate from a UV fixed point, the subject of the next section.

Unlike perturbation theory, the Wilsonian RG does not rely on couplings being
small and therefore represents a non-perturbative approach to renormalization. This
is one of its chief advantages as it opens the door to exploring the non-perturbative
regime of quantum theories such as gravity.

In summary, in both the perturbative and nonperturbative regimes, the word
“renormalization” refers to a way of dealing with divergences, but the methods by
which this is done are conceptually and technically different. From the Wilsonian
viewpoint, theories such as QED which appear renormalizable where perturbation
theory is valid, are not truly renormalizable in the full non-perturbative sense of
the word. Wherever we use the term renormalization we will mean it in the sense
of the Wilsonian renormalization group, also known in the continuum as the exact
renormalization group (ERG), the functional renormalization group (FRG) and the
continuous renormalization group.

1.2 Fixed Points and Theory Space

Now that we have reviewed the Wilsonian RG and seen an example of an exact RG
equation, we are ready to examine the space on which its solutions live: theory space.
In this section we introduce the concept of theory space and discuss its key features,
namely fixed points, as well as highlighting the properties they must exhibit in order
for asymptotic safety to be realised. We continue to use the scalar field throughout
for illustrative purposes.

Theory space by definition is the space containing all possible actions that can be
built from a given set of fields obeying certain symmetry constraints. An action in
the space is assumed to have the form:

SHg1 =D 51 0i(9) (1.2.1)

where g; are the dimensionless, k-dependent couplings and O; are operators made
up of products of the dimensionless fields and their derivatives. Furthermore, the
g;s do not include redundant (a.k.a. inessential) couplings i.e. those which can be
eliminated from the action by a field redefinition. The operators form the basis of
the theory space whilst the couplings play the role of coordinates. In this way, each

9Indeed from this point of view the action of sending A — 0o in perturbation theory is misleading.
For example, QED can be renormalized perturbatively—at low energy when the couplings are
small—but at high enough energies (2103% GeV) it still develops divergences in spite of the limit
A — oo having already been taken.
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point in the space represents a different possible action. A priori the sum (1.2.1) is
infinite as we allow for all possible couplings and therefore so is the dimension of the
theory space. In a later Sect. 1.4, we will discuss reducing the dimension by making
approximations.

Performing an RG transformation corresponds to moving between effective
actions in theory space along an RG trajectory or flow line. In geometrical terms,
these RG trajectories are the induced integral curves of the vector field defined by
an RG equation, such as Polchinski’s in (1.1.11). Thus the trajectory gives a way of
visualizing the evolution of a theory with changes in the cutoff scale as described by
the RG. By convention we flow from high to low energy, in the direction of increasing
coarse graining'® as indicated by the arrows in Fig. 1.3. It is important to point out
here that it is the trajectory itself that we identify with a theory, not the individual
actions.

Features of theory space of particular interest are fixed points. These are sources
and sinks of RG flows and are home to scale-invariant theories S*, i.e.

kis*w =0. (12.2)

Recall that all variables have been made dimensionless using k and so independence
of k implies that S* depends on no scale at all. It follows that fixed point theories are
massless. This scale independence also makes fixed point theories trivially renor-
malizable as we can trivially send & — oo. This limit is referred to as the continuum
limit and theories which have one are said to be UV complete. A fixed point action
therefore describes physics at the Planck scale and beyond.

For a given UV fixed point, there exists a submanifold called the critical surface
Suv, as shown in Fig. 1.3. By definition, any point in theory space—i.e. any action—
on this surface is pulled towards the fixed point under the reverse RG flow (against
the directions of the arrows). The portion of the critical surface local to the fixed
point, is spanned by so-called relevant operators''—those whose coefficients in the
action increase as we move out from the fixed pointi.e. ask — 0. Perturbing the fixed
point action along the relevant directions gives rise to a “renormalized trajectory”,
indicated by the purple lines in the figure. The trajectory represents a renormalizable
theory as its high-energy behaviour is controlled by a fixed point, i.e. as we take the
limit k — oo and approach the UV fixed point, the couplings of the theory tend to
fixed finite values and are protected from blowing up. Since observable quantities
can be expressed as functions of the couplings, this means that they will also remain
finite when the continuum limit is taken.

The effective actions sitting on a renormalized trajectory are called “perfect
actions” [15]. All their scale dependence is carried through the couplings and the
anomalous dimension 7(k): S"[qb] = S[ol (g1(k), ..., g.(k), n(k)). This means that

10 Again, coarse graining can only be performed in one direction—we can only integrate out modes,
we cannot “integrate them in”—but once the trajectory is defined, we can flow in either direction.

' These also include marginally relevant operators.
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Fig. 1.3 Schematic picture of UV critical surface Syy in theory space and RG trajectories flowing
from high to low k in the direction of coarse graining. The surface contains a non-Gaussian fixed
point (NGFP) supporting renormalized trajectories (purple lines). There is also a trajectory coming
from outside the surface and flowing into the fixed point (red line); for this trajectory, the fixed point
isIR

the actions undergo a self-similar evolution under RG transformations. We return to
these perfect actions in the next chapter.

The number of relevant operators spanning the fixed point (a.k.a. eigenpertur-
bations or eigenoperators) gives the dimension dyy of Syy, which will therefore
contain a dyy-parameter set of trajectories. Which trajectory is realized in nature
will be decided by experiment. For asymptotic safety we require dyy to be finite
otherwise we lose predictivity (as we would have to take an infinite number of mea-
surements to fix the infinite number of couplings). Consequently, the smaller the
dimension of Sy, the more predictive the theory will be. In the asymptotic safety
literature, usually fixed points with a finite number of relevant directions (typically
three) are found (see e.g. reviews [16-20] and textbooks [21, 22]), however there are
also examples of fixed points which support a continuous spectra of eigenperturba-
tions, see e.g. [23].

Whether a fixed point is classified as UV or IR will depend on the trajectory
under consideration. If instead as we flow in the direction of coarse graining, we
are pulled into a fixed point then, as far as this trajectory is concerned, it is an IR
fixed point. Furthermore, what is a UV fixed point for one trajectory may be an IR
fixed point for another. Hence, in addition to the renormalized trajectory flowing out
of the fixed point in Fig. 1.3, there may also be trajectories flowing into the fixed
point, one such trajectory being indicated by the red line. Interestingly, this implies
that very different physical systems described by very distinct theories can exhibit
the same low-energy behaviour. The observation that the macroscopic description
of a phenomenon is independent of the microscopic details is known as universality.
Indeed this situation could be realised in a UV complete theory of quantum gravity
if it supported more than one high-energy fixed point.
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The UV fixed points required for non-perturbative renormalizability can be Gaus-
sian or non-Gaussian, home to either free or interacting theories respectively. For
example, the theory of QCD possesses a Gaussian fixed point in the UV supporting
interacting relevant directions: a free theory at the fixed point grows into a theory
of interacting quarks as we flow into the infrared. Theories exhibiting such fixed
points are said to be asymptotically free and are naturally renormalizable since again
the UV dynamics are controlled by a fixed point. Of course the UV fixed points of
most interest to quantum gravity searches are non-Gaussian. (Asymptotic safety at
a Gaussian fixed point would be equivalent to perturbative renormalizability plus
asymptotic freedom, but as noted at the start of the chapter, perturbative quantisa-
tion of gravity fails.) Theories emanating from such fixed points exhibit asymptotic
safety. For this reason renormalized trajectories are also called asymptotically safe.

Preferably we want the theory space to support only one non-Gaussian fixed point
(NGFP), or at least a finite number, otherwise again we lose predictivity. However,
there are examples in the literature in which lines and planes of fixed points have
been uncovered, see [23-26]. On the contrary, it might turn out that the theory space
contains no fixed points. One reason found for this in gravitational theories is that
background independence has not been properly taken care of [27, 28], as discussed
in Chap. 3. The number of fixed points supported by the theory space is determined
by counting up the number of independent parameters and constraints coming from
the RG equation at the fixed point and its asymptotic solutions. This is the subject of
Chap.4.

In summary, we have seen that for the asymptotic safety scenario to be realised, a
theory space must contain NGFPs (and preferably only one) with a finite number of
relevant directions. Further to this, fixed points must support a renormalized trajectory
that reproduces the behaviour of classical gravity at low energies.

1.3 The Effective Average Action and Its Flow

Having introduced the concept of the RG and the space on which its flows play out,
in this section we review the specific application of the RG to asymptotic safety. In
the first part we introduce the central tools of the field—namely the effective average
action and its flow equation—whilst continuing to work within the setting of scalar
field theory so as to illustrate the key concepts in the simplest way possible. The
purpose of the proceeding subsection is then to review the necessary modifications
when applying these ideas to gravity. The final subsection contains a discussion on
background independence, an important requirement for any theory of gravitation,
which will be of particular relevance to Chap. 3.

Historically the first hints of asymptotically safe gravity came from applying
Wilson’s ideas in 2 + € dimensions [8]. Nowadays proponents of the field use a
reformulation of Wilson’s exact RG given in terms of the effective average action
I'k, a scale dependent version of the usual effective action I' i.e. the generator of
one-particle irreducible Green’s functions. For a scalar field the effective average
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action is defined via the Legendre transform of a functional integral of the following
form

A .
Z[J] =/ Dpe S -AS o0 — WL (1.3.1)

which is related to the generator of connected Green’s functions WkA [J] in the usual
way. Justasin Sect. 1.1.2, the integral is subject to an overall UV cutoff that is required
to make sense of the integration. Here it is implemented by a sharp cutoff at A, but it
could equally well be of a different type (see Chap. 2 for examples). The functional
integral also depends on another cutoff scale, k. When working with the Wilsonian
action in the previous chapter, k denoted the effective UV cutoff scale, whereas here it
represents an IR cutoff. This might seem like an unnecessary complication, however
the reason for this choice becomes clear in Chap.2 where a relationship between
the effective average action and the Wilsonian effective action is derived. To avoid
confusion, we will denote any UV cutoff parameter with a superscript and any IR
cutoff parameter with a subscript and use this pictorial guide throughout.

The dependence on £ is introduced via the IR cutoff operator R; which lives inside
the cutoff action:

1
AS[o] = 5(/5' Ri-¢. (1.3.2)

The cutoff operator is a function of the Laplacian: R, = Ry (—=V?), and acts on
the field ¢ to turn AS; into a mass-like term. Roughly speaking, R, suppresses
modes propagating with momentum p? < k2, otherwise leaving them unaffected.
The precise way in which it does this is unimportant but it must satisfy the two limits

lim Ri(p*) = k> and Jim Ri(p*) =0. (1.3.3)
P — p- —

Popular choices for Ry include the optimized cutoff R;(p?) = (k* — p?)®O (k> — p?)
[29-31] and the exponential cutoff R, (p?) = (p?/k>)[exp(p?/k*) — 117\

The effective average action I'}* is obtained by subtracting the cutoff action AxS
(as a functional of the classical fields) from the Legendre transform of (1.3.1):

A ~A 1
Il =Ty [90]—5%0'&'@, (1.3.4)

where [} = —WA[J]+ J - ¢ is the Legendre transform and ¢(x) = ($(x)) is the
expectation value a.k.a. classical field.

The flow equation for the effective average action is obtained by taking the deriva-
tive of (1.3.4) with respect to k'*:

1 52rA !
akF,ﬁ‘[so]=§TrA (5¢5’;+Rk) R | . (1.3.5)

12The steps are given in Chap. 3.
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The trace is taken over position (or momentum) space coordinates and here is
restricted to only those modes propagating with momentum |p| < A. Note that at
this point both the effective action I';* and the flow equation depend on rwo scales:
the IR cutoff scale k and the UV cutoff scale A. However, the derivative Oy Ry is
sharply peaked around p? = k?, dying off rapidly for p? > k2, and so the left-hand
side of the flow equation only receives contributions from modes near (or below) k.
This means that the trace is prevented from blowing up in the limit A — oo and the
UV cutoff can be safely removed. Doing this yields the following RG equation [12,
32]13

1 82Ty !
O Tilp] = ETr [(5@@ + Rk> 8,(Rk} . (1.3.6)

It is this “A-free” flow equation which is employed in current investigations into
asymptotically safe gravity. In contrast to (1.3.5), its solutions 'y depend only on a
single scale, k. This is crucial to its use as it allows us to express everything in terms
of dimensionless couplings g; (k) with respect to the single dimensionful parameter
k, i.e. to recover the power of the Wilsonian RG. From now on when referring to the
flow equation and its solutions we will mean the A-free versions.

Now let us comment on some key features of the flow equation (1.3.6). First of
all, a solution I'; of (1.3.6) represents an action for a system in which the high-
energy modes (with respect to k) have been integrated out and provides a natural
effective action for processes occurring at energies £ = k. A complete set of well-
behaved solutions to the flow equation {I';, 0 < k < 0o} corresponds to a complete
RG trajectory, free from divergences in both the IR and UV. As we saw in the previous
section, the latter condition is realized by arranging the trajectory to originate from
a high-energy fixed point.'*

Secondly, just like Polchinski’s, (1.3.6) is an exact RG equation suitable for the
non-perturbative regime. However, despite the flow equation itself being exact, in
practice it is not possible to solve it exactly and an approximation to the effective
average action has to be made. These approximations are the subject of Sect. 1.4.

Thirdly, since the infrared cutoff  is introduced by hand, it is an artificial quantity
that must not feature in physical observables. The physical part of the effective action
is therefore only recovered when the cutoff is removed. This is done by taking the
limit K — 0 whilst holding all physical, i.e. unscaled, quantities fixed. It is in this
limit that we recover the information contained in the full path integral.

There is a further property of this set up which is important to recognise: given
a solution I'; of the flow equation, it is not possible to exactly recover the path
integral (1.3.1) from which it was derived. Or more specifically, there is no exact
way to reconstruct the bare action S from an effective average action I';. In short,
the reason for this is that a UV regulated path integral cannot, through the Legendre

BBDimensionless RG time ¢ = In(k/p) where 1 is a fixed reference scale is also commonly used
instead of k.

14Note that all theory space concepts described in the previous section apply equally well to the
effective average action.
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transform procedure, return an effective action I'; but instead necessarily gives rise
to an effective action I'* which depends explicitly on two cutoffs. At the point of
defining I'y, all reference to the UV cutoff is lost and so there is no way to gain
access to the bare action in the original UV regularized functional integral from the
solutions of the A-free flow equation.

Conceptually there is nothing wrong with simply working with the flow equation
(1.3.6) and forgoing defining a path integral representation of the theory. In this
way, we dispense with the need to define a bare action at the overall cutoff scale
and concomitant tuning required to reach the continuum limit. One of the main
advantages of working with the effective average action over the path integral is that
it lends itself to more powerful approximation techniques. Being able to work with
approximations is crucial as solving the flow equation is equivalent to, and practically
as difficult as, solving the original path integral from which it came. Furthermore,
since I’y is the k-dependent generator of one-particle irreducible Green’s functions,
it is directly related to scattering amplitudes which means that once we have found
a complete trajectory, taking consecutive functional derivatives of 'y give us all the
Green’s functions of the theory and in the limit £ — 0 they coincide with those of
the standard effective action I"' = I'y.

Despite the advantages of using the effective average action, there are still reasons
for wanting a path integral formulation of the theory. For example, to more easily
understand certain properties of the QFT such as constraints and symmetries and
to compare with other approaches to quantum gravity. The challenge of obtaining a
path integral representation is called the reconstruction problem and is the subject of
Chap.2.

Even though we cannot directly obtain the bare action from the effective average
action as emphaszied above, a simple and exact relationship between I'; and the
Wilsonian effective action ¥ (introduced in (1.1.7)) does exist [12, 33]. Referring
back to Fig. 1.2, it need not seem so surprising that there is such a relationship [13].
In the discussions on the Wilsonian RG in Sect. 1.1.2, we saw that integrating out
degrees of freedom between A and some lower cutoff scale k resulted in a Wilsonian
effective action S¥ with the scale k acting as a UV cutoff for the unintegrated modes.
On the other hand, k can also be regarded as an infrared cutoff for the modes which
have already been integrated out (those which reside in the shaded area of Fig. 1.2).
From this perspective we see that the Wilsonian effective action is almost equivalent
to the original functional integral, but modified by an infrared cutoff k, which in turn
is straightforwardly related to 'y in the continuum limit (cf. Eq. (2.6.3) in Chap. 2).
In Chap. 2 we derive this relationship and show how S* can play the role of a perfect
bare action which lives inside a fully UV regularised functional integral.

1.3.1 The Effective Average Action for Gravity

Up to this point we have been using a scalar field to introduce key concepts in
functional RG methods, but of course we need to go beyond scalar theory to study
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quantum gravity. Instead of quantizing some field living on some predetermined
spacetime background, in quantum gravity spacetime itself becomes the dynamical
variable we wish to quantise, and with this give meaning to the path integral over all
metrics

/ Dy ¢S] (1.3.7)

and its associated effective average action. This brings with it new challenges, both
conceptual and technical in nature. In the following we give an overview of the
construction of the effective average action for gravity and its flow equation. The
derivation is more involved than for the case of the scalar field but the procedure
follows the same general pattern.

To deal with the obstacles arising when applying the functional RG to gravity, a
technique called the background field method is used. It consists of decomposing the
full metric gy, into a background metric g,,, and a fluctuation field h w like so

g;u/ = gul/ + E/w . (1.3.8)

The background metric is fixed but left completely arbitrary. The split shifts the
integration (1.3.7) over the total metric to one over the fluctuation field 4, i.e. it is
the fluctuation field that is quantised in the path integral. Note that the fluctuation

h,,, is not restricted to being small here like in perturbation theory.
The bare action S[g,,, ] is invariant under diffeomorphisms,

5§/LV = Evg/w = vpapglw + 3/va§pu + al/vpgﬂ/l, s (139)
which after performing the background split can be written as
Ry = LyGu and 5, = 0. (1.3.10)

Here L, is the Lie derivative along the vector field v*d,. These gauge transforma-
tions must be gauge-fixed to avoid over-counting seemingly distinct but physically
indistinguishable metric configurations. A gauge-fixing condition Fu[ﬁ; gl=0is
introduced into the path integral via the Fadeev-Popov procedure. This results in a
ghost action which then appears alongside the bare action. The broken gauge symme-
try of the path integral will eventually be communicated to the effective action via the
generator of connected Green’s functions, however we can restore diffeomorphism
invariance to the effective action if we insist that it is invariant under the so-called
background gauge transformations:

6Gu = LoGuy and iy, = Lok, . (1.3.11)
These extra gauge choices are made possible thanks to the background field method.

Another key advantage of the this method is that it allows the construction of a
covariant IR cutoff. In this gravitational context, the IR cutoff operator becomes a
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function of the covariant Laplacian associated with the background field: Ry (—V?) =
Ry (—g @H V,). Itis then with respect to the spectrum of — V2 that fluctuation modes
are compared to the cutoff scale k and are either integrated out or suppressed. A
Laplacian of the total metric cannot be used as it would not preserve the structure of
the flow equation as represented in (1.3.6). This fact actually turns out to be of key
significance in the quest for background independence, an important issue which we
shall return to shortly. Note that the ghost fields also come with their own IR cutoff.
Once the gauge fixing, ghost and cutoff terms have all been included in the func-
tional integral alongside the bare action and source terms for all the fields, the effective
average action is obtained by following the analogous steps described in Sect. 1.3
and which are explicitly laid out in [34]. The result is the effective average action for

gravity [34]: B
Tilh, g€, €], (1.3.12)

where £ is the classical fluctuation field, g is the background metric as before and &, £
are the classical ghost fields. The crucial observation here is that the effective action
depends separately on the background metric g. This is due to the extra background
field dependence of the ghost, gauge fixing and cutoff terms, which is in turn a
consequence of using the background field method. As mentioned above, as long
as the background gauge transformations (1.3.11) are obeyed, i.e. the background
metric transforms as an ordinary tensor field 6g,, = £, g,., the effective action is
a diffeomorphism invariant functional of its fields: ['\[® + £, ®] = [y [®P] where
o= {h;w’ gw» EH’ g/t}~

The derivation of the flow equation for gravity goes through in much the same
way as in the case of the scalar field (the explicit steps can be found in [34]). The
result has the same general structure as (1.3.6) but with the right-hand side featuring
a trace for both the fluctuation field / and ghosts £, £ (with an additional minus sign
for the anti-commuting ghost term). The functional derivatives in the traces are taken
at fixed g. Again, the UV cutoff on the functional integral drops out at the level of
the flow equation due to the protective properties on the cutoff function Ry.

1.3.2 Background Independence

As pointed out already, an essential ingredient for any theory of gravity is back-
ground independence. Background independence is the requirement that a theory be
free from any prior geometry; instead, the properties of the spacetime should emerge
as a prediction of the theory. With this in mind, it might seem like a misstep to
introduce dependence on a background metric through the background field method.
However, by leaving the background metric completely unspecified, no background
configuration plays a distinguished role in the construction of the flow equation. This
means that the flow equation does not rely on the properties of any particular back-
ground field, implying that quantisation of the fluctuation / occurs on all backgrounds
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simultaneously.'> Nevertheless, the solutions of the flow equation do depend on the
background. They are forced to carry separate dependence on the background metric
g through the cutoff operator Ry (—V?) as previously emphasized. Physics should
depend only on the full metric, and not also on a background metric that was intro-
duced by hand through the background field technique. This separate background
dependence means that in general each background configuration would lead to dif-
ferent results for physical observables.

Not only do these solutions live in an appropriately enlarged theory space,
spanned by operators of both the total metric and background metric, but the
separate background field dependence makes further artificial enlargement of the
theory space possible. A solution of the flow equation can be modified by an arbi-
trary scale-independent functional of the background field F[g] such that the result
I'ylh, g, &, f_ 1+ Flg]is also a solution to the flow equation. This additional freedom,
also introduced by hand through the background field method, needs to be controlled
as well.

It is thus necessary to go beyond simply making sure the formalism does not
depend on any particular background and to also somehow manage the separate
background field dependence of the effective action. In most of the literature, the
requirement of background independence refers only to the construction of the flow
equation about an arbitrary background, whereas background independence in the
sense that we mean it here is much more than this, and is in fact a strong extra
constraint.

One way of circumventing these issues is to use the single field approximation.'¢
This approximation consists of neglecting the evolution of the gauge-fixing and ghost
sectors and setting g = g (equivalently, 2z = 0) in I'y[A, g] such that the effective
action becomes a functional of only one field, namely the total metric g. Note that
this can only be done once the functional derivatives in the trace have been performed
as they are taken at fixed g. With the solutions of the flow equation then just depending
on the total metric, the aforementioned issues are bypassed.

The single field approximation has been employed in the majority of works in
asymptotic safety to date. A severe drawback of this approximation however is that
it cannot be used to explore the effects of background dependence as of course
dependence on the background metric becomes invisible. This can lead to unphysical
results as has been seen in the Local Potential Approximation (LPA) for scalar field
theory [35] and obscures the significance of fixed point solutions at large field in the
f(R) approximation as emphasized in [23]. Instead, background dependence can
only be investigated in bi-metric truncations in which dependence on both the full
metric and the background metric is retained. For studies going beyond the single
field approximation in different ways see [36—45].

Working within bi-metric truncations, and therefore being able to take full account
of the effects of background dependence, requires us to find an alternative way to

I5Even then, background independence of the formalism is not guaranteed due to the inherent
background dependence of the RG scale k. See end of section for further discussion.

16Spoken about in more detail in Sect. 1.4.
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manage the separate background dependence of the effective action. This can be
achieved by imposing an additional constraint alongside the flow equation known
as a modified split Ward Identity (msWI). (See Eq.(3.2.6) for an example of what
the msWI looks like in the context of conformally reduced gravity.) Even though
for all k > 0 background independence will inevitably be lost due to the cutoff,
imposing the msWTI in addition to the flow equation ensures that exact'” background
independence is recovered in the limit K — 0 (the limit in which R drops out) after
going “on-shell”. This is imperative for the attainment of background independent
physical observables as it is in this limit that the physical part of the effective action
is recovered, as already explained at the start of this section. Furthermore, solutions
of the flow equation do not automatically satisfy the msWI and in this way the
msWI also controls the arbitrary enlargement of the theory space manufactured by
the background split.

Itis important to note that the msWI constraint is not an optional extra. Itis derived
from the same functional integral as the flow equation and therefore any set of (exact)
solutions to the flow equation must also satisfy the msWI. In other words, the flow
equation and msWI must be compatible. In Chap. 3 we prove that this is indeed true
at the exact level, before any approximation to the effective action has been made.
For approximate solutions, compatibility is not automatically guaranteed. We show
that in the case of approximation, namely a derivative expansion up to O(9?) for
conformally reduced gravity, extra conditions must be placed on the form of the
cutoff or the anomalous dimension in order to achieve compatibility.

An unsettling conclusion from the research reported in [27] was that fixed points
with respect to the RG scale k are in general forbidden by the msWIs that are enforc-
ing background independence. With hindsight, this can be seen as a useful signal
that a background dependent description of quantum gravity does not make sense
and a hint that there might be some deeper understanding of the meaning of RG in
quantum gravity to be unearthed. For scalar field theory at the level of the LPA in [35]
and later in the setting of conformally reduced gravity in [27], it was discovered that
it is possible to combine the msWI and flow equation to uncover a background inde-
pendent description of the entire flow, written in terms of background independent
variables, including a background independent notion of the RG scale.

The employment of the msWI thus also remedies the issue of the ambiguity in the
meaning of the scale k in a gravitational setting. Since it is the metric that provides
us with the definition of length, the RG scale k (which can be equally thought of as
some inverse length 1/k) is inherently dependent on it. But moreover, in a quantum
gravity theory, length scales fluctuate and so it is not clear what meaning should
be ascribed to k or indeed scale dependence as expressed through the RG. Using
the background field method alone does not resolve this issue since then k is defined
with respect to modes of the covariant background field Laplacian —V? and becomes
inherently dependent on the background metric instead.

17By exact we mean background independence in the strict sense defined previously.
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1.4 Approximations

As emphasized in Sect. 1.3, itis usually impossible to solve the flow equation exactly
and in order to actually make any progress we need to make an approximation for
the effective average action. Making an approximation corresponds to truncating the
theory space to some lower dimensional subspace and evaluating the flow equation
there.'® The subspace should be chosen in such a way that it is small enough to make
calculations feasible but yet still big enough to capture the essential physics. Despite
not retaining all the information within the full effective action (or equivalently, the
path integral), approximations make computations manageable and prove a fruitful
way to gain insights into important foundational issues in asymptotic safety. The
purpose of this section is to introduce well-known and much-used approximation
schemes, the majority of which are employed in the chapters to come.

1.4.1 The Einstein—Hilbert Truncation

The earliest truncation for which RG flows have been found is the Einstein—Hilbert
truncation [34]:

1—‘k[hv g! g’ E_] =

/d4XJ§(—R + 2A0) + Sgilh, g1 + Senlh, g, €, &1

(1.4.1)
where the classical gauge fixing Sy and ghost actions Sg, are chosen to be inde-
pendent of k. This ansatz utilizes the single field approximation which, now stated
more precisely, means that the evolution of the ghosts is neglected, it features no k-
dependent piece for which g # g and as before, we set 1 = 0 once the Hessians have
been computed. Most notably, (1.4.1) contains two parameters which are allowed to
run with energy: the cosmological constant A, and Newton’s coupling Gy.

By inserting the ansatz into the flow equation, RG flows for the dimension-
less Newton’s coupling G = k2G and dimensionless cosmological constant A, =
k=2 Ay can be determined. This requires projecting the flow on to the chosen subspace
of theory space. Let us briefly review how this is done in the general case of a theory
space comprised of functionals of the form 'y [¢] = ), _; g: (k) O; (). An approx-

167Gy

imation f‘k[cp] is made up of operators (perhaps infinitely many of them) belonging
to the subspace only, for example I'x[¢] = Z?/:, gj(k)O;(p). The general ideavis
to expand the trace on the right-hand side of the flow equation with the ansatz I'y
inserted on the basis {O;} of the full theory space i.e.

180ne option is to do this by expanding the trace with respect to a small coupling, but of course this
would only then allow us to explore the perturbative regime.
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Fig. 1.4 Plot of RG flows from the Einstein—Hilbert truncation (1.4.1) in the g — A plane (Gk — Ag
in our notation). Reprinted figure with permission from [M. Reuter and F. Saueressig, Physical
Review D, Vol. 65, 065016, 2002.] Copyright (2002) by the American Physical Society. https://dx.
doi.org/10.1103/PhysRevD.65.065016

1 00 N
ETY[- = ;ﬂioi(@ = Zﬂjoj(QO) + rest (1.4.2)

j=1

and retaining only those terms contained within the subspace i.e. neglecting the
“rest”. Here 0 = B(g1, g2, ...) are the beta functions for the couplings which,
unlike the beta functions of perturbation theory, are not restricted to be functions
of only small couplings. Equating (1.4.2) to the left-hand side of the flow equa-
tion, 9l = 2?;1 B;Oj, yields a system of N coupled ODEs for the couplings.
Once these equations are solved, we say that the RG flow in the space of all cou-
plings has been projected onto the N-dimensional subspace. Here we have used an
approximation of the polynomial type as an example, but the same ideas apply to
approximations involving full functionals as well; then instead of having coupled
differential equations we obtain an evolution equation for the functional.'’
Carrying out this procedure for the Einstein—Hilbert truncation gives rise to the
flows displayed in Fig. 1.4. Notably the figure features two fixed points: a Gaussian
one at the origin and a NGFP at positive values for both couplings. Whilst the
employment of different cutoff types shifts the position of the NGFP, it continues

191n fact this highlights a computational advantage of polynomial truncations over those retaining a
full functional: the flow equation for a polynomial truncation is simply an ODE in k yielding a finite
number of relations for the couplings, whereas working with a full functional results in a partial
differential equation which is technically more involved.


https://dx.doi.org/10.1103/PhysRevD.65.065016
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to be present for all cutoffs tested to date [16]. Furthermore, it is always found in
the quadrant of positive Gy and Ay and is UV attractive for both couplings i.e. has
two relevant directions. The Einstein—Hilbert truncation (1.4.1) predicts a NGFP
with the desired properties for asymptotic safety and has been the subject of many
studies within the community [34, 46-52]. However, to be sure that a reputed fixed
point is not just an artifact of an insufficient approximation, we must go beyond the
Einstein—Hilbert truncation.

1.4.2 Polynomial Truncations

The natural next step is to explore less severe truncations. These so-called polynomial
truncations keep successively higher powers of the scalar curvature R and have to
date included all powers up to R** [53-55]. In all cases asymptotically safe fixed
points have been found. This is encouraging, but it is easy to be misled into thinking
fixed points exist as past studies have shown. For example, in the LPA for a single-
component scalar field, spurious fixed points have been found to persist in polynomial
truncations of the potential to very high order. These fixed points can then be shown
to disappear when the full potential is considered [56]. Another example is given
by [57] which analysed the RG properties of U(1) theory in three dimensions using
the approximation f(F, 5V). There again non-Gaussian fixed points were found for
f(F iy) truncated to a polynomial, whereas using the full function resulted in no such
fixed points.

We find that even though careful treatment of polynomial approximations taken
to high order can allow extraction of convergent results, one does not see in this way
the singularities at finite field or asymptotic behaviour at diverging field which are
actually responsible for determining their high order behaviour. Indeed such large
field effects can invalidate deductions from polynomial truncations [56—58] and/or
restrict or even exclude the existence of global solutions [13, 59-61]. Another good
example is provided by some of the most impressive evidence for asymptotic safety
to date: the polynomial expansions up to R3*. These are however derived from a
differential equation for an f(R) fixed point Lagrangian [51] which was shown in
[24] to have no global solutions as a consequence of fixed singularities at finite field.

Furthermore, since fixed points are effectively the solutions of polynomial equa-
tions in the couplings, they only allow for discrete solutions. But physical systems
exist with lines or even higher dimensional surfaces of fixed points, parameterised
by exactly marginal couplings (in supersymmetric theories these are common and
called moduli). Moreover, lines and planes of fixed points have been found in other
approximations within asymptotic safety [23-25].%°

20 And in a perhaps related approximation in scalar-tensor gravity [62].
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As well as this, by construction, polynomial truncations only deal with small
curvatures, which has to be the case for an expansion in powers of R to make sense.
This means that polynomial truncations are insensitive to strong curvature effects and
the deep non-perturbative regime of quantum gravity that we are ultimately interested
in.

1.4.3 The f(R) Approximation

In order to have confidence that asymptotically safe fixed points exist we must there-
fore go beyond even polynomial truncations to approximations that keep an infinite
number of couplings. Arguably the simplest such approximation is to keep all powers
of the scalar curvature, making the ansatz

Tilg] = / d*x/g fi(R) . (1.4.3)

This is called the f(R) approximation and has been investigated in many works
[51, 63-75].%! Inserting such an approximation into the flow equation results in a
non-linear partial differential equation which governs the evolution of f;(R) with
changes in the RG scale k. At fixed points, where the k-dependence drops out, it
reduces to an ODE of either second or third order (depending on the cutoff scheme
used). See Eq. (4.2.1) in Chap. 4 for an example written in terms of scaled variables,
@(r) = k* f(Rk™?).

In the f(R) approximation we are no longer restricted to small curvatures, how-
ever this then raises the question: what significance should we attach to the behaviour
of fi(R) for R > 17 Since then the size of the spacetime is much smaller than the
cutoff 1/k. This puzzle is addressed and resolved in [73] and also discussed in more
detail in the introduction to Chap. 4.

Finally, as already hinted at above in Polynomial truncations, in order to ascertain
the true nature of fixed points it is crucial to explore the regime of large scaled
curvature: r — 00, i.e. to develop the asymptotic solutions. We could have already
guessed that the behaviour of solutions in this limit is important to understand since
for fixed background curvature?? R it corresponds to the limit in which the physical
effective action is recovered, k — 0. These asymptotic solutions are the central topic
of Chap.4.

2ln fact, to date this is the only such approximation that has been investigated, together with some
closely related approximations in scalar-tensor [76, 77] and unimodular [78] gravity, and in three
space-time dimensions [79].

22Here we commit a slight abuse of notation as, at the level of the projected flow equation, R now
represents the background curvature which emerges from employing the single field approximation.
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1.4.4 Conformally Reduced Gravity

Conformally reduced gravity is the regime in which only fluctuations of the conformal
factor of the metric are quantised. A small number of works have studied it using the
exact RG, starting with Ref. [80]. To arrive at conformally reduced gravity we only
consider a subset of metrics that are conformally equivalent to some fixed reference
metric gy,

g;w = f(q;)gp.l/ . (1.4.4)

Here gz~5 is the total conformal factor field and f is some choice of parameterisation. It
is then the fluctuation field ¢ that is integrated over in the path integral. This leads to
a scalar-like theory and a simpler model than say f(R) for investigating the effects
of background dependence, and is of particular relevance to Chap. 3.

Recent investigations in conformally reduced gravity have shed light on impor-
tant foundational issues in asymptotic safety which deserve some comment. Even
though conformally reduced gravity and standard 4-dimensional scalar theory are
very similar in structure (after all the conformal factor is a single-component scalar
field), the flow equation for the former comes with an additional minus sign, a result
of the conformal factor problem already mentioned below Eq.(1.1.1). As is well-
known, the Euclidean signature functional integral for the Einstein—Hilbert action
suffers from this problem [81], which is that the negative sign for the kinetic term
of the conformal factor yields a wrong-sign Gaussian destroying convergence of the
integral. At first sight, providing the cutoff is adapted, the change in sign seems not
to pose any special problem for the exact RG equation [34]. However as is shown in
[23], this one sign change has profound consequences for the RG properties of the
solutions, broadly resulting in a continuum of fixed points supporting both a discrete
and a continuous eigenoperator spectrum.

The conclusions reached in [23] seem to be strongly at variance with the asymp-
totic safety literature where a single fixed point with a handful of relevant directions
(typically three) is found.?®> The great majority of work in the literature however
focuses on the single field approximation and/or polynomial truncations which can
obscure the effects of the conformal factor problem; whereas, in [23] use of these type
of approximations was avoided—the only approximations used were that of confor-
mally reduced gravity itself and the slow field limit for the background field—and
furthermore, background independence was incorporated. Further work is needed to
understand whether this picture persists when working with the full metric; perhaps
this might qualitatively alter the results.

23 Actually a continuum of fixed points supporting a continuous spectra of eigenoperators has been
found for the f(R) approximation already in [24].
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1.4.5 The Derivative Expansion

The derivative expansion is an approximation originally developed for scalar field
theory [59] and as such can be straightforwardly applied to conformally reduced
gravity. It consists of expanding an action in powers of derivatives of the field. For
standard scalar field theory, an expansion of the effective average action up to the
third order looks like

1
Felo) = / a'e{V .0 + 5K (0, 000 + Hip, 000"

+ Hy (¢, )(Op)* + H3 (0, )(0,0)*Op) + -}, (145)

which in momentum space amounts to an expansion in powers of momenta.

The leading order of the derivative expansion is the LPA, introduced in [82] and
since rediscovered by many authors e.g. [56, 83, 84]. This functional truncation keeps
a general potential V (i) for the field and therefore incorporates infinitely many oper-
ators. When keeping all components of the metric tensor, the f(R)-approximation is
as close to the LPA as one can get, as emphasized in [64]. We make use of the LPA,
and more generally the derivative expansion, in Chap. 3 in the setting of conformally
reduced gravity.

Let us close this section by remarking that in practice expanding the trace and
extracting the terms belonging to the subspace of an approximation is a rather
involved technical process. The background metric is often fixed to be that of a
four-sphere to simplify calculations.>* A transverse-traceless decomposition of the
fluctuation field & v 18 performed to facilitate the computation of the inverse Hessian
on the right-hand side of the flow equation and this introduces new fields. Also to
facilitate computation, different types of cutoffs are used, e.g. a type I cutoff where
Ry is just a function of —V2asin Sect. 1.3, ora type II cutoff, Ry = Rk(—ﬁ2 + E),
where E is a non-trivial endomorphism [51]. Type II cutoffs allow flexibility in how
different modes are integrated out and will appear again in Chap. 4. The spacetime
trace in the flow equation itself is evaluated by a type of heat kernel expansion.
Finally, solving the differential equations resulting from the projection often entails
a combination of analytical and numerical methods.

1.5 Thesis Outline

Each of the following three chapters focuses on a different fundamental aspect of
asymptotic safety. In Chap. 2 we consider the reconstruction problem. As explained
in Sect. 1.3, this is the problem of how to recovery a path integral formulation of a
theory from the effective average action. Presenting the research of [33], we provide

24But note that there is no conceptual necessity for this and final results should be independent of
the choice of background metric.
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two exact solutions to this problem and understand how they compare to a one-loop
approximate solution in the existing literature. In Chap.3 we present the work of
[28] in which the fundamental requirement of background independence in quan-
tum gravity is addressed. Working within the derivative expansion of conformally
reduced gravity, we explore the notion of compatibility (introduced in Sect. 1.3.2)
and uncover the underlying reasons for background dependence generically forbid-
ding fixed points in such models, extending the work of [27]. As emphasized in
Sect. 1.4.3, in order to understand the true nature of fixed point solutions it is nec-
essary to study their asymptotic behaviour. Chapter 4 presents the work of [26] in
which we explain how to find the asymptotic form of fixed point solutions in the
f(R) approximation. In the fifth and final chapter we give a brief summary of the
research presented in Chaps. 2—4, discussing the significance of the key findings and
commenting on useful extensions of the work. We finish by considering the need to
incorporate matter into the formalism in a compatible way and touch upon potential
opportunities to test asymptotic safety in the future.
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Chapter 2
Solutions to the Reconstruction Problem Geda

2.1 Introduction

In this chapter we return to a foundational issue raised in Sect. 1.3 called the recon-
struction problem. In the discussions that follow we phrase all arguments in terms of
a single-component scalar field so that none of the extra structure that comes along
when dealing with metric degrees of freedom plays a role. However, it is straight-
forward to adapt the equations to fields with more indices and/or different statistics
as required. We make more comments on this in the conclusions.

Recall that the flow equation for the scalar field is derived from a functional
integral (1.3.1), which is subject to some overall UV cutoff. However, providing the
IR cutoff profile Ry (p?) varies sufficiently fast, the flow itself only receives support
from finite | p|/k and thus is well defined in the limit that the UV cutoff is removed,
A — oo. The resulting flow equation for the effective average action [y is repeated
here for ease of reference:

A ~1

. 1 87Ty

Whlklepl = =Tr + Re | kR |. (2.1.1)
2 Spdp

Note that we have introduced a change of notation as the effective average action is
now denoted with a hat. As emphasized in Sect. 1.3, the removal of the UV cutoff
A from the flow equation is crucial to its use. Only in this way can we find fixed
points with respect to k (implying the absence of any other dimensionful parameter),
and construct the continuum limit in the standard way envisaged in asymptotic safety
literature, namely via the a renormalised trajectory emanating from a UV fixed point.
In other words, we can solve for the flow equations “directly in the continuum” (as
already emphasized in [1]).
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However, as emphasised by Manrique and Reuter in [2, 3] this leaves us with
a problem, dubbed by them “the reconstruction problem”.! Recall that this is the
problem of how to reconstruct a path integral representation of the theory or, more
specifically, how to reconstruct the bare action from solutions of the flow Eq. (2.1.1).
Such aformulation is desirable since potentially we need access to some bare action to
obtain the microscopic degrees of freedom and from there study possible Hamiltonian
formulations; understand more directly properties of the constructed quantum field
theory such as constraints and local symmetries; make more direct contact with
perturbative approaches; and finally more directly compare to other approaches that
are formulated at the microscopic level, such as canonical quantisation, loop quantum
gravity or Monte Carlo simulations [5—11].

In order to make the matter more concrete, Manrique and Reuter consider the fol-
lowing situation [2, 3]. They regulate the functional integral by using a sharp cutoff A,
such that the integration is restricted to only those modes propagating with momen-
tum |p| < A, and consider either a generic IR cutoff profile R; or the optimised
cutoff profile R;(p) = (k* — p?)8 (k> — p?) [12—14]. Now there are two issues to
confront. Firstly, as already emphasised in Sect. 1.3, and proved in Appendix 1, a par-
tition function regularised by some finite UV cutoff A cannot through the standard
Legendre transform procedure yield the continuum Legendre effective action r i
Instead it must give an effective average action f‘,ﬁ\ that now also depends explicitly
on A as well as k. Likewise, the resulting UV regulated flow equation also depends
on the two cutoffs, cf. (1.3.5), and is not that of (2.1.1). In Ref. [2] it is claimed that
for the optimised cutoff this dependence on A disappears in the sense that providing
we restrict flows to k < A, we can consistently set f‘,ﬁ\ [¢] = f‘k [¢]. In fact this is not
correct, as explained in Appendix 1.

The second issue is that even if we take the particular case of kK = A like the
authors did in [2], there is still a functional integral Z separating the bare action S
from the effective action ', (the Legendre transform of In Z), albeit threshold-
like, being only over modes with an effective mass of order the overall cutoff A.
This means the effective action is related to a bare action in a way which cannot in
practice be calculated exactly, and moreover we then need to invert this relation in
order to find $* in terms of f‘,f‘: A- At the one-loop level, the partition function can
be evaluated by steepest descents [2] to yield?:

~ N 1 N
Piale] = 84l = JTr 1n{SA<2) [p] + RA}, 2.1.2)

ISee also Ref. [4].

2Throughout this chapter we will often refer to I' by its alternative name, the Legendre effective
action, in accordance with Ref. [1].

3 All momenta should be understood to be cutoff from above by A, including that in the momentum
integral implied by the space-time trace. The mass parameter M introduced in Ref. [2] will play no
significant role here so will be neglected. Also in contrast to Ref. [2], we will not make the momenta
discrete by compactifying on a torus.
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where S2®@ = §282 /8¢8¢ is the Hessian of the bare action. Unfortunately in the
interesting case of asymptotic safety the theory is strongly interacting at these scales,
with all couplings O(1) times the appropriate power of A, and thus one loop is not
a good approximation. Furthermore, even with this approximation it is not straight-
forward to invert the relation to find $* in terms of ['2_, .

The research conducted in [15] and presented in this chapter provides two solu-
tions to the reconstruction problem. The first solves both of the issues given above
for a wide range of cutoffs by utilising a kind of duality relation between a Wilsonian
effective action S and the effective average action r 4> and is closely based on results
from Ref. [1]. (Aspects of reconstruction were already treated there at the end of Sect.
3 and in the conclusions.) In particular it also involves a map between an effective
multiplicative UV cutoff C*(p?), which regulates S¥, and the IR cutoff R;(p?). The
central point is that since the Wilsonian effective action is already an action, fully
regularised in the UV by C k it can be used as a bare action. As described in Sect. 1.2,
since 8% depends on only one scale, namely k, it can also display all the required RG
properties: in the continuum limit the full trajectory S* is then again the renormalised
trajectory starting from the UV fixed point* S* in the far UV (k — 00) and extending
down to k — 0. It follows that such an S* is a continuum version of the “perfect bare
actions” mentioned previously in Sect. 1.2 and explored e.g. in Ref. [16], since, as
we review in Sect. 2.4, setting S2 = §¥=A 10 be the bare action (together with UV
cutoff C*¥=") results in a partition function that is actually independent of A and thus
in particular equal to the partition function obtained in the continuum limit A — oo.

Unlike the map described in (2.1.2), the map between Sk and I « 1s exact. Unlike
the map (2.1.2), it is straightforward to explicitly construct it in either direction, via
a tree-diagram expansion which can be developed vertex by vertex, as we will see in
Sect. 2.5.% Constructing SA = § inthis way, already constitutes a practical solution
to the reconstruction problem, since it provides a bare action that expresses the same
asymptotically safe renormalised trajectory as r .

This still leaves a puzzle however, since it is not immediately clear how this
solution should be related to the one-loop expression (2.1.2). Since we cannot obtain
I directly from Z through the standard Legendre transform procedure, if we want
S™ to be associated to f‘k, then the best we can hope to achieve is to find a map from
the continuum fk to a pair {S*, f,f‘} consisting of a bare action and the resulting
effective average action, such that f‘,ﬁ‘ — f‘k as A — oo. In Sects. 2.2 and 2.6 we
set out exactly how to compose such a map, again explicitly constructable vertex by
vertex, and show how it is consistent with the one-loop formula (2.1.2). This map
provides an alternative solution to the reconstruction problem. It requires using what
we term “compatible cutoffs”, defined in the following section.

“Here we commit a slight abuse of notation. Strictly in order for the action to reach a fixed point,
we should change to the appropriate dimensionless variables. By S* we actually mean the action
such that it takes the fixed point form after such a transformation.

31t is also possible to solve the relation explicitly in approximations that go beyond an expansion in
vertices. For example the duality relation remains exact in the Local Potential Approximation and
thus at this level can be analysed exactly, both analytically and numerically [17, 18].
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The structure of the chapter is then as follows. In the next section we give the
definitions necessary to set out precisely our two prescriptions for reconstructing a
bare action and give a detailed explanation on why they constitute solutions. For the
second prescription we use a special case of a remarkable relation proved in Sect.
2.3. There we prove another Legendre transform (a.k.a. duality) relation between two
effective average actions, or simply two Legendre effective actions, with different
overall UV cutoff profiles but the same associated Wilsonian effective action. In Sect.
2.4 we derive the main Legendre transform relation between Wilsonian effective
actions and effective average actions, and show how these are in turn derived from
the partition function, extending the results of Ref. [1] to more general cutoff profiles.
In Sect. 2.5 we compute the vertices of the Wilsonian effective action S* from Iy
through the tree-level expansion implied by the duality relation. This expansion
can also be used in the other direction and for the other duality relations simply by
renaming propagators and vertices. In Sect. 2.6 we provide more detail on our second
solution to the reconstruction problem and show how it is related to (2.1.2). In Sect.
2.7 we give some examples of compatible cutoff profiles. Finally, in Sect. 2.8 we
summarise and draw our conclusions.

2.2 Detailed Prescription for Reconstruction

Here we set out in detail the definitions we need in order to precisely give our two
prescriptions for reconstructing a bare action as sketched in the introduction.

Let us choose to define the interaction part of the effective average action I'; to
be the part obtained by splitting off a normalised massless kinetic term:

. 1
Felpl =S¢ Pt o+ Tilgl. (22.1)

Note that, as before, we regard a mass term %m2<p2 as contained within the interac-
tions. The total effective action contains also the additive infrared cutoff:

R 1

Felel =Dl + S0 R o, 2.2.2)
1

= Tilpl + 59 (A" g, (2.2.3)

where in the second line we have combined the massless kinetic term with the additive
cutoff to form a propagator with a multiplicative cutoff:

A= S4B (2.2.4)

p2
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. Ip| : [P|
0 k 0 A

Fig. 2.1 Example behaviour of multiplicative IR cutoff function C (2.2.5) and UV cutoff function
C4 (2.2.12) respectively. The other UV cutoff, C¥ (2.2.15), displays similar behaviour to C2 but
regulates at k instead of A

such that 5
p

C = —
2 p*+ Re(p)

(2.2.5)

This provides the translation between multiplicative IR cutoff profiles and additive
IR cutoff profiles, but explicitly uses the fact that the overall UV cutoff has been
removed. Note that Cy inherits from Ry the properties that for |p| < k it suppresses
modes, and in particular Cy(p) — 0 as |p|/k — 0, while for |p| > k, Cx(p) =~ 1
and mostly leaves the modes unaffected and in particular Cx(p) — las|p|/k — oo.
The behaviour of Cy is represented by the red line in Fig. 2.1.

As already mentioned in the introduction, Manrique and Reuter choose to reg-
ularise the functional integral in the UV with an overall sharp cutoff such that all
momenta | p| < A [2]. This is equivalent to ensuring that the internal momentum run-
ning through any propagator is cut off so that this propagator vanishes for |p| > A.
Both the ultraviolet regularisation and the infrared regularisation can therefore be
carried by a multiplicative cutoff

2
POA —IpD
CHp) =55+, (2.2.6)
p*+ Ri(p)
which appears in the resulting effective action like so:
1 —1
Mol =Telel + 50 (A7) o, 2.2.7)
where N
C
N (f ). (2.2.8)

p
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As we have previously noted, the effective average action now depends also on the
overall UV cutoff A. We recover the previous case when the UV cutoff is removed:
Ci(p) = CF(p).

As already emphasised in the introduction to this chapter, our constructions go
through for much more general UV cutoffs, providing that the UV and IR cutoffs
are always implemented together, multiplicatively, as defined via the above relations
(2.2.7) and (2.2.8). As we recall in Sect. 2.4, the flow equation for the interactions
then takes the general form

9 1 $2raN"! 1 aar
— T gl = —=Tr| [1+ A2 —F — k] 229
ok K 101=—3 r[( A 8g08g0) AN ok 229

By recasting the right-hand side in terms of (A,‘(\)_l, and using 1/(2.2.4), 1/(2.2.5),
and (2.2.1), it is easy to see that in the limit A — oo this flow equation gives back
(2.1.1).

Now we define in precisely the same way both the bare interactions S*[¢] and
Wilsonian interactions S¥[®]:

3"[¢]=%¢~p2-¢+8‘\[¢], Sk[¢]=%¢-p2~d>+5'k[¢>]. (2.2.10)

(We choose different symbols for the fields in each case for convenience as will
become clear later.) We define the total bare action to include also the UV cutoff
profile and thus

SAp] = SAMp] + 1‘15 . (AA>_]. o, (2.2.11)

2

where A
ar_ € (ZP)_ (2.2.12)

p

For the sharp cutoff case _
C™(p) =6(A —|pD), (2.2.13)

but again we emphasise that the UV cutoff profile can be more general and we will in
general take it to be so. All we then require is that for | p| < A, C*(p) ~ 1 and mostly
leaves the modes unaffected and in particular C2(p) — 1 for |p|/A — 0, while
for |p| > A it suppresses modes, and in particular for |p|/A — oo, cA (p) —> 0
sufficiently fast to ensure that all momentum integrals are regulated in the ultraviolet.
This cutoff is represented by the purple line in Fig. 2.1. Finally, the total Wilsonian
effective action can be written

Stol,k[q>] — Sk[q)] + %@ . (Ak)fl. CI)’ (2214)
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where B}
C
Ak = (Zp) , (2.2.15)
p

and C¥(p) is an ultraviolet cutoff profile for this effective action and effective partition
function, which regularises at scale k. Ck( p) has to satisfy the same conditions as
cA (p) above (with the replacement A +— k of course). Since the functional integral
with this action §'F is therefore already completely regularised in the ultraviolet,
there is no need for any dependence on the overall UV cutoff A. We will therefore
choose C*(p) to depend only on the one cutoff scale k as already indicated, and
indeed apart from obeying the same general conditions, the profiles C¥ and CA will
otherwise be unrelated. However, we will require one “sum rule” relation between
these three profiles®: 3

CH(p)+C(p) = Cr(p). (2.2.16)

For example, from (2.2.6), (2.2.13), and (2.2.16), we can deduce the UV cutoff
profile for the Wilsonian effective action which is implied by the regularisation used

in Ref. [2]:
2

Crp) = <1 - %) 6(k — |pl) (2.2.17)
(where k < A). We see that it behaves sensibly as a UV cutoff profile and actually
depends only on the one cutoff scale as required. Thus (2.2.6), (2.2.13) and (2.2.17)
provide an example of a consistent set of cutoffs satisfying the sum rule (2.2.16).

Additionally, cutoffs may or may not be what we call “compatible”. If the UV
and IR cutoffs are compatible, it means that C,f‘ vanishes at k = A i.e. when the
IR and UV cutoffs meet. The set of cutoffs listed previously (effectively those used
in [2]) are therefore not compatible. This in short explains the difference in nature
between our second solution and the one-loop approximate solution (2.1.2) as we
specialise to compatible cutoffs when constructing our second solution to the recon-
struction problem. Examples of cutoff profiles satisfying (2.2.16) that also satisfy
this compatibility condition are given in Sect. 2.7.

In general we can use (2.2.16) to define C(p) = C*(p) — C*(p). Since A >
k, the general properties given above for C*¥ and C™ ensure that it behaves as a
multiplicative UV cutoff at A and multiplicative IR cutoff at k as required. Thus for
|p| > A modes are suppressed such that as |p|/A — oo, C ,ﬁ\ (p) — 0 sufficiently
fast that all momentum integrals are UV regulated. For k < |p| < A, C¥(p) is small
(vanishingly so for |p| > k) while cA (p) = 1, and thus C,ﬁ\ (p) = 1 and mostly
leaves modes unaffected. Fork < |p| < A, C{*(p) will be very close to one. Finally
for |p| < k, CK(p) ~ 1 and CA(p) is close to one (very close for k < A) and thus
C{(p) ~ 0 suppresses modes, while for |p|/k — 0, since both C*(p) — 1 and
C*(p) — 1, we have that C} (p) — 0 thus providing the expected IR cutoff k. This
cutoff is represented by the green line in Fig. 2.2.

©This goes beyond the sum rule introduced in Ref. [1] since we now allow C* to be unrelated to C¥.
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A
o

‘ , , R
0 ; n p|

Fig. 2.2 Example behaviour of multiplicative cutoff function C ,‘:\ (2.2.8) which regulates in both
the IR and UV

By adding the infrared cutoff profile to the bare action in order to generate the
effective average action in the usual way, we equivalently change the multiplicative
cutoff profile C* into one that depends on both A and k. We have already anticipated
in our discussion of I'? that the new multiplicative cutoff profile is C{*. Thus the
bare action becomes

1

1 —
SIEO[’A[Qb] — SA[¢] + E(p . (Aljc\) . qﬁ (2218)

It is this bare action that generates (2.2.7) in the usual way and leads to the UV
modified flow Eq. (2.2.9). (Note that the total bare action then necessarily depends
on both cutoffs. The bare interactions S* however do not, and indeed consistent with
the usual philosophy of renormalisation they should be taken to depend only on the
UV modification.)

Solution 1

Now we can state the duality in its general form:
1 -1
S =Tl el + 500 = ®) - (A7) - (¢ — ). (22.19)

This is a Legendre transform relation that maps between two apparently very different
pictures of the exact RG [1]. On the one hand we have the effective average action
which flows with respect to an IR cutoff k as in (2.2.9) (or in the limit A — oo,
as in (2.1.1)) and on the other hand we have a Wilsonian effective action whose
interactions flow with respect to an effective UV cutoff k according to Polchinski’s
flow equation [19], restated here using the current notation:

(2.2.20)

0 188k oAk §8k 1 oAk sk
— S D] = m— —  —— — Ty — - :
ok sDsD

As we review in Sect. 2.4, and outlined in the introduction, the original partition
function with bare action (2.2.11) can be exactly re-expressed as a partition function
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with the bare action replaced with the Wilsonian one (2.2.14), which is thus a so-
called perfect action.

In particular if we have an effective average action solution I'; to the continuum
flow Eq. (2.1.1) such that it exists for all 0 < k < oo, we can construct S¥ by using
(2.2.19) with the identifications I'y = I'}°, and Ay = A° asin (2.2.4) and (2.2.5):

1
SK[®] = TMilg] + S@—®)- A" (p — D). (2.2.21)

Sk can then be constructed from this for example vertex by vertex as in Sect. 2.5.

We can then also reconstruct the partition function Z even in this continuum
limit, by using the perfect bare action (2.2.14) with k set to some initial upper
scale of our choice, k = A for example. Note that as required such an action has
the same structure as the general form of the bare action (2.2.11), and indeed just
involves the replacements C* — C*, and S* > S2. The new UV cutoff profile
ck (p) =1 — Ci(p) as follows from (2.2.16) with C® > 1. This then provides our
first solution to the reconstruction problem.

Note that such a bare action, and thus partition function, does not incorporate an
infrared cutoff R; and thus there is no connection to the effective average action
I through the standard route of taking a Legendre transform of InZ. If we add
the infrared cutoff term to this bare action, we still do not recover fk this way. As
emphasised previously and Appendix 1, it is impossible to recover the continuum
effective average action this way since the result is a f‘A that necessarily now depends
on both cutoffs. It is possible however to construct a map from the continuum solution
[ toa pair {SA FA} where F is related to SA in the usual way, and such that
as A — oo we have F,ﬁ\ — Fk. This is our second solution to the reconstruction
problem which we now proceed to describe in detail.

Solution 2

Assume we have found the appropriate renormalised trajectory r L = f‘,‘f’ of (2.1.1),
where we emphasise that this solution corresponds to the case where the overall UV
cutoff has been removed. Using the duality relation we construct the corresponding
Wilson effective action §* together with its associated effective UV cutoff C*. Next
we specialise to compatible cutoffs. Recall that this means that the overall UV cutoff
CM = C*=A is identical to the effective UV cutoff set at scale k = A. Thus we set
the effective action to be a bare action atk = A, i.e. S» = §k=A , regulated in the UV
with C*. Now we replace the multiplicative cutoff C* with C; A = C» — C*. which
regularises both in the IR and the UV. The correspondmg partition function yields
by the standard procedure an effective average action 1" . This F,ﬁ\ satisfies a UV
regularised version of the flow Eq. (2.1.1) with the property that as A — oo it goes
back to the original flow Eq. (2.1.1). Thus we have constructed an exact, explicit and
calculable map from any continuum solution r e = f‘,fo with its associated IR cutoff
Ry, to the pair, S* and f‘,ﬁ‘, related in the standard way through a functional integral
regularised in the UV and IR by C{*. This pair has the property that as A — oo, the
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Compatible
B = foo Duality Gk cutoffs Gh=A _ SA
POk relation Cck E— A Ck=A — @A

Sum |rule

Legendre

transform

Fig. 2.3 Summary of second solution to the reconstruction problem

regularised solution f‘,ﬁ‘ — f‘k. Since, given f‘k, everything is explicitly calculable,
we see that this provides an alternative solution to the reconstruction problem. This
map is summarised in Fig. 2.3.
Note that Cj} (p) vanishes for all p, by the sum rule formula (2.2.16). Thus (2.2.19)
implies that . .
FAlpl = $[g] (2222

(and ¢ = @) as can be seen either directly from the fact that 1/ Aﬁ (p) is infinite for
all p, or more carefully by first solving the Legendre transform relation as done for
the continuum version in (2.5.3). The UV boundary condition (2.2.22) for the flow
(2.2.9) is therefore particularly simple, and is furthermore a triple equality since the
right-hand side is also the bare interactions S A Moreover, the right-hand side is also
dual to the original continuum solution I « evaluated atk = A. More details are given
in Sect. 2.6.

We do not need to compute the functional integral or solve the flow (2.2.9) to
find T'* in this map. It can also be constructed vertex by vertex from the original
continuum I'; using the same recipe as in Sect. 2.5. The clue is hidden in a remarkable
property of the duality relation (2.2.19). Note that by construction S* need have no
dependence on A. (It is just a solution to (2.2.20) which also has no dependence on
A.) Therefore if we choose to keep S* fixed, the duality relation (2.2.19) actually
implies that the right-hand side is independent of the choice of overall UV cutoff
C A and in particular that it is independent of A. As we show in the next section, this
implies that the interaction parts of the two ['s are related by

1
TR®] = Tile] + z(fp — @) (Ap) (9 — D), (2.2.23)

where the notation for the inverse propagator on the right-hand side indicates that
it is regularised in the infrared by Cp := Cy—,. Comparing (2.2.23) to (2.2.21), we
see that the vertices of I'*[®] are thus given by those of S* in the recipe set out in
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Sect. 2.5, providing we make the replacement A, — A ,. Of course it then follows
that the same tree-diagram expansion illustrated in fig. 2.4 is also correct for '} [®]
after this replacement.

In Sect. 2.6 we show how our second solution is consistent with the one-loop
formula (2.1.2). On the one hand, by construction the multiplicative cutoff C{* van-
ishes at k = A, which means effectively that the modified R diverges atk = A. As
a consequence, apart from a field independent piece, (2.1.2) implies that A =84,
recovering our result. On the other hand if the UV and IR cutoffs are not compatible,
there is still a functional integral to do at k = A. Then the formula (2.1.2) supplies
the approximate relation, valid to one loop. As we review in Sects. 2.4 and 2.6, the
Wilsonian effective action $¥ can also be derived from the bare action S via a func-
tional integral. In Sect. 2.6, we show directly by the method of steepest descents that
in the non-compatible case this functional integral yields at one loop an SA which is
precisely the one which is dual to the effective action given by the formula (2.1.2),
proving consistency also in the non-compatible case.

2.3 Proof of a Duality Relation Between Effective Actions
with Different UV Regularisations

We will consider a more general case and then specialise to (2.2.23), since the proof
is just as simple. We thus go back to the UV regularised form (2.2.19) of the duality
relation between the Wilsonian interactions S* and the effective average action '
Now consider an alternative overall UV cutoff CA (p) in place of CA( p), where for
generality we change both the profile form C and the magnitude A. Without loss of
generality we can assume A > A however. We choose to keep the same effective
UV cutoff C* and therefore through the sum rule relation (2.2.16) we define an
alternative joint regulator profile CA = CA — C*. Again, providing C# is chosen
to behave sensibly as a UV cutoff, as discussed below (2.2.13), C,ﬁ\ will behave
correctly in the UV and infrared, as discussed below (2.2.17). Relabelling (2.2.19)
in the obvious way, we evidently therefore have the alternative duality relation:

. 1 o\
@1 =THol+ 56 - - (af) - @ - o). @31

As observed in the previous section, S* is not forced to have any dependence on these
overall cutoffs. Since S* satisfies a flow Eq. (2.2.20) which itself is independent
of these cutoffs we can choose to keep the same solution S after these changes.
Eliminating the left-hand side we thus have the relation

1 _ . 1 o\ —1
Dol + 50— (AN - (0= &) =THgl+ 56 - &) - (A1) - @ - ).
(2.3.2)
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This is a Legendre transform relation in which all three fields can be varied indepen-
dently. Varying @ we thus have

[(A,{\)l - (A,’))"] o = (A,‘:\)il o— (AN . (23.3)

Define C4 = CA — ¢4 = CA — €2, where the second equality follows from the
sum rule (2.2.16). Given the general behaviour of its component parts, C4 is a
multiplicative cutoff profile that is cutoff in the UV by A and in the IR by A, with

properties discussed below (2.2.17). Thus also define A% (p) = C3 A (p)/p*. Then
(2.3.3) can be rearranged to give

AR

g =—2 (99 (2.3.4)
AA
Ai\

-0 =—-@—9). (2.3.5)
A/\

Substituting these back into (2.3.2) gives us the desired general duality relation
between effective average actions with different UV cutoffs:

) 1 i\l
Ielel = TPl + 5 (0 = 9) - (Aﬁ) (@ —@). (2.3.6)

An alternative proof of this relation is given in Ref. [1], by demonstrating directly
that this transformation turns the flow Eq. (2.2.9) into the equivalent one for I‘,{\.
Reference [1] however specialised to the case where only the scale A +— A changes.
As we see here the relation is more general including also the option to change the
form of the cutoff profile.

It is remarkable that such a generalised Legendre transformation relationship
exists between two effective average actions regularised in the UV with different
cutoff profiles, CA versus CA. To drive the point home, note that we can take the
limit k¥ — 0 and then this is a Legendre transform relation between two standard
Legendre effective actions regularised in different ways in UV of our choosing.
This latter result is therefore significant in general, not just within the context of
functional RG. As we see explicitly in Sect. 2.5, it implies that the vertices of two
effective actions are related by tree diagram expansions which can be constructed
exactly.

Since a change in regularisation obviously affects the loop integrals in the quantum
corrections, this result looks surprising at first sight. However note that the key to the
relation is that the Wilsonian effective action (2.2.14) is unchanged. Since ¥ is
ultimately derived from a functional integral that depends on the bare action (2.2.18)
(see (2.6.3)), which most certalnly does depend on the form of the overall UV cutoff,
the change from € to ¢ implies a change of bare interactions SA > SA sufficient
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to completely compensate for this when computing S°*. We make further comments
on this in the conclusions. Although it makes no change to the Wilsonian effective
action computed with these methods it leaves a remnant change to the Legendre
effective action (with or without an IR cutoff k) which is summarised in the duality
relation (2.3.6). ] ]

In the special case where C* = C¥=* and €A = C*=2 | j.e. where the UV scale
changes but not the form of the cutoff, which is furthermore fixed to be the Wilsonian
one, we have the situation already analysed in Ref. [1]. Then the bare interactions
change only trivially in that in each case (k = A, A) the bare interactions are just
equal to the Wilsonian interactions at that scale S* = S* as determined through the
flow Eq. (2.2.20).

Finally, let us choose C* = C*=* and send A — o00. Then F,{‘ — Iy and C/};‘ —

1 — C* = C,, where we have used CA = land (2.2.16). Thus with these changes,
(2.3.6) becomes the Eq. (2.2.23) we set out to prove.

2.4 The Wilsonian Effective Action Versus the Legendre
Effective Action

In this section we recall most of the steps that give rise to the exact relationship
(2.2.19) between the Wilsonian effective action and the Legendre effective action.
They are adapted here from Ref. [1] both because the relationship goes marginally
beyond what was proven there and also because they underpin the claims in the rest
of the paper.

We consider the functional integral for a scalar field ¢ (x) in a d-dimensional
Euclidean spacetime:

ZA[J] — /Dd) P B /’D¢ e—%¢'(AA)7!¢—5A[¢]+1-¢’ (2.4.1)

where the UV regulated bare action was introduced in (2.2.11) and where now we
will include superscripts and subscripts on Z to indicate the regularisation within the
functional integral. We introduce an intermediate cutoff scale k by re-expressing the
propagator as:

AN = AN 4+ AK (2.4.2)

where A%, AD and A* are defined in (2.2.12), (2.2.8) and (2.2.15) respectively,

and the split above follows from the sum rule relation (2.2.16). The integral can
identically be rewritten as’

ZA[]]Z/D¢>D¢< e 30 (B0) 0. =30 (M) =SNG 40T G400 (243)

7Up to a constant of proportionality. We ignore these from now on.
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To see that this is true perturbatively, note that as a consequence of the sum form
of the interactions, every Feynman diagram constructed from (2.4.3) now appears
twice for every internal propagator it contains: once with A® replaced by A} and
once with A2 replaced by A¥. Thus for every propagator line, what actually counts
is the sum, which however is just A again by (2.4.2) [20]. To prove the identity
non-perturbatively, make the change of variables to ¢ = ¢. + ¢, for example by
eliminating ¢- . Evidently in (2.4.3), the action then has only up to quadratic depen-
dence on ¢_. Making the change of variables ¢ = ¢_ + (AF/A%) - ¢, and using
(2.4.2), results in the partition function factorising into a decoupled Gaussian integral
over ¢’_ (the constant of proportionality) and (2.4.1), as required [1].

Clearly, ¢. and ¢. beg to be regarded as the modes with momenta above and
below k respectively. This distinction is however only precise in the limit that the
cutoff functions C{* and C * become sharp. In general, modes in ¢-. with |p| < k and
those in ¢_ with |p| > k will only be damped by the relevant cutoff functions. Even
so0, from now on we refer to ¢-. (¢-) as high (low) momentum modes.

Consider computing the integral over the high momentum modes only in (2.4.3):

Zlg\[j’ o= /D¢> e*%¢>'(Ai\)ﬂ'%7SA[¢>+¢<]+J~(¢>+¢<) (2.4.4)

where ¢ now plays the role of a background field. Indeed, setting ¢. = 0 gives
back the standard construction from which we can define the (UV and IR regulated)
Legendre effective action, a.k.a. effective average action, as we will recall later:

ZMJ1 = ZMJ, 0] = / Dep. e~ 30-(A) - =S (0-1+7 ¢~ (2.4.5)

From (2.4.4), performing the linear shift ¢. = ¢ — ¢_ and rewriting the interaction
S as a function of §/8J gives

Zli\[‘L b1 = e—%¢<~(A,’{\)_I-¢< oS 5] /D¢ e~ 1 '(A,ﬁ‘)_l-¢+¢‘(J+(A,ﬁ‘)_l-¢<)' (2.4.6)

Following another change of variables ¢’ = ¢ — A2 - J — ¢, the remaining integral
is a decoupled Gaussian in ¢’ and, after some rearranging, we obtain

ZMJ, 6] — oAM= F (ALY AR TH(AD) ) o

o= SME] o3 UH(AL) T AR U+(A) Hoo) (2.4.7)
Performing all derivatives in S*[8/8J], we find

Z/?[Jv b.1= e%J-Ak"-J+J-¢<—S"[AQ-J+¢<] (2.4.8)
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for some functional S*. Substituting the above expression into (2.4.3), we have
another identity [1] for the original partition function (2.4.1):

ZA[]] — /’qu< e—%a&»(Ak)_l¢<+%J~A,{‘~J+J<¢<—Sk[A,{‘»J+¢<]‘ (2.4.9)

All the high modes have been integrated out. Consider for the moment the case
where J couples only to low energy modes i.e. so that A - J = 0. Such is the case
for example if the cutoff is of compact support so that C* (p) = 0 for | p| < k, and
we choose J to vanish for high energy modes, i.e. J(p) = 0 for |p| > k. Choosing
J(p) = 0 for |p| > k of course just means not considering Green’s functions with
momenta greater than this effective cutoff. Then Z*[J] simplifies to

ZA[J] = / D ¢ 10 (8) 0= 19147 - (2.4.10)

It is now straightforward to recognize the functional S* as the interaction part of the
total Wilsonian effective action (2.2.14) regulated in the UV at k.

Since (2.4.9) is nothing but the original partition function (2.4.1), it gives Green’s
functions which are all actually independent of k, despite appearances to the contrary.
Note also that from (2.4.8) and (2.4.4), we obtain a prescription for computing the
Wilsonian effective action from the bare action via a functional integral. We will
return to this in Sect. 2.6.

The identification as a Wilsonian action, is still valid if we let J couple to all
modes. We just have to recognise that it then also enters non-linearly with the precise
prescription given in (2.4.9), i.e. as well as being the source it also plays the part of a
space-time dependent coupling. Alternatively, we can use (2.4.10) even if Af - J #
0. Inthis case itis no longer true that (2.4.10) is independent of k, since we are missing
the terms in (2.4.9) that contribute to making Z*[J] and thus all Green’s functions
independent of k. However for Green’s functions all of whose (external) momenta
|p| < k,wehave A ,1(\ (p) = 0to very good approximation. Furthermore A ,‘:\ (p)—0
as |p|/k — 0, implying that in this limit (2.4.10) becomes exactly independent of k.

The flow equation for S* is found by first differentiating (2.4.4) with respect to k
to obtain the flow equation for Z ,ﬁ\[J Lo

a 1/6 el —1 8
T 0l = —5(5 - ¢<) : (a—k (A%) ) : (5 - ¢><>Z,?[J, <.
(2.4.11)
Then by inserting (2.4.8) into the above expression and defining ® = A2 - J + ¢,
we obtain the Polchinski flow equation given in (2.2.20).
Turning our attention to (2.4.8) once more, we can recognise it as being related
to the generator of connected Green’s functions W/ with IR cutoff k:

1 v
W) = ZM[J, ¢ ) = ex) AL TH 9 —SAL o] (2.4.12)
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and in taking the lir~nit k — 0, we recover the standard Green’s functions (regulated
in the UV through A*). The Legendre transform of W/* gives the Legendre effective

action F,im’A :

1 _
= 50— (A}) "= ¢)+ T ] (2.4.14)

where ¢ = §W2 /8 is the classical field and I'}* is the interaction part which carries
no ¢ dependence [1], as follows from
swi

3 tot,A _ s A VA _ _ (an)! _
55 K0 0t = — WL g2 = (af) ( o ¢<>—(Ak) (P —9),
(2.4.15)

where we have used (2.4.13) and then (2.4.12).

Notice that when ¢ = 0, we have the standard definition of the partition function
(2.4.5) and from it the standard definition of WkA [J]in (2.4.12) and thus from (2.4.13)
the standard definition of the (IR and UV regulated) Legendre effective action. Thus
from (2.4.14) with ¢ = 0, it follows that F,ﬁ\ [¢] is the same interactions part of the
effective average action as defined in (2.2.7). See also the discussion in Sect. 2.2
leading up to (2.2.7). Recall that I'*[¢] is thus equivalently the interactions part of
the generator of one particle irreducible (1PI) Green’s functions, cutoff in the IR at
k, and coincides with the interactions part of the standard effective action I" in the
limit £ — 0.

Substituting the Legendre transform Eq. (2.4.13) into (2.4.11), we obtain the flow
equation for I'}* already stated in (2.2.9). From Eq. (2.4.13) follows the well-known
fact that connected Green’s functions can be expressed as a tree level sum of 1PI
vertices (in this case connected by IR cutoff propagators). Thus Eq. (2.4.12) implies
that the vertices of S* will also have a similar expansion (see Sect. 2.5). Indeed,
we can find a direct relationship between S* and I’} by substituting (2.4.12) into
(2.4.13), using (2.4.14) and recalling that & = A{c\ - J + ¢_. The result is the duality
Eq. (2.2.19) we have been aiming for.

To reiterate, (2.2.19) is an exact relationship between the interaction part of the
Wilsonian effective action, S, regulated in the UV at k and the interaction part of the
Legendre effective action, I'* regulated in the UV at A and regulated in the IR at k
(ak.a. effective average action). It gives rise to a duality between the flow equations
(2.2.20) and (2.2.9). If we have a complete RG trajectory for I'y, that is a solution of
(2.1.1) where the UV cutoff A has been removed, and where by complete we mean
that it extends from a UV fixed point as k — oo down to k — 0, then we can take the
continuum limit of the key equations given in this section simply by replacing A
with Ay. In this way we equivalently have a solution to (2.2.9), the duality relation
now reads (2.2.21), which allows us to compute the equivalent RG trajectory for
Sk with the equivalent fixed point solution, and the continuum limit of the effective
partition functions can then be computed directly from (2.4.9) and (2.4.10).
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2.5 Vertices of the Wilsonian Effective Action

In this section we use result (2.2.21) to derive explicit expressions for the vertices of
S* in terms of those of I;. Clearly (2.2.21) is symmetric under the map: S; <> '
with Ay — — Ay, so by relabelling in this way we can also use the expressions below
to derive the vertices of I'; from S*. Clearly these expressions can therefore also be
used after some renaming to give the vertices of one action in terms of another for
any of the alternative expressions of duality, namely (2.2.19), (2.2.23), (2.3.1) and
(2.3.6). For example to obtain the vertices of F,f‘ in terms of those of [y using (2.2.23)
(part of our second solution to the reconstruction problem) it is only necessary to
replace S¥ with T A and Ay with A, in the following expressions.

Extracting the momentum conserving Dirac delta-function in what follows, ver-
tices of ¥ will be denoted by

@m)*8(p1 4+ pa) S (pi puik) = & 5'10] (2.5.1)
" T 3P(p1) - 8P (pn) lo—o o
and the vertices of 'y by
ST [D]
Q) 8(pi+- -+ p) TP (1, ..., pusk) = (25.2)
: : 50(p1) - 8®(pu) oo

with the exception of its 2-point function which we write as ¥ (p?; k). We often omit
the momentum arguments of the vertices for neatness. For simplicity we impose a
Z, symmetry ¢ <> —¢ on S* so that it only contains even powers of ¢ and hence
SP(py, ..., ppik)and T (py, ..., pus k) vanish for odd n.

We start by writing (2.2.21) more conveniently as

SHP] = i [® — A (SSk] + 15" 55" (2.5.3)

-k e 250 Tf s .
by recognising that ¢ = ® — A; - (§5¥/8®). Taylor expanding the right-hand side,
keeping only bilinear terms in ® and rearranging, we find the following expression
for the 2-point function:

SOk =% k) (1 + Ap)Z (% k) (2.5.4)

Expanding the right-hand side perturbatively in ¥ gives the expected expansion
of S@ in terms of 1PI vertices, connected by IR cutoff propagators. Note that in
obtaining this result, it is only necessary to expand to second order in the Taylor series
as the Z, symmetry kills the cross-terms from one-point and three-point vertices that
would otherwise appear.
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To compute expressions for vertices for n > 2, we need to isolate the 2-point
pieces from S* and Iy, like so

1
Sho] = 2<1> ST @+ 54 @] Tigl= 3¢ T+ Tilel  (255)

such that all terms but those quadratic in the fields are contained in S’ and I';. Upon
substituting the above into (2.5.3) and using (2.5.4), we have

S<2> as’k 18S*% AyZ 88*
1k

Again, by Taylor expanding the right-hand side to the desired order, we obtain our
vertex of choice. In general, for an n-point function, we only have to keep terms in
the Taylor series up to and including the nth order: higher order terms vanish either
from the Z, symmetry or because they then contain too many ®s. For the 4-point
function we have

S p} k).
SO, 2. p3. psi ) = T (p1, pa. 3., pai k) H T b o esD
Likewise, the 6-point function is given by
SQ)( ,k)
SOprs.... psi k) = TOpy..... pe: )H p’
S@ k
__Z{F(4)([ qk)l_[ (P,a )
(.1} piel;
S (g% k) @)(p 1K)
x Ar( 2)—’r<“>( , L k) f }
U ’ H
Pj€l
(2.5.8)
where /; and I, are disjoint subsets of 3 momenta such that I, U I, = {py, ..., pe}.

The sum over {I;, I} means sum over all such subsets. By momentum conservation,
the momentum ¢ carried by certain 2-point functions is equivalent to a partial sum
ie.g=>Y et i Where I is a subset of the total set of external momenta. Graphical
representations of these expressions, as well as one for the 8-point function, are given
in Fig. 2.4 and are much easier to interpret. Of course the expansion can be continued
to higher orders.
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Key
QO  vertex of ¥

@ vertex of Iy,

)\ ARS®)

- - 1 >
- 2 S(2)
— =

— 1

Fig. 2.4 Vertices of the Wilsonian effective interaction S¥ for n = 4, 6 and 8 respectively from top
to bottom. Each diagram containing more than one vertex represents a sum over disjoint subsets of
momenta corresponding to the number and type of vertices in each diagram e.g. the final diagram
in the expansion of § ®) stands for a sum over partitions of {py, ..., pg} into 2 sets of 3 momenta
and 1 set of 2 momenta

2.6 Second Solution to the Reconstruction Problem

In this section we provide more detail on our second solution to the reconstruction
problem and show how it is related to the one-loop approximate solution (2.1.2)
provided in Ref. [2]. As explained in the introduction and Sect. 2.2, given a complete
RG trajectory for I'x [¢], (2.2.21) then provides us with S¥[®] which is the interaction
part of a perfect bare action. This already provides us with an acceptable solution to
the reconstruction problem, but as we emphasised in Appendix 1 it cannot give us
back I'y via the standard path integral route (2.4.5) since such a UV regulated path
integral necessarily leaves its imprint on the Legendre effective action such that it
now depends on both cutoffs: I = F,ﬁ‘. However what can be done is to use I';[¢]
to construct a pair {S*, ' }}, where T'}* is related to S* in the usual way, and such
thatas A — oo we have I'}* — T. This is our second solution. The question then is
how this solution is to be compared with the one-loop approximate relation (2.1.2).

Let us first note that in (2.1.2) we can split off the bare interactions and effective
average action interactions as defined in (2.2.10) and (2.2.1) respectively. For the
left-hand side of (2.1.2) that just means dropping the hats, but in the right-hand side
we recognise that as in the shift from (2.2.2) to (2.2.3) we can incorporate the infrared
cutoff through a multiplicative profile (2.2.5) and then make explicit the UV sharp
cutoff by replacing this by (2.2.6). The net result is that we re-express Eq. (2.1.2) as

1 .
A o] = SMel + ETr1n{8“2>[<p1 +(A%)" ] (2.6.1)
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This has two advantages. Firstly it makes the overall UV sharp cutoff explicit, and
secondly actually this formula is valid as a one-loop approximation in general, what-
ever the precise profile of IR and UV cutoff we implement via C{*(p). The total
effective average action is then in general given as in (2.2.7) and the total bare action
as in (2.2.18). As already reviewed below (2.4.15), the standard construction using
the partition function (2.4.5) yields of course this F,f‘ [¢].

Our second solution to the reconstruction problem follows from employing com-
patible cutoffs. Recall that by compatible cutoffs we mean that C4 (p) = 0 for all
p, i.e. such that when the IR cutoff meets the UV cutoff the result completely kills
the propagator: A% = 0. Up to a (divergent but irrelevant) constant we then have
A, [p] = S2[¢] as is clear from (2.6.1) if we note that

Trln{SA(z)[w] + (Aﬁ)_1 } = —Trln {Aﬁ} +Trlni1 + Aﬁ ~8A(2)[<p]}. (2.6.2)

Indeed the fact that in (2.4.5), (A,{‘)_l — 00 as k — A, turns the steepest descents

calculation that gives (2.6.1) into an exact statement. For the same reason, from the
most direct expression relating the Wilsonian interactions S* to the bare interactions,
obtained by setting J = 0 in (2.4.4) and (2.4.8):

ZR0, ¢ = e 510 = /qu> e 30 (A1) =S 649 (2.63)

we see that we have no choice but to have the equality S*[¢] = S*[¢]. To make
the map from the continuum solution I'; to this system, we insist that the Wilsonian
interactions S* and thus also the effective Wilsonian cutoff C*( p), are still the con-
tinuum ones. Then this fixes via (2.2.16) the overall bare cutoff to be the continuum
Wilsonian one: C* = C A and as we see already the bare interactions must taken
to be S*[¢] = S*[¢]. Then the map (2.2.23) from I'; to I'}* follows, as proved in
Sect. 2.3, and worked out in detail in Sect. 2.5. We thus have all the elements of our
second solution.

If the UV and IR cutoff imposed by A# are not compatible, then A% # 0 and in
both (2.4.5) and (2.6.3) there is still a non-trivial functional integral to compute in
the limitk — A. To one loop, the result for I'4 is the one given in (2.6.1). In analogy
with [2], let us also compute the integral in (2.6.3) to one loop, using the method of
steepest descents. The exponent is at a minimum when

A
6 = —AD. W — ¢ 2.6.4)

We define ¢. = ¢ + $- and expand about ¢ = 0, keeping only up to second
derivatives of S%:

B N B O R e /pq;> e 10- (O1) 91 S5 b

(2.6.5)
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The terms linear in ¢3> cancel by (2.6.4). Performing the Gaussian integral over <13>,
we find

k 1o AL 0 eAp,0 1 828092 +9<1 AL
S0 (o) o =01+ S (o,
(2.6.6)

Introducing ¢ = ¢g + ¢, we thus have

161 - 50— 6 (A (0~ 62 = 861 + 3 Trin| SVl + (a7) |
(2.6.7)

Comparing (2.6.1) we recognise that the right-hand side is nothing but the one-loop

approximation to the effective average action at a general value of k:

Mol = SNl + %Trln{SA(z)[qJ] + (A,{‘)’1 } (2.6.8)

Finally comparing (2.6.8) and (2.6.7), we see that we recover the duality relation
(2.2.19) in Sect. 2.4.% We have therefore explicitly confirmed the duality relation to
one loop via the steepest descents method. Through the above demonstration and
also our discussion of the compatible case, cf. (2.6.2), we have also comprehensively
explored how our solution is related to the one-loop result (2.1.2).

2.7 Some Compatible Cutoffs

In this section we briefly explore some possible forms of compatible cutoffs, i.e.
such that C ,ﬁ\ (p) vanishes identically when & — A. We also insist that the effective
Wilsonian UV cutoff C*(p) depends only on the one cutoff scale k as indicated.
Through the sum rule (2.2.16) it follows that we take the overall UV cutoff to be the
Wilsonian one at scale A: C* = CF=2,

There are various possibilities for compatible cutoffs. One straightforward option
is to make all the cutoff functions sharp:

0 Ipl=A
0 > A 0 >k
R S i R TS
- 0 Ipl<k
2.7.1)

Another choice of compatible cutoffs is:

81t can also be shown that this is consistent to one loop with the solution (2.6.4).
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0 bl > A 0 o>k 0 , Ipl = A
CA: 1 p2|p|_A, k: 1 p2|p|_k, lé\: l—p kS|P|<A
Az 1P < — gz 1Pl < 2 2
A ¢ b= %5 Il <k
(2.7.2)

It can be easily checked that all cutoff functions have the desired regulating behaviour
and that fork = A, wehave A ,ﬁ\ = 0. The cutoff functions (2.7.2) have been obtained
by first of all using (2.2.5) to find the multiplicative IR cutoff function Cy correspond-
ing to the optimized cutoff. In order to ensure that the effective Wilsonian UV cutoff
depends only on the one cutoff scale k, we define it as Ck=1—Cy,ie. via(2.2.16)
but with the overall cutoff A — oo, and thus Cchr 1. (The result agrees with
(2.2.17) since we already found that cutoff C* to be dual to the optimised IR cutoff
and also to be independent of A.) As we have seen, compatibility for finite overall
cutoff then requires C” = C*. This however forces us to change the IR profile via
(2.2.16) to one, C ,ﬁ\ = C? — CK, that includes both cutoffs. The resulting choices
(2.7.2) thus also have the property that as A — co, C{* returns to the (multiplicative
form (2.2.5) of the) optimised cutoff.

Another choice of additive IR regulator from which we can define compatible
cutoff functions following these steps is

Ri(p?) = — (2.7.3)
e —1
This corresponds to the following choice of cutoffs:
X 1
= 2.7.4)
1+ p2(e —1)
again the overall UV cutoff is just C*, and
2 P’ P2
el —en?
Ch = P ) . (2.7.5)

(1+p2(eF = 1D)(1+ p2(ef 1)

These cutoffs regulate as required, exhibiting the behaviour described below (2.2.5),
below (2.2.13) and below (2.2.17) respectively. Again we have defined the cutoffs
so that A = 0 when k = A, whilst as A — oo, C{* returns to the multiplicative
version of (2.7.3). In summary, we have seen how we can formulate compatible
cutoff functions using a sharp cutoff, or based closely on the optimised cutoff Ry
or Ry.
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2.8 Conclusions

Let us start by briefly summarising our main conclusions. We set out two solutions to
the reconstruction problem, giving the recipes in detail in Sect. 2.2. Starting from a full
renormalised trajectory for the effective average action (2.2.1), whose interactions are
given by I't[¢], we can reconstruct a suitable bare action by using the corresponding
Wilsonian interactions S¥[®]. This also describes the full renormalised trajectory, but
in the Wilsonian language. S¥[®] is computed through the duality relation (2.2.21).
The vertices are then related via a tree expansion to the vertices of 'y and these are
worked out in detail in Sect. 2.5. The full Wilsonian effective action S°"¥[®] is given
by (2.2.14), where the effective multiplicative UV cutoff profile C K(p) =1— Ce(p),
and Cy, is the multiplicative version of the additive IR cutoff via the translation (2.2.5).
The partition function constructed using S*“¥[®] is actually independent of k, and
thus this bare action is an example of a perfect bare action. Written in the form
(2.4.10) (where the superscript A = oo since we have taken the continuum limit),
the independence with respect to k is only approximate, becoming exact when we
compute Green’s functions with momenta | p| < k, unless the source J obeys some
restrictions, as discussed around (2.4.10). Alternatively we can embed the source
inside the action as well, as in (2.4.9), and then the independence with respect to k
is indeed exact.

A potential problem with this first solution to the reconstruction problem is that
we have only the one cutoff k involved which now plays the role of a UV cutoff
for this perfect bare action. For some purposes we may want to investigate a system
where a suitable bare action with UV regularisation set at some scale A gives back
the effective average action through the usual procedure. In other words, we insert an
infrared cutoff k into the bare action to give (2.2.18), where the overall multiplicative
UV cutoff has been replaced by C{* incorporating also the IR cutoff, and then form
the partition function (2.4.5). As we emphasised in Appendix 1, we cannot get the
continuum I in such a way, since it is then guaranteed that the effective average
action I’ A, bilinear part and interactions, now depends on both cutoffs, as displayed in
(2.2.7). What we can do however is again to take the bare interactions to be the perfect
Wilsonian ones computed from I';, thus S* = S¥=A, and then the above procedure
gives us a F,ﬁ\ [¢], such that as A — oo, F,ﬁ\ — I'y. The UV boundary conditions on
the flow Eq. (2.2.9) for this effective average action are just '}, = §% = S*. We
do not need to compute the functional integral, or the flow equation, to find I'*[¢]
however, since it is also directly related to the original continuum I'; via a duality
relation (2.2.23), which may also be solved vertex by vertex as in Sect. 2.5. This is
our second solution to the reconstruction problem, summarized in Fig. 2.3.

We proved the latter duality relation by first proving an even more remarkable
duality relation in Sect. 2.3, namely (2.3.6). This is a tree-level relation between two
effective average actions computed with different overall cutoff profiles C* and ¢ i‘,
but whose corresponding effective Wilsonian actions S©“* actually coincide. As we

explain in Sect. 2.3, this assumes that the bare interactions S Aand S A can be chosen
precisely to ensure this. If we choose a solution S* of the flow Eq. (2.2.20) that
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does not correspond to a full renormalised trajectory, then clearly this is not always
possible, for example it is then not possible to raise the overall cutoff A or A all the
way to infinity. Even if we choose S¥ to be a renormalised trajectory, it still may not
be possible to change the bare cutoff arbitrarily in such a way. The ability to do this is
a statement of universality, but universal behaviour typically has a basin of attraction,
so it should be expected that C* cannot be changed completely arbitrarily. However
these limitations do not apply to the required duality relation (2.2.23) since as we
saw in Sect. 2.3, this corresponds to the special case where the form of the overall
cutoff profile C* does not change, only the overall scale A +—> A, and furthermore
the bare interactions are perfect Wilsonian ones corresponding to a full renormalised
trajectory, and thus exist at any scale.

In Sect. 2.6 we fully explored how our solutions to the reconstruction problem are
related to the one-loop formula (2.1.2) derived in Ref. [2]. The key was to recognise
that in our second solution we employed compatible cutoffs such that when the IR
cutoff meets the UV cutoff, k — A, the propagator is forced to vanish identically.
In Sect. 2.7 we set out a recipe for constructing such cutoff combinations.

Although we phrased all relations in terms of a single scalar field, it is a straight-
forward generalisation to write the relations for multiple fields including fields with
indices and those with fermionic statistics. It is therefore straightforward to gen-
eralise these relations to the case of full quantum gravity for instance. At various
stages we discarded additive constant terms, but these would become background
dependent. Their functional form can be determined however, and thus this would
be a useful extension of this work.

Finally, since S* are perfect bare interactions, or equivalently since they are made
via a tree-diagram expansion using the vertices of I'y_ 5, we can expect them to be as
complicated as r «» arguably more so. For any large but finite A, we can however use
S as the starting point for constructing equally valid alternative bare actions based
on either of our solutions of the reconstruction problem. We have already seen a small
example of this in that using S* together with the standard coupling between source
and fields as in (2.4.10) only yields a perfect action lying on a renormalised trajectory
in the limit of infinite A, unless we impose restrictions on the source (cf. Sect. 2.4). In
fact we have an infinite dimensional space of possible bare actions to choose from (a
reflection of universality). In general we can choose S* to be any action close to any
point on the (infinite dimensional) critical surface containing the UV (asymptotically
safe) fixed point §*, such that after appropriate tuning back into the critical surface
in the limit A — oo, we again construct the renormalised trajectory (see e.g. [20]).
In practice for example we can choose S* = §% + > igr @i (A)O;, where the sum
is over the integrated irrelevant operators and «;(A) are arbitrary functions of A
providing they remain small enough for the linearised approximation to be valid as
A — oo.



2.8 Conclusions 53

Appendix 1: Why a UV Regulated Effective Average Action
Must Depend on the UV Regulator

It is clear that at least for a general form of UV cutoff, the effective average action
f‘,f‘ [¢] must depend on the UV regulator A as indicated. Indeed if we embed the
UV cutoff in the free propagator as done in (2.2.9) then the Feynman diagrams that
follow from its perturbative expansion will evidently have all free propagators 1/ p>
replaced by Af(p). The fact that f’,ﬁ\ [¢] thus depends on two scales, means that a
bare action cannot be reconstructed which would directly give the continuum version
f‘k in the usual way. This is the first “severe issue” outlined above (2.1.2).

Following Ref. [2], a sharp UV cutoff and infrared optimised cutoff would appear
to provide an exception however. With a sharp UV cutoff in place, (2.1.1) can alter-
natively be written

21AN\—
5 rk> laRk]

2FAN—
8 rk 1 ORy
Spdp ’

Spde ok
(2.8.1)

1
— fTr|:9(|p| — A)(Rk +

AA 1
=TIl = ZTr| | R + >

2 ok

where the first space-time trace leads to an unrestricted momentum integral

d 21 AN\

d—”d( o+ 2k )(p, —py LR, 282)
2m) YY) ok

and we mean that the second term, the “remainder term”, has the momentum integral
defining the trace restricted to |p| > A as indicated. With the optimised IR cutoff
profile we have d Ry (p)/0k = 2k6 (k* — p?) and thus, since k < A, the remainder
term vanishes in this case. At first sight this would appear then to allow us to consis-
tently set f’;ﬁ\ ] = f‘k[go] in (2.8.1) (providing only that we restrict flows to k < A),
meaning that for these choice of cutoffs, the dependence of the effective average
action on A disappears. This is not correct however as can be seen by expanding the
inverse kernel. Define the full inverse propagator as

A*()~—R(>+i (2.8.3)
P e S (mse(—p) |,y i

(temporarily suppressing the k and A dependence) and similarly define I"'[¢] to be
the remainder after the term quadratic in the fields is removed (which thus starts at
O(¢?) in a field expansion). Then
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82f~A —1
(Rk+5—"> (p.—p) (2.8.4)
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The momentum g is the external momentum injected by the fields remaining in I'':

8’
S3p(p)dep(—p —q)

=I%p, —p—q.4:k, Ne(=q) + O(p?H),  (285)

where we have displayed as a simple example the 1PI three-point vertex defined as
in (2.5.2). (The higher point vertices will have an integral over the field momenta
with a delta-function restricting the sum to —q.) With a sharp UV cutoff in place,
not only are the external momenta |g| < A restricted, but the momentum running
through any internal line is also restricted, thus here we also have |p + ¢g| < A. This
is because ultimately all the free propagators come (via Wick’s theorem) from a
Gaussian integral over the fields ¢ (r) in the path integral whose momenta |r| < A
have been restricted by the sharp UV cutoff. Although the momentum p already has
a sharp UV cutoff k provided by 0 Ry (p)/0k which means the overall UV cutoff A
is invisible for it, this invisibility does not work for the other internal momenta, such
as p + g, hidden in the construction of the inverse kernel. In other words even if the
argument p above is freed from its UV cutoff at A, this cutoff remains inside the
construction in all the internal propagators, such as displayed in (2.8.4), and thus
despite appearances the first term on the right hand side of (2.8.1) actually still does
depend non-trivially on A, implying also that f‘,ﬁ\ [¢] is a non-trivial function of A.
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Chapter 3 ®)
Background Independence i
in a Background Dependent RG

3.1 Introduction

In Sect. 1.3.2 we underlined the importance of background independence in quantum
gravity and motivated going beyond the single field approximation to instead work
within bi-metric truncations in which separate dependence on the background field
is retained. Recall that using bi-metric truncations requires imposing a modified split
Ward identity (msWI) to ensure that background independence is recovered in the
limit the cutoff k is removed, k — 0. We also remarked in Sect. 1.3.2 that fixed points
can be forbidden by the very msWIs that are enforcing background independence,
an unsettling conclusion from the research reported in [1]. In this chapter we present
the research of [2] in which we uncover the underlying reasons for fixed points being
forbidden within the derivative expansion and polynomial truncations of conformally
reduced gravity, extending the work of [1].

In the conformally truncated gravity model investigated in [1], fixed points are
forbidden generically when the anomalous dimension 7 is non-vanishing. This can
however be avoided by a careful choice of parametrisation f (setting it to be a power
of the background field x determined by its scaling dimension [1]). On the other hand,
it was shown in [1] that the situation is saved in all cases, at least in the conformally
reduced gravity model, by the existence of an alternative background independent
description of the flow. This involves in particular a background independent notion
of RG scale, k. This background independent description exists at a deeper underlying
level since in terms of these background independent variables, the RG fixed points
and corresponding flows always exist, and are manifestly independent of the choice
of parametrisation f(x).

After approximating the exact RG flow equations and msWIs to second order in
the derivative expansion (as will be reviewed later), the crucial technical insight was
to notice that, just as in the scalar field theory model [3], the msWIs and RG flow
equations can be combined into linear partial differential equations. It is the solution
of the latter equations by the method of characteristics, that uncovers the background
independent variables. And it is by comparing the description in these variables with
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the equivalent description in the original variables, that we see that fixed points in
the original variables are in general forbidden by background independence.

However, in order to facilitate combining the RG flow equations and msWIs when
the anomalous dimension 7 # 0, the authors of [1] were led to a particular form of
cutoff profile Ry, namely a power-law cutoff profile. In the research presented in this
chapter we will show that in fact this cutoff profile plays a role that is much deeper
than the convenience of a mathematical trick. It in fact provides a condition that, if
obeyed, means that the flow and msWI are compatible. Recall from Sect. 1.3.2, that
compatibility is achieved if solutions to the flow equation also satisfy the msWI. The
notion of compatibility is of great importance as without it fixed points are forbidden
to exist, as we will see in the ensuing sections. As already argued in 1.3.2, at the exact
level the msWIs are guaranteed to be compatible with the exact RG flow equation,
but this will typically not be the case once approximated.! We will see that in the
0(9?) derivative expansion approximation derived in reference [1], the msWI and
flow equations are in fact compatible if and only if either the cutoff profile is power
law,? or we have the special case that = 0.3

The structure of this chapter is then as follows. In Sect. 3.2 we quickly review
the results we need from [1] and their context. In Sect. 3.3 we provide a proof of
compatibility at the exact level and investigate compatibility in the O (9?) derivative
expansion along with deriving the requirements needed in order to achieve it. If the
msWIs are not compatible with the flow equations within the derivative expansion, it
does not immediately follow that there are no simultaneous solutions to the system of
equations. However, as we argue in Sect. 3.3, the equations are overconstrained and
it is for this reason that it is hopeless to expect any solutions for the non-compatible
case. We verify this using the LPA in Sect. 3.4 (see also 3.5). We also see in Sect. 3.4
that when the LPA equations are compatible they can indeed be combined to give a
background independent description of the flow; however, even when compatibility
is achieved with power-law cutoff, we understand why the msWI can still forbid fixed
points for general parameterisation f and n # 0. Finally, in Sect. 3.5, we consider
how these issues become visible in polynomial truncations and without resorting to
the trick of combining the flow and msWI equations. It is instructive to do so since it

Note that even though conformally reduced gravity is a truncation of the full theory in which we
only focus on one particular mode of the metric (the conformal mode), approximation in the sense
that we mean it here involves an expansion, terminated at some order, like the other approximation
schemes outlined in Sect. 1.4.

ZPower law cutoff profiles have nice properties in that they ensure that the derivative expansion
approximation preserves the quantisation of the anomalous dimension in non-gravitational systems,
e.g. scalar field theory [4-6]. (Although as with the optimised cutoff [7, 8], they do not allow a
derivative expansion to all orders [9-11].) Nevertheless, given the unsettling nature of the conclu-
sions in reference [1], it is important to understand to what extent the results depend on cutoff
profile.

3In fact it is natural to expect 7 to be non-vanishing at the LPA level for conformally truncated
gravity, as explained in reference [12].
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seems likely that this is the only way we could investigate these issues using the exact
non-perturbative flow equations. We verify very straightforwardly that generically
there can be no fixed points as the equations over-constrain the solutions if the
truncation is taken to a sufficiently high order.

3.2 Conformally Reduced Gravity at Order
Derivative-Squared

In this section we give a quick review of the results we need and their context from
reference [1]. Recall that we arrive at conformally reduced gravity (in Euclidean
signature) by writing:

G =F(Déw=FfX+PEw and  Zu = FOOEu- (3.2.1)

The metric g, is restricted to an overall conformal factor f (5) times a reference
metric which in fact we set to flat: g, = J,,,,.. Following the background field method,
we split the total conformal factor field ¢~>(x) into a background conformal factor field
x (x) and fluctuation conformal factor field ¢ (x). It is then the latter that is integrated
over. Similarly, we parametrise the background metric g, in terms of the background
conformal factor field .

Examples of parametrisations used previously in the literature include f(¢) =
exp(2¢) [13] and f(¢) = ¢ [14, 15]. However we leave the choice of parametri-
sation unspecified. It is important to note however that f cannot depend on k since
it is introduced at the bare level and has no relation to the infrared cutoff (moreover
if f depended on &, the flow equation (3.2.2) would no longer hold). Later we will
change to dimensionless variables using k and in these variables it can be forced to
depend on k (see Sects. 3.3.5 and 3.4.1).

By keeping only the conformal factor of the metric, diffeomorphism invariance is
destroyed. Therefore gauge fixing and ghosts are not required in this setup. A remnant
diffeomorphism is preserved however, a multiplicative rescaling, which constrains
appearances of the background field.

Introducing the classical fluctuation field ¢ = () and total classical field ¢ =
(J)) = x + ¢, the effective action satisfies the flow equation

1 8Ty
V&g dpdyp

Note that here we are using the same notation for the effective action as in Chap. 1.
We have also introduced RG time

1 -1
0Tkl X1 = zTr[ + Rk[X]i| O Relx]. (3.2.2)

t = In(k/p), (3.2.3)
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with p being a fixed reference scale, which can be thought of as being the usual
arbitrary finite physical mass-scale. Recall from Sect. 1.3.1 that in the context of the
background field method the cutoff operator Ry itself depends on the background
field x as it becomes a function of the covariant Laplacian of the background metric
Ry (—@2). We see that again, now in the context of conformally reduced gravity,
that the effective action possesses a separate dependence on the background field,
enforced through the cutoff.

By specialising to a background metric g, that is slowly varying, so that space-
time derivatives of it can be neglected, we effectively terminate at the level of the LPA
for the background conformal factor . For the classical fluctuating conformal factor
 however, O(8?) in the derivative expansion approximation is fully implemented,
making no other approximation. The effective action in its most general form at this
level of truncation is thus given by

1
Crlp, x1 = /ddx\/E (—EK(% X)8" 0,0, + V (i, x)) . (3.2.4)

The msWI originates from the observation that the introduction of the cutoff action
into the functional integral violates split symmetry:

Px) = o(x)+e(x) and  x(x) = x(x) —e(x), 3.2.5)

under which the bare action is invariant.* It is the breaking of this symmetry that
signals background independence has been lost, both at the level of the functional
integral and at the level of the effective action. The msWI encodes the extent to which
the effective action violates split symmetry>:

1
1 ol 5Fk> 1 1 1 {5Rk[X] }
NACEE T e + — + %, nfR
v ( ox oy 2 |:ff Spdep Rix ]:| N Inf Ri[x]
(3.2.6)

Exact background independence would be realised if the right-hand side of the
msWI was zero, implying that the effective action is only a functional of the total
field ¢ = x + . The presence of the cutoff operator however causes the right-hand
side to be non-vanishing in general. It is only in the limit k — 0 (again whilst holding
unscaled momenta and fields fixed) that the cutoff operator drops out and background
independence can be restored exactly. We now see how imposing the msWI in addi-
tion to the flow equation (3.2.2) automatically ensures exact background indepen-
dence in the limit k — 0. The observation we further explore in the work presented

“The source term also breaks the symmetry but does not contribute to the separate background field
dependence in 'k [, x].

SWhen all metric degrees of freedom are considered in full gravity, the msWI receives extra con-
tributions to its right-hand side originating from gauge fixing and ghosts.
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in this chapter is that restricting flows to satisfy (3.2.6) then has consequences for
RG properties, in particular fixed point behaviour, that follow from (3.2.2).

Computing the flow equation and msWI in the derivative expansion (3.2.4) results
in flow equations and modified split Ward identities,® for the potential V':

-4 d—1 ;
AV (o) = F0O) / dp p'1 0, Ry, (3.2.7)
d ¥ . d
8XV—8¢V+§8X1an=f(x) 2 [ dpp* T Qp 8XRP+§8X1nfR1, ,
(32.8)
and for K :
FOK (o) =2/ / dp P Py O R, (3.2.9)

f_l (axK —0,K + dz;zax]”fl(> = Zf_%/ dp l’d_I Pp(0,x) <8XR17 + %axlnfRP)
(3.2.10)

The p subscripts denote the momentum dependence of Q,, P, and the cutoff R,
and as usual RG time derivatives are denoted also by a dot on top. Q, is defined as

-1
0, = <a§v - p2§ + R,,) : (3.2.11)

and P, is given by

10,K 2d 10
Py=—3 f (23;1/— i )
>

a’

H”"“ o))+

P, (%5 o)
«(v =250 0

2 2
(agv — a”TK p2> Q. (3.2.12)

3.3 Compatibility of the msWI With the Flow Equation

Compeatibility of the msWI with the flow equation can be phrased in the following
way. Write the msWI in the form W = 0 and assume that this holds at some scale

6 Although we always mean these modified identities, we will sometimes refer to them simply as
Ward identities.
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k. Computing W by using the flow equation, we say that the msWI is compatible if
W = 0 then follows at scale k without further constraints.

In the first part of this section we rederive the flow equation and msWI for con-
formally reduced gravity but organised in a different way from reference [1] so as to
make the next derivation more transparent. We then prove that they are compatible
with one another. As previously emphasized, this is naturally to be expected since
both are derived from the same partition function. For completeness we include it
here in order to fully understand the issues once we consider derivative expansions.
(For a proof of the exact case in a more general context see reference [16].) In the
second part we study the notion of compatibility for conformally reduced gravity in
the truncation (3.2.4). Asking for compatibility in the derivative expansion is actually
non-trivial. We derive the requirements necessary to achieve it.

3.3.1 Compatibility at the Exact Level

The proof of compatibility of the un-truncated system consists of demonstrating that
the RG time derivative of the msWI is proportional to the msWT itself [17, 18]. In
analogy with references [17, 18], we expect to find that this RG time derivative is,
more specifically, proportional to a second functional derivative with respect to ¢
acting on the msWI and it is with this in mind that we proceed (see also reference[16]).

We begin by considering the following Euclidean functional integral over the
fluctuation field

e = /7395 exp (—=SIx + &1 — AS[P, 81+ Secl@. 81 - (3.3.1)

This integral is regulated in the UV (as it must be), however we leave this regularisa-
tion implicit in what follows. Compatibility can be shown most easily by presenting
both the flow equation and the msWI as matrix expressions. Thus we begin by rewrit-
ing the source term using matrix notation, introduced in Chap. 1:

Seel B, 81 = /ddx 20) )T (x) = G TeyJy =G T - J, (3.3.2)

where Ty, = T'(x, y) = 4/8(x)é(x — y). Similarly, we write the cutoff action as

1

| . o 1. . . .
ASi[p, gl = E/d"x g(x) p(x)Rrlglop(x) = SPxTey Py = S PT Py (3.3.3)

where

roy =7(x,y) = V/8X)VE) R (x, y), (3.3.4)
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and where the cutoff operator and its kernel are related according to

o(x —y)
V&)
We refrain from putting a k subscript on r,, to avoid clutter with indices, but note
that it still has k-dependence. Also note that now the factors of /g are no longer part
of the integration; this is to enable all y-dependent quantities to be easily accounted

for when acting with 6/9x later on.
With these definitions in place, the RG time derivative of (3.3.1) gives

Ri(x, y) = Rix (3.3.5)

1

M=—?M@@» (3.3.6)

In the usual way, we take the Legendre transform of Wj:

Tv=J-T -o— W, with T-goz(s% (3.3.7)
and from this we define the effective average action
Fily. 81 = Tulp. 81— ASile. 8. (33.8)
From (3.3.7), it also follows that
- 52Ty o
(Pxpy) = (5%5%) + oy (3.3.9)

Finally substituting (3.3.7) and (3.3.9) into (3.3.6), together with (3.3.8), we obtain
the flow equation for the effective average action

Fo= Lr 0T + o SN (3.3.10)
= —Ir r r| = —I1r r .
kT2 dpdyp 2 ’
where |
A T try) (3.3.11)
oy = Iy . 3.
) 50y Y

The msW1I is derived by applying the split symmetry transformations (3.2.5), with
infinitesimal €(x), to the functional integral (3.3.1). Applying these shifts we obtain

5Wk - oT - 1~ or ~
__€=<€TJ_Q0 — . J_E:rgo_i__gp — . SO)
dx 2 dx
(3.3.12)
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Under these same shifts, the Legendre transformation (3.3.7) gives

Wy 6T 6T
R Y e P 3.3.13
5 5 <5X 5) 5 £ ( )

Substituting the above relation into (3.3.12) together with (3.3.8), we obtain the

msWI: 6Ty 6T 1 6
Ok 9Tk _ 24, 20 (3.3.14)
OXw 0Py 2 OXw

where we have used the fact that the identity must hold for arbitrary e(w). Note that
in deriving (3.3.14) the contribution of the source term to the separate background
field dependence of I'k[¢, x] drops out.

The equations just derived, (3.3.10) and (3.3.14), appear at first sight to be in con-
flict with (3.2.2) and (3.2.6) respectively. In particular factors of /g are apparently
missing. This is because the /g factors are absorbed in a different definition of the
inverse kernel. Indeed the inverse kernel (3.3.11) now satisfies

0T + A, =6 (3.3.15)
Ty z = Oy 3.
580/‘5@)} ) yz Z

without a /g(y) included in the integration over y.
Now that we have derived the flow equation and msWI written in a convenient
notation, we are ready to prove that they are compatible. We begin by defining

STw 0Tk 1 6y
L N L (3.3.16)
OXw 0Py, 2 OXw

Taking the RG time derivative of VW_, then gives

) DR S L VI Srye 1 OFyy
Wy =— — ~|a A — Ay 3.3.17
X O "2 [ (5905@ o by OXw 2 OXw ( .

and upon substituting the flow equation (3.3.10) into the right-hand side, we have

1 (53Fk 1 63Fk

W, = AyyFyx + = Axg———— Ay yF
v N g Y

A — K
27 600000, 0xw
RN Z  a Nioa O
— _— 7 v, Iy ———
i 55025‘191/ uu wulzy X

1(A.A) 52 ST 4T +1 52 A A 5ryxA

= — = r )\ — — - 11y Iy T .

2 5000 \Oxw  0pw 4\ Oprdp M) T TEY Gy, T
(3.3.18)
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The first term in the last equality is in the form we want: a differential operator acting
on (part of) WW_,. We now expand out the second term with the aim of also putting
it into the desired form. For the sake of neatness let us define

r, =N (3.3.19)
T 5y By, o

Expanding out the second term then gives

5 ory
(WA u’)ru’u A y (SX sz—AxL <AuvrzvsA“)/F ’U’A’As’u"i_AuL’Fv’A’L’A 1ol zvs Agyr

— Ay Tyrgr oot Agr /)f 1A 6r)x (3.3.20)

v's'zz u'u 2}5

Upon exchanging factors of A and relabelling indices, we find
52 ory, 52 ory,
A ) P [ Aoy = AL) = (AFA) gy ———— Ay —=,  (3.3.21
(59015@1’ ) ’ ( X Z) (A7 &) dpu oy ¥ X ( .

which now has the structure we require. Thus we have shown that the RG time
derivative of the msWI can be written as

. 1 52
w = —=Tr| ArA W 3.3.22
W, 3 r( F 6¢5¢>W ( )

i.e. that it is proportional to the msWTI itself. If T’ satisfies VV_, at some initial scale
ko, and satisfies the flow equation there, it thus follows without further restriction
that W_, | t, = 0 since it is proportional to W_,. Thus the msWI is compatible with
the flow equation. If I'; continues to evolve according to the flow equation, it then
follows that W_, and thus WW_, will be zero for all k.

3.3.2 Compatibility Versus Derivative Expansion

Recalling from (3.3.11) that A is an infrared regulated full propagator, we see from
(3.3.20) that the identity (3.3.21) can be understood diagrammatically in terms of
two-loop diagrams as sketched in Fig. 3.1. The symmetry of these diagrams means
that nothing changes if we exchange 7 <> dr/dx. This exchange immediately leads
to the identity (3.3.21).

This identity breaks down in general in the derivative expansion. If the Ward
identity is approximated by a derivative expansion, the full propagator in the one-
loop term in (3.3.16) is also expanded in a derivative expansion. This full propagator
has loop momentum ¢ say, and is then expanded in powers of momenta carried by
the external fluctuation field (p), i.e. by the external legs. The RG time derivative
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7'n
p
7:,
p
83Ty, 83Ty, 54Ty,
b3 b3 bt
q
or
ox e
or
ox

Fig. 3.1 The two-loop diagrams in (3.3.20). Their symmetry immediately implies the identity
(3.3.21). Momentum flow is indicated in the case where the fluctuation field ¢ is then set to zero.

of the Ward identity yields the RG time derivative of such vertices, as can be seen
from the 621" /d¢? term in (3.3.17). This latter term has two internal legs given by
the explicit functional derivatives, carrying the loop momentum ¢ and joining full
internal propagators A, and any number of external legs contained in the vertices
of I'. Substituting the flow equation (3.3.10) then gives in particular the last term
in eqn. (3.3.18) in which two of these external legs are now joined to form a loop
connected via 7. However it is momenta external to this new loop which are Taylor
expanded in the derivative expansion of the flow equation (see also [10, 11]). This
is illustrated in the diagram displayed in fig. 3.1. In particular when the remaining
external fluctuation field dependence is removed by setting ¢ = 0, we have exactly
the momentum dependence displayed in the figure. We see that a derivative expansion
of the Ward identity involves Taylor expanding in small p, while integrating over q.
However a derivative expansion of the flow equation involves Taylor expanding in
small g, and integrating over p instead. Thus the symmetry between the two loops
is broken and the identity (3.3.21) no longer follows.

On the other hand we see thatif 7 and 6r/J x have the same momentum dependence
then the identity (3.3.21) is restored because it is no longer possible to distinguish the
two loops. Returning the placement of /g from (3.3.4) to the integration measure,
this in fact would give us the relation (3.3.40) that is necessary and sufficient for
compatibility of the Ward identities within the derivative expansion, and which we
will now derive directly within the derivative expansion.
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3.3.3 Compatibility at Order Derivative-Squared

We now proceed to compute the flow of the msW1 for the system truncated at O(9?) as
described in Sect. 3.2, and investigate directly under which circumstances it vanishes.
Letus start by writing the flow equations and msWIs for both V and K in the following
form so that we can study both cases simultaneously:

Alp, x) = / B,R,, (3.3.23)
P
WA =04 —yA + / B,(O\R, +7R,) =0, (3.3.24)
p

where A is either V or K/f such that B, is either O, or 2P, respectively. Here we
have also introduced the shorthand notation

d d _
/ =f(x)"? /dp p',  y=zoMnf, and 9=09,-09, (3325
P

It will also be useful to have to hand the following relations:

@+ —) V=" +f Q4(Ry — Oy Ry — YRy, (3.3.26)
q
_ K .
(0+ 0 —7)7 =W(K)+2/ Py(Rg — yRg — YRy, (3.3.27)
q

0+ +n7) Q) = —n Q}*! /q@éQq ~2p*Py)(Rg — OyRy — 7Rq)

—n Q)TN Ry — ORp —yRp) —n QB @WY) — pPW ),
(3.3.28)

The first two relations are derived by subtracting the msWI from the flow equation
for V and K/f respectively. The last relation is then derived by using the first two
relations above together with the definition of Q, givenin (3.2.11).

We begin by taking the RG time derivative of (3.3.24). Substituting in the flow
equation for A, and remembering the power of f(x) hidden in the integral over p,
this gives

WA — / R,(0+0,+7) B, - f B, (R, — O\R, —VR,). (3.3.29)
p p

In order to proceed we have to assume a particular form of B/, so that we can compute
the result of the linear operators under the integral acting on it. A general term in P,

takes the form .
~ ) a K c
B, =(9,V) <3é7) (25:8,) () €5, (3330)
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where a, b, c, e, i, j, k (not to be confused with the cutoff scale), and [/ are non-
negative integers. From the structure of the terms in P, one can read off the following
sum rule for the exponents:

at+b+c=e—1. (3.3.31)

Notice that the case B, = O, for the potential is also included, sincea = b = ¢ =

I =0 and e = 1 also satisfies the sum rule. Taking the term under the first integral

of (3.3.29), we find

K

f

—1 _ -

te (3£2Rp> 822 (=Ov+0) Ry +e Q;zl (0+0) Qp+ ’Y}Bp-

(3.3.32)

_ - RN T KN L
(a+a,+y)3p=[a(a;v) 8;(84—&)V+b(659?) 0 (5 + )

Substituting equations (3.3.26)—(3.3.28) into the above expression and using the sum
rule, we obtain

_ - . -1 . -
(0+8t+’7)3p=|:a (A2 (W<V)+/ QqRq>
q
JENT i () 5 i ok s
+b<a¢7> ol (w +2/qPqRq> ve(@ry) " 2R,

—e Qp/q(aqu - 2p2pq)1éq —eQpRy,—eQp (a@wm_ p2W<K>)1§q}z§p
(3.3.33)

where we have introduced the shorthand notation
R, =R, —0,R, —VR,. (3.3.34)

Turning our attention now to the second integral of (3.3.29) we take the RG time
derivative of B,, and again substitute in the flow equations for V and K/ f. This gives

B ol ) KN\ .
B, = [a @Lv) ‘a;/ QqRq+b<a;7) a;/zquq
q q

-1 . . A
+c (8];2Rp) R, —eQ, / (020, —2p°P) Ry — ¢ Qqu:|Bp.
q
(3.3.35)

Inserting (3.3.33) and (3.3.35) into (3.3.29) we obtain
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w =3~ {a /p , Bp@Lv)~ ol <1’e,,w<"> + QqlR, O\ R + yR]qp>
F :

P

Y SN .
+b/ By <a¢7> a;(R,]W“O +2Pq[R,E)XR+7R]qp> (3.3.36)
P-q
+ "/ By (akz RP)_I ((8XRP +Rp) 8 Rp = Rpdy (ORp +’YR17)>
» P p p
—e/ BpO R (a@wm— p2W(K>)— e/ B,,Q,,(@é 04— 2p2Pq> [R, R +“/R]qp}
p p-q

where we have introduced the commutator-like construct[A, B],, = A;B, — B;A,.
When A = V the above expression simplifies considerably to

WV =— | 02k, (afow(V) - p2W(K)> —/ 0? <a§Qq - 2p2P,1)[R, AR +Rlyp,
P P

(3.3.37)

q

which we see contains only terms that contain either the Ward identities or the
‘commutator’ [R , 0y R 4+ vR],,. On the other hand for the flow of the K/f msWI,
the terms do not collect, so that it remains separately dependent on the individual B -
However each term either contains the Ward identities themselves, the ‘commutator’
(R, Oy R + vR],p, or the additional commutator-like structures:

(O\R, +YR,) 0% R, — R,y0% (DR, +R,) . (3.3.38)

These appear in the third line of (3.3.36), and the integer k takes values 1 and 2.
For a general cutoff R, these two additional commutator terms neither vanish nor
combine with other terms of the flow.

If [R, Oy R + vR],p vanishes, the flow (3.3.37) of the V msWI is automatically
satisfied providing that both the K and V msWI are also satisfied. In this case we
have by rearrangement that

(OyR, +R,) /R, = (OxRy +Ry) /Ry, (3.3.39)
which means that the ratio is independent of momentum. Equivalently
R, +vR, = F(x,t) R,, (3.3.40)

where F can be a function of x and ¢ but not of p. However it is straightforward to
see that (3.3.40) also forces the additional commutators (3.3.38) to vanish.

We have therefore shown that all the commutator-like terms vanish if and only if
R »and 0, R, + YR, have the same dependence on p, with the consequence that both
the W™ vanish, if the Ward identities W*) themselves vanish. Since for general
choices of the functions, the vanishing of the ‘commutators’ is surely necessary to
achieve W@ = () without further restriction, we have thus shown that the condition
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(3.3.40) is necessary and sufficient to ensure compatibility, as defined at the beginning
of this section.

3.3.4 Incompatibility Implies no Solutions

However even if the commutators do not vanish, and thus the Ward identities are
incompatible with the flow equations, a priori there could still be a non-empty
restricted set of solutions that both satisfy the flow equations and Ward identities. In
this case the equations are satisfied not by the vanishing of the commutators them-
selves, but by the fact that for the given solutions the sum of all these terms vanish
after performing the integration over momenta. Therefore, as well as obeying the
flow equations and the msWIs W4 = 0, the solutions must also separately obey
two further conditions, namely the vanishing of the right-hand sides of (3.3.36). In
the language of Dirac’s classification of constraints [19, 20], the W@ =0 provide
the primary constraints. We have shown that if the ‘commutators’ do not vanish,
then the solutions are subject also to non-trivial secondary constraints WA =,
Given the involved form of W& in particular, we can be sure that the procedure
does not close and that actually there is then an infinite tower of secondary con-
straints, 9" W) =0, ¥n > 0, all of which must be satisfied. It would therefore
seem inevitable that there are in fact no non-trivial solutions in this case. We will
confirm this by example in Sect. 3.4.2. We conclude that the vanishing of the ‘com-
mutators’, and hence condition (3.3.40), is both necessary and sufficient for there to
be any solutions to the flows and Ward identities in the derivative expansion approx-
imation outlined in Sect. 3.2.

The condition (3.3.40) was already used in reference [1], where however it was
introduced as a mathematical trick to help solve the coupled system of flow equations
and msWI. As we recall below, it implies either that n = 0 or R, is of power-law
form. We now see that the requirement for R » and 0, R, + YR, to have the same
dependence on p, goes much deeper: the flow equations (3.2.7) and (3.2.9), and the
Ward identities (3.2.8) and (3.2.10), are incompatible without this constraint, and
incompatibility forces there to be no solutions to the combined system.

3.3.5 Required Form of the Cutoff Profile

Note that R, must take a form that respects the scaling dimensions. Introducing
dimensionless variables for use in the next section and later on, we can make these
scaling dimensions explicit by employing the RG scale k. We denote the new dimen-
sionless quantities with a bar. We have
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e=k"¢,  x=k"*x, fOO)=kVF0,
Ve, ) =k"V(@, %),  K(p,x) =k K, %), (3.3.41)

where
dyv =d(1 —ds/2) and dg =dy —n, (3.3.42)

and thus from (3.3.3) and (3.2.1), we have by dimensions that R, must take the form

2

R(p*/f) = —k™r (sz’dff> = —k% r(p?), (3.3.43)

where r is a dimensionless cutoff profile of a dimensionless argument,” and we have
introduced the dimensionless momentum magnitude p = p/k%~2/f.

If R, and O, R, + YR, have the same dependence on p, i.e. satisfy (3.3.40), then
either n = 0 or R, is of power-law form [1]. To see this, note that from (3.3.43) and
(3.3.25) we have )

YR, =dy [OyR, + YR, — nYR). (3.3.44)

Thus (choosing F = v/dy) we see that (3.3.40) is satisfied if n = 0, without further
restriction on R. However if 7 £ 0, then (3.3.44) together with (3.3.40) implies

OR, d nF
= - —1)R,, 3.3.45
! of 2 (dvF - ) g ( )
and thus from (3.3.43)
d nF A2
=—d|— -1 . 3.3.46
pdﬁr(p) (dvF—V )r(p) ( )

Since the term in brackets does not depend on p, we see that this is only possible if
in fact the term in brackets is a constant. Setting this constant to be 2n/d for some
constant n, we thus also deduce that r o 13_2”.

An example of a cutoff that does not satisfy (3.3.40) if  # 0, and thus leads to
incompatible msWIs in this case, is the optimised cutoff [7, 8]:

r(p?) = (1 — pHO(1 — p*). (3.3.47)

It is straight-forward to confirm that this does not satisfy (3.3.40) if  # 0. Using
(3.3.43) and (3.3.44) we find

. 2
R, o< dy [E (1 — pA + (1 — pHo(l — ,32)} —n(—pHoed — p*. (3.3.48)

7The minus sign in (3.3.43) is necessary to work with the wrong sign kinetic term in (3.2.4) [1].



72 3 Background Independence in a Background Dependent RG

In order for (3.3.47) to satisfy (3.3.40), the right-hand side must be proportional to
OyR, + VR, i.e. to the term in square brackets. This is only true if = 0.

3.4 LPA Equations

We will now use the Local Potential Approximation to further investigate the restric-
tion imposed by the msWI on the RG flow equation, in terms of general solutions and
also on the existence of k-fixed points (i.e. RG fixed points with respect to variations
in k). We start with a very clear example where the msWI forbids the existence of
k-fixed points.

Then using the concrete example of the optimised cutoff we show explicitly that
compatibility forces n = 0 for non-power-law cutoffs. Setting n = 0 we will see
that background independent variables exist, in other words they exist whenever
the msWI is compatible with the flow. We will also see that such k-fixed points®
coincide with the k-fixed points. The background independent variables allow us to
solve for the fixed points explicitly, uncovering a line of fixed points, consistent with
the findings for power-law cutoff [12].

3.4.1 Demonstration of Background Independence
Forbidding Fixed Points in General

We use the change to dimensionless variables (3.3.{1) and (3.3.43). In the LPA we
discard the flow and Ward identity for K, and set K = 1. The result, for a general
cutoff profile r(p?), is:

dy ~ 7

_ _ o _0V n _ovV /'°° nng_y ART =L DT

T TRY % T2 o T Uy PP Ar— 2V G4D
v v __ > r—ghr
_____+-v=-f dp pt —4——, (342
oy  og Tl CPP pr+r =93V (42

where r’ means dr(p?)/d p and from the change to dimensionless variables we find:

_d o - _
5= 255 In f (e"?p"%X) . (3.4.3)

Note that since f* cannot depend on 7 (see the discussion in Sect. 3.2), once we go to
dimensionless (i.e. scaled) variables, f is in general forced to depend on 7 if x has
non-vanishing scaling dimension 7). At the (k-)fixed point we must have 9,V = 0. We

8Recall that £ is the background independent notion of RG scale.
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see at once why fixed points are generically forbidden by the msWI: the fixed point
potential V would have to be independent of 7, but through (3.4.2) and (3.4.3) this is
impossible in general since V is forced to be dependent on explicit z-dependence in
f through the Ward identity. This is true even in the case of power-law cutoff profile’
which as we have seen allows (3.4.2) to be compatible with the flow (3.4.1).

At first sight an escape from this problem is simply to set f to be power law.
Indeed setting f oc x” for some constant p, (3.4.3) implies

5=2L (3.4.4)

and thus (3.4.2) no longer has explicit ¢ dependence. Recall that for power-law cutoff
profiles r, it was indeed found that k-fixed points for V are allowed if f is chosen to
be of power law form [1].'° However we have seen in Sect. 3.3.5 that any other cutoff
profile does not allow the Ward identity to be compatible with the flow unless n = 0.
We argued in Sect. 3.3.4 that incompatibility overconstrains the equations leading
to no solutions. In the next subsection, Sect. 3.4.2, we will confirm this explicitly,
choosing as a concrete example the optimised cutoff profile and space-time dimension
d=4.

On the other hand, if we set n = 0 then the msWI (3.4.2) is compatible with
the flow (3.4.1), for any parametrisation f. Apparently k-fixed points are also now
allowed without further restriction, since again (3.4.3) loses its explicit # dependence.
Opting once more for optimised cutoff profile and d = 4, we will see in Sect. 3.4.3
that indeed they are allowed and furthermore they coincide with fixed points in a
background independent description that we also uncover.

3.4.2 Confirmation of No Solutions if the msWI is
Incompatible With the Flow

Specialising to the optimised cutoff and (for simplicity) the most interesting case of
spacetime dimension d = 4, the equations read

> 5 N_ao Moo o (4R 7 !
OV +dyV—2z0,v—2g0v =L+ L) 345
V +dy 59 % 7 X <6+12>1—8§,V (3.4.5)
PR A R (3.4.6)
0 5 o _61—89%\_/. 4.

% And indeed this issue was highlighted, but in a different way in reference [1].

10This is true also for K. However if the dimensions of f and x do not match up, these fixed points
do not agree with the background independent k-fixed points and furthermore the effective action
Iy still runs with & [1].
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Choosing power law f and thus eliminating explicit dependence on ¢, cf. (3.4.4),
apparently these equations can work together. Combining them by eliminating their
right-hand sides, we get

20,V +nV — (¢ —ax) 9:V — (n + a)xd;V = 0, (3.4.7)

where we have introduced the constant o = (dg + 717/2)/p. This equation can be
solved by the method of characteristics (see e.g. the appendix in reference [1]).
Parametrising the characteristic curves with ¢, they are generated by the following
equations:

av._ ng dX _ a+n_ dp _ax—ng
de — 2 dr 2 X T 2

(3.4.8)

Solving the second equation before the third, it is straightforward to find the curves:
V= ‘}e—r/t/Z’ X = Xe—(n-ﬁ-a)t/Zy S+%= qge—nt/Z’ (3.4.9)

in terms of initial data ‘7, qAﬁ, X. Thus the solution to (3.4.7) can be written as
V=e"2V(h, %) =2V (e"[@ + X1, 2R (3.4.10)

as can be verified directly. Plugging this into either (3.4.5) or (3.4.6) gives the same
equation, which in terms of the hatted variables reads

1

a0 o _ P
V2V =b— —
A I ST 17

13

(3.4.11)

Since ‘A/(qg, X) is independent of 7, we see there are no solutions unless 7 = 0. We saw
in Sect. 3.3.5 that this was also the necessary and sufficient condition for compatibility
in this case.

3.4.3 Background Independence at Vanishing Anomalous
Dimension

We now set n = 0. As recalled in Sect. 3.3.5, the msWI is now compatible with
the flow, and furthermore from (3.4.3) the explicit ¢+ dependence has dropped out.
For power-law cutoff profiles we found that k-fixed points exist and coincide with
background independent k-fixed points for any form of f with any dimensiond [1].
We will see that for non-power law cutoff that the same is true. (Again we choose
optimised cutoff and d = 4 as an explicit example.) We will uncover consistent
background independent variables for which the full line of fixed points is visible [ 12].
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Since = 0, in the equations (3.4.5) and (3.4.6), we also have dgp = dy =22 —
ds) and 4y = 205 In f()'(). Note that from (3.3.43), dy = 2 is excluded otherwise the
IR cutoff no longer depends on k. Also note that since 17 = 0 we can drop the bars on
x and . Combining the equations into a linear partial differential equation we get

2—d; _

o,V _(8,V —8,V) =0, 3.4.12
! +8Xlnf(§9 X ) ( )

whose characteristic curves satisfy

dxy _dy—2 dp 2-d; dV

= - — = =, — =0. 34.13
dt -~ 9yInf dt o/Inf di ( )
Solving the first equation gives:
o In f
t=t , 34.14
t o a ( )

where the integration constant 7 is thus the background independent definition of RG
time (see the appendix to reference [1]). Exponentiating,

F=k{FO0)TT =7 (f00) T (3.4.15)

where the second equality follows from (3.3.41). The sum of the first two equations
in (3.4.13) tells us that ¢ = ¢ + x is an integration constant for the characteristics,
and finally the last equation says that V is also constant for characteristics. Thus we
learn that the change to background independent variables is achieved by writing

V=V(pi). (3.4.16)

It is straightforward to verify that this solves (3.4.12). Substituting into either (3.4.5)
or (3.4.6) gives the same flow equation:

dy 1

OV +dyV = ———r,
T T e -y

(3.4.17)

which is indeed now background independent, i.e. independent of , and indeed
independent of parametrisation f. There remains a dependence on the dimension of
f through dy = 2(2 — dy) although this disappears for k-fixed points, and can be
removed entirely by a rescaling f — f dy which however changes the dimension of
/2 tody.

We also see from (3.4.14) and (3.4.16) that

oV =0V, (3.4.18)
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and thus fixed points in k coincide with the background independent fixed points.
Finally, the fixed points are readily found from (3.4.17) similarly to references [5,
12] by recognising that
v = ! (3.4.19)
d¢? 6V -

is equivalent to Newton’s equation for acceleration with respect to ‘time’ ¢ of a
particle of unit mass at ‘position’ Vina potential U = —V+(@nV) /6. In this way
it can be verified that there is a line of fixed points ending at the Gaussian fixed point,
whichishere V = 1 /6. The appearance of this line of fixed points is a consequence of
the conformal factor problem, discussed in Sect. 1.4 of Chap. 1, and is in agreement
with the findings for power-law cutoff in reference [12] in which the problem has
been addressed.

3.5 Polynomial Truncations

The analysis so far has used properties of conformally truncated gravity and the
derivative expansion approximation method. In order to gain insight about what
might happen at the non-perturbative level, and in full quantum gravity, we will
consider how the issues would become visible in polynomial truncations.

The generic case treated in Sect. 3.4.1 will be just as clear in the sense that
truncations of the Ward identity will still force the effective potential (effective action
in general) to be 7-dependent if the dimensionless parametrisation (3.4.3) is similarly
forced to be r-dependent. In general therefore, if the way the metric is parametrised
forces the parametrisation to become ¢-dependent, we can expect that background
independence excludes the possibility of fixed points, at least with respect to 7.

Consider next the situation treated in Sect. 3.4.2. Expanding the dimensionless
potential and the equations in a double power series in the fluctuation and the back-
ground field, we write:

oo
V(@ 0= Y, am@" X" (3.5.1)

n,m=0

Substituting (3.4.4) into (3.4.6) and multiplying through by v, we can read off from
this and (3.4.5) the zeroth level equations:

drp | 1 1 p 1
dyao =L+ L) ——  2pap=L—"—. 3.5.2
v oo ( 6 © 12) 1 — 2an PO = 3T " 2 (3-52)

Since p cannot vanish and apy cannot diverge, combining these equations gives
dy = dg + n/2 which from (3.3.42) implies = 0. Thus we recover already from
the zeroth order level that fixed points are excluded unless 7 = 0. (Of course the real
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reason, namely that the equations are incompatible, and the full consequence that
there are no t-dependent solutions either, is maybe not so easy to see this way.)

3.5.1 Counting Argument

We remarked the Introduction that generically the solutions become over-constrained
if we consider a sufficiently high truncation. We now proceed to make a careful count
of the coefficients appearing in the equations and estimate the level at which this
happens.

We concentrate on fixed point solutions to the LPA system (3.4.1), (3.4.2) and
(3.4.3) where either » = 0 or we choose power-law f, so that explicit ¢ depen-
dence does not already rule out such solutions. We introduce the short-hand notation
Vem = g9V (5, X). To obtain the system at order r we have to plug the expan-
sion of the potential (3.5.1) into both the fixed point equation and msWI, act on them
with operators % such that i + j = r, before finally setting the fields to zero. In
particular, for any fixed value r, we have 2 (r, + 1) equations and hence up to order
r there are

Megn(r) =D 2+ 1) =r>+3r+2 (35.3)

i=0

equations.
To count the coefficients appearing in these n.qy (r) equations let us start with the
left-hand sides. First note that

VD

X ajj. (354)
P=x=0

That is, for any fixed pair (i, j) the left-hand side of (3.4.2) will contain the coeffi-
cients a;;, a;41,; and a; j41, whereas the left-hand side of (3.4.1) will only contain
a;j. Up to some fixed order r there will be thus coefficients a;; where i and j run
fromOtor+1landi+j<r+1

{aoo, AO1s -+ s A0 415 Q105 oo s Alpy o e oy A2y v ey ar+l,0}» (3.5.5)

(cf. figure 3.2). This adds up to the following number of coefficients

r+2 1

5
m(r) =) =i+ Dr 43, (3.5.6)
i=1

Including the coefficients on the right-hand sides, we have to be careful not to
double count any coefficients that have already been taken account of on the left-hand
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i\j 0 1 - r+1
0 aoo aol coe |aor+1
1 aio

r+ 1{@r+1,0

Fig. 3.2 Coefficients of the potential appearing on the left sides of the equations

sides. Let us suppose we have fixed the cutoff and let us assume that for the moment
~4 = const. Then all additional coefficients on the right-hand sides come from the

expansion of the propagator
o7 (v~ 50 [ (7))
92 0x) \1-veO )| o X/ Lag=t \(1=veo2 ) ||
(3.5.7)

Since we can always arrange the ¢—derivatives to act first, the expression in the
square brackets will involve terms V29 ... V(+20) Using (3.5.4), we see that the
expression given in (3.5.7) will then include terms

{azo, 21, vy 025 G305 « oy A3iy e vy Aig 2,05 - - ai+2,j}~ (3.5.8)

Up to any fixed order r, i and j can take values between 0 and r such thati + j =r,
and in total we will have the following coefficients on the right-hand sides

{azo, R Y L) FAPN 7 £ S DAY VS, SO ar+2,o}, (3.5.9)

(cf. figure 3.3). Most of these coefficients have however already been accounted for
on the left-hand sides cf. (3.5.5). The only ones not yet counted are

{a2,r1 as,—1,a4,r-2, --~,ar+2,o}, (3.5.10)

(cf. figure 3.4) which precisely add up to a further r 4 1 coefficients. We also must
include another two coefficients, namely 7 and d ;. Finally, since - is in general some
function of y it is easy to see that
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Fig. 3.3 Coefficients of the potential appearing in the expansion of the propagator
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Fig. 3.4 All the coefficients of the potential appearing on both sides of the equations

A )
d>_<r70<d>_<r (f)g{f,f,...,f , (3.5.11)

which gives us an additional (r + 2) coefficients from the Taylor expansion of f.
The total number of coefficients from both left and right-hand sides is then given by

1 9
Neoett(r) = s + r + 1)+ (r +2) +2 = 3 r?+ STt 8. (3.5.12)
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From (3.5.3) we see that for large r the number of equations ~r?, while from
(3.5.12) the number of coefficients only ~r2/2. There are therefore asymptotically
twice as many equations as coefficients, as already discussed in the Introduction.
Equating the number of equations and coefficients yields the positive solution

r =5.3. (3.5.13)

Therefore the number of equations exceeds the number of coefficients for the first
time atorder r = 6. If there is to be a conflict between the existence of (k-)fixed points
and background independence generically we would expect this to become evident at
about this level. Equally, if there is no conflict between background independence and
the existence of (k-)fixed points then from this level onwards some equations become
redundant (i.e. they provide constraints that are automatically satisfied once the other
equations are obeyed). In the limit » — oo fully half of the equations must become
redundant if (k-)fixed points are to be consistent with background independence.

3.6 Conclusions

If we construct the non-perturbative flow equation for quantum gravity by introducing
a cutoff defined through a background metric then independence from this artificial
metric can only be achieved if the appropriate modified split Ward identity is obeyed.
However even if it is obeyed, background independence is guaranteed only in the
limit kK — 0. RG properties on the other hand are defined at intermediate scales k.
There is therefore the potential for conflict in this formulation between RG notions
such as fixed points, and the requirement of background independence. Examples of
such conflicts were uncovered in reference [1].

In this paper we have further investigated these issues. Our findings, together
with those of reference [1], are summarised in table 3.1.!! The first question that
needs to be addressed is whether the msWI, YW = 0, is compatible with the exact RG
flow equation, i.e. such that YW’ = 0 then follows. At the exact level, compatibility is
guaranteed since they are both identities derived from the partition function (see also
Sect. 3.3.1). Within the derivative expansion approximation of conformally reduced
gravity considered in reference [1] (reviewed in Sect. 3.2), we have shown in Sects.
3.3.3 and 3.3.5, that this compatibility follows if and only if either = 0 or the cutoff
profile is power law. In Sect. 3.3.2, we saw precisely why the derivative expansion
breaks compatibility in general and why these special cases restore it. We argued in
Sect. 3.3.4 that if the equations are incompatible they are overconstrained since there
are then an infinite number of secondary constraints, and thus not even ¢-dependent
solutions can exist. We confirmed this latter conclusion by example in Sect. 3.4.2 in
the LPA. In Sect. 3.5, we also saw that the fixed point equations and Ward identities

"For power law cutoff r(z) = z7",dy = 2 — n/(n + 2) is excluded [1], and from Sect. 3.3.5 when
1 =0, dy = 2 is excluded for any cutoff profile: in these cases the cutoff term is independent of k.
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Table 3.1 RG properties of the derivative expansion for conformally reduced gravity, when the
msWI is also satisfied. The results depend on whether the conformal factor develops an anomalous
dimension 7, on the choice of cutoff profile r, and on how the metric is parametrised via f.
Depending also on its dimension d s, f can contain a massive parameter, and thus run with k when
written in dimensionless terms, as listed in the table. EP indicates that a background independent
description exists, while (PE ) FP indicates that k-fixed points are (not) allowed; the (in)equality
shows how these relate to the k-fixed points

Parametrisation f Cutoff profile r
n Type dy Runs Power-law Not power-law
#0 Not power-law | Any Yes BE PP
Power law #* pn/2 Yes FP # FP
f=x* =pn/2 No FP =FP
=0 Any #0 Yes
=0 No

together generically overconstrain the system when expanded in terms of vertices
beyond the six-point level.

Even if the equations are compatible, the msWI can still forbid fixed points. In
Sect. 3.4.1 the reason was laid out particularly clearly. The Ward identity

ov oV . r—spr
___—_+'v=‘/ dppi—t L —d Pl 3.6.1
A P+ r— 2V Gob

(which is compatible for power-law r), forces the effective potential V to depend on

t through
d o0

5= 207 —1In f (e"?u"?y), (3.6.2)

whenever this dimensionless combination is similarly forced to be #-dependent. For
example we see that fixed points with respect to k are forbidden for exponential
parametrisations f(¢) = exp(¢) if the field grows a non-zero anomalous dimension.
It is clear that the reasons for this conflict are general and not tied to the derivative
expansion of the conformally truncated model per se. Therefore this issue could pro-
vide important constraints for example on the exponential parametrisations recently
advocated in the literature [21-29].

In Sect. 3.5 we considered how these issues arise in polynomials truncations. We
saw that the problem is that if the fixed point equations and msWI equations are truly
independent, then they will over-constrain the solutions if carried to a sufficiently
high order truncation. Indeed, expanding in powers of the fluctuation field ¢ to the
mth level and background field x to the nth level, we get one fixed point equation for
each (m, n)-point vertex and one msWI equation per vertex. Even though each of
these equations is open (depending on yet higher-point vertices) we saw that since
there are two equations for every vertex, at sufficiently high order truncation there
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are more equations than vertices (indeed eventually double the number) and thus
either the equations become highly redundant or the vertices are constrained to the
point where there are no solutions. This analysis strongly suggests that the full non-
perturbative Ward identities would lead to important constraints on RG properties.

For full quantum gravity, such conflict between k-fixed points and background
independence may also show up clearly in a vertex expansion, as discussed in 3.5, or
generically it may not become visible until the six-point level. However for full quan-
tum gravity, if we are to follow the standard procedure, we must also fix the gauge. The
original msWI, which formally expresses background independence before gauge
fixing, will no longer be compatible with the flow equation. Instead we must use
the appropriate version which has contributions from the background dependence of
the gauge fixing and ghost terms as well as from cutoff terms for the ghost action
itself. However background independence is then only restored in the limit k — 0
after going “on-shell” (assuming such an appropriate property can be defined). This
last step is required to recover quantities that are independent of the gauge fixing.
If we are to continue with a flow equation for a Legendre effective action [30, 31]
then to get around this obstruction, the Vilkovisky-DeWitt covariant effective action
seems called for [16, 32-34], with the msWI replaced by the corresponding modi-
fied Nielsen identities where the role of the background field is played by the “base
point” [35].

Returning to the present study, it seems surely significant that whenever the msW1
equations are actually compatible with the flow equations, it is possible to combine
them and thus uncover background independent variables, including a background
independent notion of scale, k. These are not only independent of x but also inde-
pendent of the parametrisation f. Of course such an underlying description has only
been shown in this O(9?) approximation and in conformally truncated gravity, and
one might doubt that this happy circumstance could be generalised to full quantum
gravity, and not only for the reasons outlined above. However we also saw in Sect.
3.5.1 that if modified Ward identities are to be compatible with the flow equations
then in terms of vertices, the information they contain becomes highly redundant
at sufficiently high order (the six-point level in our case). This in itself suggests the
existence of a simpler description. Finally, a formulation for non-perturbative RG has
recently been proposed where computations can be made without ever introducing
a background metric (or gauge fixing) [36].
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Chapter 4 ®
Asymptotic Solutions in Asymptotic e
Safety

4.1 Introduction

As already hinted at in Sect. 1.4.3, in order to understand fixed point solutions of
the RG equation both physically and mathematically it is necessary to study their
asymptotic behaviour. For example, the asymptotic behaviour is needed to determine
the number of fixed points supported by the theory space, as mentioned at the end
of Sect.1.2. In addition, this behaviour is also important to understand because it
encodes the deep non-perturbative quantum regime, contains the only physical part
of the fixed point effective action and can be used to validate numerical solutions, all
of which are discussed in more detail at the end of this introduction. In this chapter
we present the work of [1] in which we explain how to find the asymptotic form of
fixed point solutions in functional truncations, in particular the f(R) approximation

rk[g]=/d4x¢§f(R), 4.1.1)

firstintroduced in Sect. 1.4. It should be emphasised that (4.1.1) actually goes beyond
keeping a countably infinite number of couplings, the Taylor expansion coefficients
gn = f(0), because a priori the large field parts of f (R) contain degrees of freedom
which are unrelated to all these g,,.

Recall that the result of such an approximation is a fixed point equation which is
either a third order or a second order non-linear ODE for the dimensionless function
©(r), where!

r=Rk™? and f(R) = k*o(Rk™?). 4.1.2)

The asymptotic form of a solution to the ODE is determined by its behaviour at large
field, which in the present case means the behaviour of ¢(r) in the limit r — oo.

1 Again note the abuse of notation as, at the level of the projected flow equation, R now represents
the background curvature associated to the background metric gy,
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(This is equivalent to the large background curvature R limit for fixed k by (4.1.2)
or for fixed R, r — oo corresponds to what we more commonly refer to as the IR
limit, &k — 0.) We call the form of the solution in the large r limit, the asymptotic
solution and denote it @,y (7). In what follows we choose to study the fixed point
ODE (4.2.1) derived in [2] which fortuitously provides a zoo of asymptotic solutions
of different types. The equation is derived on a space of positive curvature (effectively
the Euclidean four-sphere) which means that a fixed point corresponds to a smooth
global solution () over the domain r € [0, 00).2

Although these ODEs are complicated, the asymptotic solution can fortunately
be found analytically and in full generality [3, 4] by adopting techniques developed
much earlier for scalar field theories [5—7]. These techniques apply to any functional
truncation of the exact renormalization group fixed point equations, such that the
result is an ODE or coupled set of ODEs (as e.g. in [4]). Perhaps because these
techniques were covered only briefly and without outlining the general treatment,
they have yet to be entirely adopted, meaning that the functional solution spaces
for many of the formulations [2, 8-20] remain unexplored or at best only partially
explored. It is hoped that the work presented in this chapter improves this situation
by describing in detail and with as much clarity as possible how the techniques allow
asymptotic solutions to be fully developed.

Perhaps another reason why the asymptotically large r = R/k? region may have
been under-explored is that it has not been clear what meaning should be attached to
this region when 1/k is larger than the physical size 1/+/R of the manifold, despite
the fact that we know that the infrared cutoff k is artificial and introduced by hand
and the physical effective action,

[ = lim I, (4.1.3)
k—0

is therefore only recovered when the cutoff is removed. This puzzle was brought
into sharp relief in formulations that have a gap, i.e. a lowest eigenvalue which is
positive, so that large r then corresponds to k being less than any eigenvalue [2, 11,
17, 19]. This issue was recently resolved in Reference [21] where it was shown to
be intimately related to ensuring background independence (but in a way that can
be resolved even for single metric approximations, which is just as well since only
the Ref. [18, 20, 21] in the list above actually go beyond this approximation). In
short, Wilsonian renormalization group concepts do not apply to a single sphere. In
particular, although in these formulations k can be low enough on a sphere of given
curvature R that there are no modes left to integrate out, the fixed point equation
should be viewed as summarising the state of a continuous ensemble of spheres of
different curvatures. From the point of view of the ensemble there is nothing special
about the lowest mode on a particular sphere. The renormalization group should
be smoothly applied to the whole ensemble, and it is for this reason that one must
require that smooth solutions exist over the whole domain 0 < r < oco.

2The discussion is readily adapted to negative curvatures.
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This chapter is structured as follows. In Sect. 4.2 we introduce the fixed point ODE
we will study and provide a summary of our findings i.e. the asymptotic solutions we
uncovered. We also discuss what the solutions imply for the types of fixed points sup-
ported by the theory space, for example whether discrete sets or higher-dimensional
spaces of fixed point solutions exist. In the following Sects.4.3 and 4.4, we pro-
vide the details of how the asymptotic solutions are derived and therefore layout the
techniques for developing asymptotic solutions in functional truncations in general.
We conclude this chapter with a discussion of our findings and their implications in
Sect.4.5. We finish this introduction by giving more detail on why the asymptotic
solution is so important.

4.1.1 Quantum Fluctuations Do Not Decouple

In the application of the RG to scalar field theory [5-7, 22], the leading asymptotic
behaviour was always found by neglecting the right-hand side of the fixed point
equation (or flow equation more generally). This made physical sense since the right-
hand side encodes the quantum fluctuations, and at large field one would expect that
these are negligible in comparison. Therefore the asymptotic solution in the scalar
setting simply encodes the passage to mean field scaling, characteristic of the classical
limit.

With functional approximations to quantum gravity, the situation is radically dif-
ferent. The leading asymptotic solution ¢, (r) intimately depends on the right-hand
side of the flow equation and never on the left-hand side alone. We will see this for the
large r solutions of the fixed point equation, (4.2.1), derived in [2]. This behaviour
confirms what had already been found in a different f(R) approximation in [3],
and also for a conformal truncation in [4]. Again this makes physical sense because
here the analogue of large field is large curvature which therefore shrinks the size
of the space-time and thus forbids the decoupling of quantum fluctuations. In fact
by Heisenberg’s uncertainty principle we must expect that the quantum fluctuations
become ever wilder. We note that it is the conformal scalar contribution that is
determining the leading behaviour [2—4] and appears to be related to the so-called
conformal instability [3, 4, 23]. In any case, we see that for quantum gravity, the
asymptotic solution ¢, () encodes the deep non-perturbative quantum regime.

4.1.2 Physical Part

The asymptotic solution contains the only physical part of the fixed point effective
average action. Recall that the infrared cutoff k is added by hand and the physical
Legendre effective action (4.1.3) is recovered only in the limit that this cutoff is
removed. In scalar field theory, the analogous object is the universal scaling equation
of state, which for a constant field precisely at the fixed point takes the simple form
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d/d,
Vip) = Ap?t, (4.1.4)

where d is the space-time dimension and d,, is the full scaling dimension of the field
(i.e. incorporating also the anomalous dimension). In the present case we keep fixed
the constant background scalar curvature R. Thus by (4.1.1), the only physical part
of the fixed point action in this approximation is:

F(R)lpnys = lim &k p(R/ %) = lim k* @,y (R/ ). (4.1.5)

The significance of this object is further discussed in Sect.4.2.4, in the light of the
results we uncover.

4.1.3 Dimensionality of the Fixed Point Solution Space

For given values of the parameters, the fixed point ODEs are too complicated to
solve analytically,® and challenging to solve numerically. However, the dimension
dpp of their solution space, namely whether the fixed points are discrete, form lines,
or planar regions etc., can be found by inspecting the fixed singularities and the
asymptotic solutions.
To see this we express the fixed point ODE in normal form by solving for the
highest derivative:
0" (r) = rhs, (4.1.6)

where n = nopg is the order of the ODE, and rhs (right-hand side) contains only
rational functions of » and lower order differentials* <™ (r). The fixed singularities
are found at points r = r; where this expression develops a pole for generic <" (r).
For the solution to pass through the pole requires a boundary condition relating the
©"=<M (r), one for each pole. By a fixed singularity, we will mean one of these poles.

At the same time such non-linear ODEs suffer moveable singularities, points
where rhs diverges as a consequence of specific values for the <" (). The num-
ber of these that appear in practice depends on the solution itself. However, if the
solution is to exist globally then it also exists for large r, where we can determine
it analytically in the form of its asymptotic solution ¢, (r), (this being the cen-
tral topic of this chapter). The number of constraints implicit in ., (r) is equal to
NoDE — Nasy, Where ng,, is the number of free parameters in ,,(r). This can be
seen straightforwardly by noting that the maximum possible number of free param-
eters is nq45, = nope; if @u,(r) contains any less then this implies that there are
NopE — Nasy Telations between the ¢0="=" at any large enough r, which may be

y
used as boundary conditions. Now, the number of moveable singularities that operate

3 Although special analytical solutions were found by tuning the endormorphism parameters [17].
*Including ¢ itself i.e. m = 0.



4.1 Introduction 89

for a solution with these asymptotics is also equal to nopg — 144y, providing we
have uncovered the full set of free parameters in the asymptotic solution, as has been
explicitly verified by now in many cases [3-7, 22, 24-27]. This follows because the
moveable singularities can also occur at large r where they influence the form of
©asy- Indeed linearising the ODE about ¢, the perturbations can also be solved
for analytically. The missing free parameters in (,,, correspond to perturbations
that grow faster than ¢, overwhelming it and invalidating the assumptions used to
derive it in the first place. These perturbations can be understood to be the linearised
expressions of these moveable singularities [5—7].

To summarise, if the number of fixed singularities operating in the solution domain
is ng, then the dimension of the solution space is simply given by

dFP =NnopE — Nsg — (nODE - naxy) = Ngsy — Ny, (417)

where drpp = 0 indicates a discrete solution set which may or may not be empty, and
drp < Ocorresponds to being overconstrained, i.e. having no solutions. In Sect. 4.2.5,
we will illustrate this by working out the dimension of the fixed point solutions
for eleven of the possible asymptotic behaviours. We discuss their significance in
Sect.4.2.6.

The counting argument (4.1.7) also aids in the numerical solution. For example
it tells us where it is hopeless to look for global numerical solutions, namely where
drp < 0, and to improve the numerical accuracy if the numerical solution apparently
enjoys more free parameters than allowed by drp [3].

4.1.4 Validation of the Numerical Solution

A priori one might think that the analytical solutions for ¢, (r) can be dispensed
with in favour of a thorough numerical investigation. The problem is that without
knowledge of (g, (r), there is no way to tell whether the numerical solution that is
found is a global one or will ultimately end at some large r in a moveable singularity.
In fact, if the numerical solution is accessing a regime where the number of free
asymptotic parameters 7n,,, < nopg, it will actually prove impossible to integrate
numerically out to arbitrarily large r. Instead the numerical integrator is guaranteed
to fail at some critical value. The reason is that it requires infinite accuracy to avoid
including one of the linearised perturbations that grow faster than ¢, which as we
said, signal that the solution is about to end in a moveable singularity. On the other
hand, if one can extend the solution far enough to provide a convincing fit to the
analytical form of ¢, (r), then one confirms with the requisite numerical accuracy
that the numerical solution has safely reached the asymptotic regime [3, 4, 27], after
which its existence is established, and its form is known, over the whole domain.
We will see an example of this in Sect.4.3.6 where we will see that the numerical
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solution found in Ref. [2] matches the power-law asymptotic expansion (4.2.11), but

such that it would need to be integrated out twice as far in order to be sure of its
asymptotic fate.

4.2 Overview
4.2.1 Fixed Point Equation

The fixed point equation that we will be studying is given by [2]:

C1p' — 26" c1 + " — 2cqrp”

4o —2ryp =
oY 3w—<3ar+r—3)¢+(35r+r—3)2w//+<3—<3ﬁ+2)r)so/(+422@1’

where ((r) is defined in (4.1.2) and prime indicates differentiation with respect to .
This gives the scaled dependence on the curvature of a Euclidean four-sphere. Recall
that we are searching for smooth solutions defined on the domain 0 < r < oo. Each
such solution is a fixed point of the renormalization group flow.

The coefficients ¢; and ¢; depend on r and the endomorphism parameters o and
(3, and are given as

5(6ar +r —6) (182 + 9a — 2) r? — 18(8a + 1)r + 126)

¢l =

691272 ’
& = _5(6ar +r—6)(Ba+2)r —3)((6a— Dr — 6)’ (4.2.2)
691272
o (68 — Dr —6) (68 — Br? + (10 — 48B)r + 42)
b= 230472 ’

(63 — Dr —6)((548% — 38 — 1) Br3 + (2708%+ 423 — 35) r2—39(183+ 1)r + 378)
@=- 460872 :
o= Br — (66 — Dr — 6)2((96 + 5)r — 9).

460872

The endomorphism parameters arise from employing a type II cutoff Ry = Ry
(=V2 4+ E() with endomorphisms E) for the scalar (s = 0) and transverse-
traceless tensor modes (s = 2) resulting from the transverse-traceless decomposition
used to derive the flow equation. For a spherical background, the authors of [2] set
E@y = BR and E ;) = aR. These endomorphism allow flexibility in how the tensor
and scalar modes are integrated out [2]. They are further discussed in Sects.4.2.6
and 4.5. The authors of [2] also set « = 3 — 2/3 and we will do the same.’

SThis sets the lowest eigenvalues equal for the scalar and tensor modes. Following Ref. [21], see
also above Sect.4.1.3, it is not clear what significance should be attached to this however.



4.2 Overview 91

4.2.2 Fixed Singularities

The ODE (4.2.1) is third order and thus admits a three-parameter set of solutions
locally. As reviewed in 4.1.3, the fixed singularities will limit this parameter space.
The positions of the fixed singularities are determined by casting the flow equation
into normal form (4.1.6) (with n = 3). The zeroes of the coefficient c4 then give the
points where the flow equation develops a pole. These poles are given by [2]:

9 1 6
= —) ry=—, r4s5 = .
5498 T ST 1

Note that there is a double root r4 5 and that the root r;, which is actually there for
good physical reasons [3, 28], is always present, whereas the positions of the last 4
roots depend on the value ( takes. Different choices for 3 will result in a different
number of fixed singularities being present in the range » > 0, as shown in Table 4.1.

If no additional constraints emerge from the asymptotic behaviour of the solution
then choosing 0 < 3 < 1/6leadstodrp = 3 — ny = 0 by (4.1.7), which means that
isolated fixed point solutions (or no solutions) can be expected. The authors of [2]
choose 0 = 1/6 for this reason. It is also noted in [2] that in addition this choice
simplifies the numerical analysis.

We will analyse the fixed point equation for general 3, both to uncover the extent
to which the results depend on the particular choice and to demonstrate and explain
the asymptotic methods in a large variety of examples. But since 5 = 1/6 was chosen
in Ref. [2], we will pay special attention to this value.

If 3 > 1/61is chosen then drp < 0, the ODE is overconstrained and global solu-
tions do not exist. On the other hand non-positive 3 give rise to continuous sets,
again assuming that no extra constraints are coming from the solution at infinity. For
example —5/9 < 3 < 0, would give rise to only 2 fixed singularities, resulting in a
one-parameter set of solutions i.e. a line of fixed points, while § < —5/9 gives rise
to a plane of fixed points.

r =0, r

T"able 4"1. List of fixed Range of Singularities

singularities present for

different choices for 3 1/6 <58 "1, 72, 13, 45
0<pB=<1/6 ry, a2, 13
—-5/9<p<0 r, 12
B8 <-=5/9 |
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4.2.3 Asymptotic Expansions

We now provide a list of all the asymptotic solutions that we found. They can have
up to three parameters, which are always called A, B and C.

(a) As covered in Sect.4.3.1, there exists a power-law solution where the leading
power is r0. It takes the form

o(r)y=A+ki/ri+---, (4.2.3)

for all 3 # 0, where k; is given by (4.3.8).

(b) For 3 = 0, the subleading power is altered and the solution changes to

()= a - BEZTAT (42.4)
ry=A—-——+---. 2.
4 5357

as explained in Sect.4.3.2.2. At this value of 3 only this asymptotic solution is
allowed.

(c) As covered in Sect.4.3.1, for n a root of (4.3.9) such that n < 2, the asymptotic
solution
o) = Ar" + ki (4.2.5)

with k; given by (4.3.11), exists forall § ¢ (—0.4835, —0.4273), except as explained
in Sect.4.3.2.2 for 8 = 1/6 and 8 = 0, and except for the values

3 /285
B =0y = e + g = 0.01433, 0.4472, (4.2.6)

as explained at the end of Sect.4.3.1. When n is complex, which happens for 3 €
(—1.326, —0.4474) the parameter A is in general also complex and the real part of
(4.2.5) should be taken leading to o (r) ~ rRe® gin(Im(n) logr + B) type behaviour.
The values n are plotted in Fig.4.1.

(d) As explained at the end of Sect.4.3.1, for the values (4.2.6), n = 2 is a root of
(4.3.9), however the asymptotic solution is not given by (4.2.5) but instead by

o(r) = A2 +kir+ -, “4.2.7)

where k) is given by (4.3.13).

The techniques set out in Sects.4.3.5 and 4.4.4 need to be followed to find the
missing parameters in the above solutions (a)—(d) before we can discover the dimen-
sion dpp of their corresponding solution space. Of course we already know from
Table4.1 that there are no solutions (i.e. dpp < 0) for 8 > 1/6. For the following
remaining asymptotic solutions we also uncover the missing parameters.
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Re(n)
0 -
ok
| ———— Il I 1 [3
-2 -1
10k
20f \
Fig. 4.1 Plot of the two solutions n+ given by (4.3.9)
(e) For generic /3 the following solution:
o) = Ppou() = A ke + ko' + ks og () p2) ks
= ¥pow = b \/17 «/; s
(4.2.8)

where B = logb is a second free asymptotic parameter, forms the basis for the
asymptotic solutions below. As explained in Sect.4.3.2 it fails to exist for 3 =0, 1,
and +1/+/27. The leading part is derived in Sect. 4.3.1 and the subleading parts in
Sect.4.3.3. The subleading coefficients are functions of A and 3, where k; is given
in (4.3.20) and the others are given in Appendix A.1. As explained in Sect.4.3.4,
exceptions develop at poles of these subleading coefficients where the corresponding
term and subleading terms then develop an extra log r piece. As shown in Sect.4.3.5,
the full asymptotic solution is then one of the following forms:

©pow (1), B €(—o00, —0.1809)U(0.1931, 0.4042) U(0.8913, oo)\{—g}, “4.2.9)
Ppow (r) + Criti 4., 0 € (—0.1809, 0.1931) U (0.4042, 0.8913)\{%}, 4.2.10)
Gpon) +CPRT 4 = 4.2.11)
Pron®) +Crte T 4 g (4.2.12)

where p3 < 0is given by (4.3.24) and the ellipses stand for further subleading terms
that will mix powers of the new piece and its free parameter, C, with the powers of
the terms in (4.2.8). The power pj3 is plotted in Fig.4.2. Since the authors of [2] use
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(B = 1/6, the solution (4.2.11) is of particular interest. We show in Sect.4.3.6 that it
provides a match to their numerical solution, as far as it was taken.

(f) Except for 5 = 0,and 5 = S+ asin (4.2.6), as discussed in Sect. 4.4.3, the asymp-
totic series

@(r) =1 fasy (log(r/ A)) (4.2.13)
forms the basis for the asymptotic solutions below, where®

g(x) 10g (X)

fasy(-x) - klx + k2 10g(-x) + k3

+ ks

+oeL (42.14)

For 5 # —1/3,5/6, the coefficient k; is derived in Sect.4.4.1 and is given in (4.4.2),
while the other k; are derived in Sect.4.4.2 and are given in Appendix A.2. As
explained in Sect.4.4.3, for 8 = —1/3 and 5/6 the coefficients take different values
as given in (4.5.7) respectively (4.5.8). The arguments x in the logs in (4.2.14) can
be replaced by x/c as in (4.4.6) but as shown in Sect. 4.4.2 this is not an extra param-
eter and can be absorbed into the free parameter A in (4.2.13). The full asymptotic
solution then takes the following forms:

fasy(x) s BeB-. B, (4215)
223
fasy @)+ Be VTR Be(=00,=3)U (-4 B) UG 00\ [0, 3
(4.2.16)
P3
20?
10}
Il {\A Il ﬁ

—10}

—20}

Fig. 4.2 A plot of p3 against 3. p3 = 0 marks the line above which the perturbation §C grows
more quickly than the leading solution

6 fasy(x) should not be confused with the Lagrangian f(R) defined via (4.1.2).
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Fusy GO+ {Bcos<§ /%x%)—i—Csin(% %x%>}e4h2"/h3, Be (=3~ (=04,

4.2.17)
Fasy ()4 Be b+, = —%, 42.18)
221 3
fasy ()+ Be™ 15+ 5= % (4.2.19)
Fasy(X)+ Bem T3¢, g2, (4.2.20)
’ 9
fasy(X)+ B x4 cos (L,x%) 4 Cxsin (L,x%), B =—04111 (4.2.21)

where the positive square root is taken, s, and A3 are defined in (4.4.10) and
(4.4.11), Ly in (4.4.26), L; = 1.0648 and g = —2.1499. The top three solutions
are derived in Sect. 4.4.4. However (4.2.15) required a separate analysis for 5 = 1/6
and 0.3800, in Sects.4.4.5.2 and 4.4.5.3 respectively. The next two solutions are
derived in Sect.4.4.5.1, (4.2.20) is derived in Sect.4.4.5.2, and (4.2.21) is derived in
Sect.4.4.5.3.

4.2.4 Physical Part

Using (4.1.5), we can now extract the corresponding physical parts. As noted in
Sect.4.1.2, these give the universal equation of state precisely at the fixed point,
analogous to (4.1.4) in a scalar field theory. We see that except for the cases (d) and
(f) discussed below, the result vanishes:

S (R)|phys = 0. (4.2.22)

The asymptotic solution (4.2.11) which matches the numerical solution in [2], thus
also falls in this class. Similar results were obtained for cases in the conformal trunca-
tion model of [4, 29] where also divergent results were found. Perhaps these indicate
that these do not give a sensible continuum limit, although a fuller understanding
is needed for example by moving away from the fixed point by including relevant
couplings.

For case (d), from (4.2.7) we get (for § = (1):

F(R)lphys = AR®. (4.2.23)
This equation of state was also found in Ref. [3] for the f(R) approximation given
in [28], and for solutions found in Ref. [17]. For any of the solutions for case (f), we

get from (4.2.13) and (4.2.14) that

F(R)lphys = k1 R*1og(R) — ki R* log(Ak?), (4.2.24)
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and k; is given by (4.4.2). Since we require k — 0, the second term is a positive
logarithmic divergence. It is perhaps a signal of the asymptotic freedom of the R>
coupling in this case where thus it should be treated as in Ref. [19]. As we will see
in the next section, global solutions with the asymptotics of case (f) exist only for
(8 < 0 and therefore k; is always positive.

4.2.5 Dimensionality of the Fixed Point Solution Spaces

Using the counting argument (4.1.7) and Table 4.1 we can read off the dimensionality
of the corresponding fixed point solution spaces for cases (e) and (f).

(e) We see that since (4.2.8) has two free parameters, (4.2.9) only extends to global
solutions for 3 in the negative interval. When § > —5/9 the fixed points, if any, form a
discrete set, while lines of fixed points are found for 3 < —5/9. The other solutions,
(4.2.10)—(4.2.12), all have three free parameters and thus provide no constraints
on the dimension of the solution space, which thus follows the pattern discussed in
Sect.4.2.2. In particular (4.2.10) extends to a global solution only for 3 < 1/6 where
it can have discrete fixed points or lines of fixed points depending on the sign of 3,
(4.2.11) has discrete solutions, and (4.2.12) has planar regions of fixed points.

(f) Using (4.2.6), we see that since (4.2.14) has only one free parameter, solutions with
asymptotic behaviour (4.2.15) and (4.2.19) do not exist since they are overconstrained
by the fixed singularities, (4.2.16) has discrete solutions for —1/3 < 3 < 0 and lines
of fixed points for 3 < —5/9, (4.2.18) has discrete solutions, and (4.2.17), (4.2.20)
and (4.2.21) all generate lines of fixed points.

4.2.6 Which Fixed Point?

As we have seen, depending on the value [ takes, either discrete or continuous sets
of fixed point are produced. As already pointed out in Sect. 1.2 of the Introduction,
from the point of view of the asymptotic safety programme, it would be phenomeno-
logically preferable if the correct answer lay in only one of the discrete sets: (4.2.9)
for B € (—5/9, —0.1809), (4.2.10) for 5 € (0, 1/6), (4.2.11) (the choice made in
Ref. [2]), (4.2.16) for 8 € (—1/3, 0], or (4.2.18). However we would still need a
convincing argument for choosing one solution over the others.

Note that no lines or planes of fixed points are found for cases (e) and (f) if 3 > 0.
This can be seen straightforwardly by recognising that the maximum number of
parameters in any solution is 3 which is always less than or equal to the number of
fixed singularities for positive 3. Inspection of the form of the cutoff functions used
in the derivation of (4.2.1), see eqn. (3.13) in Ref. [2], shows that 3 < 0 corresponds
to cases where some scalar modes never get integrated out, no matter how small
we take k. One therefore could argue that for 5 < 0 the Wilsonian renormalization
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group is undermined and that solutions in this range (which means all the continuous
sets) should be excluded.

Continuous sets of solutions [3] were also found with another approach to the f (R)
approximation [28], and there also there is a scalar mode that never gets integrated
out. It would be very useful to know if this correlation is found for other formulations
[2, 8-20] in the literature.

For these continuous solutions it could also be, like in Ref. [3], that the f(R)
approximation is breaking down there, such that the whole eigenspace becomes
redundant [30]. To check this would require developing the full numerical solutions.

It could also be that these continuous sets are artefacts caused by the violation of
background independence [27], which as we have seen in the previous chapter can
be problematic. We saw there that in the LPA, providing the msWI that reunites the
scalar field ¢ with its background counterpart ¢ is satisfied, the spurious behaviour
is cured. The implementation of background scale independence in Refs. [18, 20,
21] is arguably the equivalent step for the f(R) approximation, since it reunites the
constant background curvature R with the multiplicative constant conformal factor
piece of the fluctuations. The resulting formulations can be close to the single metric
approximation used to derive (4.2.1), in the sense that minimum changes are needed
(e.g. setting space-time dimension to six, or choosing a pure cutoff), to convert the
fixed point equation into a background scale independent version. It could therefore
be promising to investigate formulations with these changes.

On the other hand, continuous solutions were found in the conformal truncation
model of Ref. [4], where a clear cause was found in the conformal factor problem
[23] as discussed in Sect. 1.4 of the Chap. 1. In [4] the cutoff implementation did not
introduce fixed singularities, background independence was incorporated [29], all
modes were integrated out, and an analogous breakdown to the f(R) approximation
[30] was either not there or not possible. Again, this suggests that the issues go
deeper.

In the next two sections, we provide the details of how the asymptotic solutions
were discovered and developed.

4.3 Asymptotic Expansion of Power Law Solutions

Finding asymptotic solutions initially requires a degree of guesswork. A profitable
place to start is to assume that the asymptotic series expansion of the solution starts
with a power, i.e.

pr)y=Ar"+..., 4.3.1)

where A # 0 is an arbitrary coefficient, and subsequent terms need not be powers
but are successively smaller than the leading term for large r.

Now, requiring that (4.3.1) satisfies the fixed point equation (4.2.1) means that
at large r the leading piece in this equation must itself satisfy the equation. In this
way we typically determine n and sometimes also A. The leading piece of the fixed
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point equation will be satisfied either because the left-hand side and the right-hand
side provide such a piece which are then equal for appropriate values of n and A, or
because only one side of the equation has such a leading piece but this can be forced
to vanish by appropriate values of n and A. In this sense we require the leading terms
to ‘balance’ in the fixed point equation. As we will see, requiring then the sub-leading
pieces also to balance will determine the form of the next terms in (4.3.1).

4.3.1 Leading Behaviour

We begin by finding the leading behaviour of ((r) i.e. solving for the power n in
(4.3.1). We build the asymptotic series leaving 3 unspecified for the reasons given at
the end of Sect. 4.2.2. We plug the solution ansatz (4.3.1) into the fixed point equation
(4.2.1), expand about r = oo and keep only the leading terms in the large r limit.
Since the coefficients (4.2.2) are expanded along with everything else and only their
leading parts are kept, it is useful to introduce the following definitions:

o 5628 —-1D(68—-5) 5 - ;5
araer- 7687 r=ar
66 — 1)?
o ~ _5( ﬁ ) r3 Ed1r3,
230472
68 — 1298 + 1
Cy ~ _ﬂ( p 46(38;2/8 )r4 =d,rt,
63— 12098 +5
o~ BBV OB+ 4,4 4.3.2)
460872

where we have rewritten ¢; and ¢, using o = 3 — 2/3. For functions f(r) and g(r),
f(r) ~ g(r) means that lim,_, o, f(r)/g(r) = 1. We note that for certain values of
0, the leading behaviour of the coefficients will be different from those given in
(4.3.2) since the leading coefficients will vanish. We discuss this in Sect.4.3.2, and
comment there and below on the case of 3 = 1/6.

Inserting ansatz (4.3.1) into the fixed point equation (4.2.1), we find that the
leading piece on the left-hand side as r — o0 is simply

4 —2n)Ar", (4.3.3)

and the leading piece on the right-hand side is given by

n(3—2n)d, nd; +nn — d, —2n(n — 1)(n — 2)dy 2
re, 4.3.4)
3—-36n+n n(n—1)(9ﬁ2+6ﬁ+1)—3nﬁ—2n+2

where we substituted o = 3 — 2/3 in the first fraction. The important observation
here is that the left-hand side goes like 7" whereas the right-hand side goes like r2,
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and thus which side dominates will be decided by whether # is less than, greater than
or equal to 2. Below we investigate these possible scenarios to determine the power
n. We recognise that the scaling behaviour of the right-hand side could differ from
72 if cancellations were to occur in either the denominators or the numerators. This
is discussed in Sect.4.3.2.

Scenario (1): For n > 2, the left-hand side (4.3.3) dominates and so we require that
n be chosen to set the left-hand side to zero. However we see immediately that this
is only true if n = 2 and thus we reach a contradiction.

Scenario (2): For n < 2, the leading right-hand side piece, (4.3.4), must vanish. For
n < 2 this is because the right-hand side dominates, whilst for n = 2 it must happen
because we have just seen that in that case the left-side vanishes on its own. Thus
for this scenario, we require 7 to be such that the coefficient of 72 in (4.3.4) vanishes
i.e. we require

nd; —2n(n — Dd»  nd; +nn— Dd» —2n(n — 1)(n — 2)dy

0= 3-38n+n nn—1) (98> +68+1)—3n3—-2n+2

(4.3.5)

Solving this for generic 3 we find four solutions for n, which we now describe.
One solution is
n=3/2. (4.3.6)

In order to know whether this solution leads to a valid asymptotic series we must
take the expansion to the next order to check whether subsequent terms are genuinely
sub-leading. We pursue this solution in Sect.4.3.3 where we see that it does indeed
allow us to build a legitimate asymptotic series, which we work out in detail to
demonstrate the general method. As we will see in Sect.4.3.5 there are values of §
for which this choice of scaling is not allowed. However, for generic of (3, we can
say that one possibility for the leading term in an asymptotic expansion (4.3.1) is
therefore

o(r) ~ Ar’?, 4.3.7)

This leading behaviour agrees with the quantum scaling found in [2], but is in conflict
with the classical and balanced scaling r? that the authors ultimately use to approxi-
mate the large r behaviour of their solution. In fact the full solution we find, namely
(4.2.11), does not agree with that suggested in Ref. [2], but does match the numerical
solution they found quite acceptably, as we show in Sect.4.3.6.

Another solution is n = 0. This is already clear from (4.2.1) and follows from the
fact that the numerators depend only on differentials of (. Setting n = 0, we have
arranged that the leading r? term vanishes, so now we turn to the subleading term.
We see that the left-hand side of (4.2.1) will provide an r° piece. For o = A to be the
beginning of an asymptotic series we will need to balance this piece with a term on
the right-hand side. Whatever subleading term we add, it will generically no longer
be annihilated by the numerators in (4.2.1). Meanwhile the denominators will go like
a constant for large r (from the undifferentiated ¢ parts). Thus, using (4.3.2), we see
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by inspection that the subleading piece goes like 1/r2. By expanding (4.2.1) in an
asymptotic expansion and matching coefficients we thus obtain Eq. (4.2.3) with

B 1843272 A2
CTB(97233 + 52832 — 4973 + 117)°

ki 4.3.8)

We could continue to investigate this asymptotic solution, developing further sub-
leading terms and finding out how many parameters it ultimately contains, but this
solution should be a very poor fit to the numerical solution found in Ref. [2] which
numerically shows behaviour identified in Ref. [2] as ¢ ~ r? for large r.

The last two solutions are functions of 3 and are given by the roots of the quadratic

0 = (4212 3* — 2268 3% — 1395 > + 486 3 + 145) n?

+ (—4212 3* +2043 3% + 147 B — 458) n + 972 3° + 1152 % — 1185 3 + 321.
(4.3.9)

The solutions (4.3.9) are plotted in Fig.4.1. These roots take complex values when
—1.326 < 8 < —0.4474 and so the allowed solutions which we want are those for
which Re(n) < 2. The only region where there is not a solution Re(n) < 2 is from
the point where Re(n) crosses the n = 2 line in this range, namely at 3 = —0.4835,
through to the point where the ‘blue’ root diverges, namely § = —0.4273.

Again, in order to know whether the Re(n) < 2 solutions of (4.3.9) really lead to
valid asymptotic series we need to take the expansion to the next order. We pursue
this in a similar way to the n = 0 case above. We know that the left-hand side of
(4.2.1) ~ r" and this term will need balancing by terms on the right-hand side. On the
right-hand side the denominators also ~ r", whereas the numerators, which would
have gone like 7"*2, have had the corresponding coefficient cancelled by choosing
(4.3.9). Therefore the subleading term we need to add is a piece {(r) such that

)/~ ", (4.3.10)

where we have trialled just the first term in the first numerator on the right-hand side
of (4.2.1) and compared it to the left-hand side. Solving this gives ¢ ~ r*"~2. Since
2n — 2 =n+ (n — 2), we see that this is genuinely subleading only if Re(n) < 2.
By inspection, such a power law solution then works out for the full numerators on
the right-hand side of (4.2.1). Substituting these first two terms of the asymptotic
series into (4.2.1) and expanding for large r we find the coefficient

69124272 (n — 1)23

- 36n2(16n — 19)(n — 1)28%2 — 6n(n — 1)(76n3 — 19602 + 140n — 15)3 _’Ezf%n)l;)

ki

where we have set
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c(n) = (n —3)(36n* — 1391 — 210n* + 713n — 420). (4.3.12)

We thus obtain our last two power-law asymptotic solutions (4.2.5). When (4.3.9)
has real roots, those with n < 2 are taken. When complex, the real part of (4.2.5)
should be taken, leading to (1) ~ rR™ sin(Im(n) log r + B) type behaviour.

For n = 2, both the left and right-hand side scale as 72 and therefore could be
expected to balance. As we have already seen however, if n = 2 the left-hand side
is identically zero and so again we require the right-hand side (4.3.4) to vanish, but
now with n set to 2. As we will see in Sect. 4.4 this impasse gives a clue however to
a non-power law asymptotic solution. Pursuing for now the power law case (4.3.1)
but with fixed n = 2, we find that this equation is satisfied either for 8 = . where
[+ is defined in (4.2.6), or apparently for § = 0, since then all the c?i and d; vanish.
The exceptional case of § = 0 is discussed in Sect.4.3.2. The solutions (4.2.6) are
just values of 3 such that one of the roots of (4.3.9) is indeed n = 2. Substituting
n =2 in (4.3.9) gives a quartic in /3, but the other two roots, 3 = —1/3, 5/6, are
cancelled at n = 2 by the denominator in (4.3.4). The remaining quadratic is in fact
the one that appears in the denominator of coefficients (4.4.10) and (4.4.11) that we
will come across later.

Again, to validate the n = 2 solution (4.2.6), we need to show that the expansion
can be taken to the next order. We know the expansion for general n given in (4.2.5)
breaks down for n = 2. In fact in this case, since the left-hand side of (4.2.1) already
vanishes, the subleading term comes from the next term on the right-hand side in a
large r expansion. In this way we see that the asymptotic solution is (4.2.7) where

. 312 A (—21353 4 363048 3)
17166809088 An23 — 14017536 An2 4 10800590 3 — 110555’

ki (4.3.13)
and [ is either root in (4.2.6).

We see that overall there are in general four types of power-law asymptotic solu-
tions given by the power being one of the roots (4.3.9) providing (3 is such that
Re(n) < 2, or two (3 independent cases: n = 0 and n = 3/2.

4.3.2 Exceptions

As mentioned previously, we recognise that certain choices for 3 alter the scaling
behaviour of the right-hand side of the fixed point equation such that it differs from
72 in the limit r — 0.

4.3.2.1 Exceptions from the Denominators

For instance, the leading behaviour could increase to 73 if the 7" terms in one or both
of the denominators were to cancel amongst themselves. These cancellations occur
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in the first and second fractions respectively when

3
n —=
36-1

(4.3.14)

or

L _3+98+98+ BIB' +1625° + 633 + 63+ 1
B 20982+ 66+1) ‘

(4.3.15)

Concentrating on the asymptotic solution with n = 3/2, we find that (4.3.14) and
(4.3.15) are satisfied when 8 = 1 and 8 = +1/+/27 respectively. For these values of
0, aleading power of n = 3/2 is not allowed and instead to find the leading behaviour
in these cases we must treat 3 = 1 and § = +1/+/27 separately from the start. As
we will see below in these cases we just recover the other three power-law solutions.

3 = 1: the leading piece in the limit ¥ — oo on the left-hand side is still of course
given by (4.3.3). Indeed this will be the case for any [ as the left-hand side contains
no coefficients ¢;, ¢; and is therefore independent of 3. Also, since 3 = 1 does not
correspond to one of the values at which the leading parts of the coefficients ¢;, ¢;
vanish, see (4.3.2), the leading piece on the right-hand side will still be given by
(4.3.4), but now with J setto 1:

5nr? 25 (14n3 —3Tn? + 24n) r2
_ _ . (4.3.16)
76872 230472 (16n2 —2ln+ 2)

Note that even though 3 = 1 has been identified as a value at which the r” terms in
the first denominator of (4.3.4) vanish, this is only when n = 3/2 and so here we still
see the right-hand side scaling as 2. The scaling of the right and left-hand sides is the
same as thatin Sect. 4.3.1 and so by the same reasoning we see that n» must be less than
2 and therefore (4.3.16) must vanish in order to satisfy the fixed point equation for
large r. The right-hand side (4.3.16) vanishes when n = (62 £ V127)/59 and also
trivially for n = 0. Indeed these are the remaining power-law solutions, in particular
the former pair are the values for n given by (4.3.9) with 8 = 1 as expected, while
the latter is the solution (4.2.3).

B = £1/4/27: the right-hand side of the fixed point equation again scales like r2
in the large r limit, as this 3 is also not one of the exceptional values appearing in
(4.3.2). We see that again n must be less than 2 and that the right-hand side must
vanish. Once again, the values of n just correspond to (4.3.9) when 3 = +1/+/27.
And we still also have the n = 0 solution (4.2.3).

4.3.2.2 Exceptions from the Numerators

Exceptions to the leading behaviour n = 3/2 also arise from particular choices for
[ reducing the powers of r appearing in the coefficients ¢; and ¢; which could
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result in an overall decrease in the leading power on the right-hand side of the fixed
point equation. The values of 3 for which the leading power of r in the coefficients
vanishes can be easily found from (4.3.2). Notably however, both numerators in
(4.3.4) are satisfied independently for n = 3/2. This means that for the values 3 =
1/2, 5/6, 1/6 for which only one of the fractions becomes sub-dominant the (-
independent solution n = 3/2 remains valid.

B = 1/6: although we are concentrating on the n = 3/2 solution, for completeness
we note that 5 = 1/6 does present an exception for the general power solutions
(4.3.9). From (4.3.9), we would expect to find asymptotic series with leading powers
n = (19 £ 4/73)/18 = 1.530, 0.5809. However when 3 = 1/6, we see from (4.3.2)
that d;, d, and d, all vanish. Then from (4.3.4) we see that in this case the only
solutions left for n are the n = 0 and n = 3/2 cases established in Sect.4.3.1.

B = 0: in this case the leading powers of r in all the coefficients vanish, cf. (4.3.2).
(We see the implications of having 8 = 0 in Sect.4.3.3 where it represents a pole of
all but one of the coefficients in the asymptotic expansion given in Appendix A.1.) As
a result, the right-hand side of the fixed point equation (4.2.1) in general no longer
scales as 2 but instead goes like r. This apparently implies two solutions: either
the asymptotic series is ¢ = Ar? + k;r + - - -, since r? satisfies the left-hand side
on its own, or the asymptotic series takes the form ¢ = Ar + - - -, with the r term
then balancing both sides of the equation. However substituting ¢ = Ar” into the
right-hand side of (4.2.1) (with 8 = 0) we find the leading term is:

5n (5803 — 38912 + 7921 — 477)
46082 (n+3) (n—D(n—2)

4.3.17)

which thus presents an exception for both of these cases! The reason for this is that
n = 1, 2 happen to be precisely the two powers that reduce the leading power in
second denominator in this case, as can be seen from (4.3.15). Thus actually when
n =1 orn = 2, the second term on the right-hand side of (4.2.1) contributes ~ r2.
Since it does so now with no free parameters (3 and n having been fixed), neither
suggested asymptotic solution will work: for n = 1 because the correction is larger
than the supposed leading term, while for n = 2 there is nothing to balance it since
the left-hand side vanishes identically. Finally, we consider general n. For n > 1, the
left-hand side dominates and we require that it vanishes for the fixed point equation to
be satisfied, but this only gives us the already excluded n = 2 solution. For Re(n) < 1
the right hand side dominates and (4.3.17) must vanish on its own. The cubic in the
numerator has no roots in this region and thus we are left with only an n = 0 solution,
namely (4.2.4). Note that this differs from (4.2.3), in particular the first subleading
power is now 1/r.

To summarise for the n = 3/2 asymptotic series in particular, we have seen that
this fails to existat 5 = 0, 1, and £1/ /27. However as we will see, in general these
exceptions do not obstruct the construction of the subleading terms or the subsequent
determination of the missing parameters.



104 4 Asymptotic Solutions in Asymptotic Safety

4.3.3 Sub-leading Behaviour

In this section we present the method for determining the subsequent terms in the
asymptotic series (4.3.1). As already stated, we will concentrate on the n = 3/2
solution. We have seen in the previous section that for generic J the fixed point
equation scales like r2 for large r. Choosing o ~ A r3/? causes the r> contribution
to disappear, therefore satisfying the equation in the large r limit. This is precisely
because a leading power of n = 3/2 is what is required to make the coefficient
multiplying the 72 term be identically zero.

Once the 2 terms have vanished, the new leading large r behaviour of the fixed
point equation is 7 *?2, coming from the undifferentiated ¢ on the left-hand side of
(4.2.1). The next term in the solution should be such that it now cancels the pieces
contributing to the new leading behaviour. It is with this in mind that we proceed to
build the sub-leading terms of the solution.

We denote the next term in the solution by a function ((r) such that

o) = A+ ¢+, (4.3.18)

where ( grows more slowly than the leading term. This implies that we can find
leading corrections to the solution algorithmically, by taking large enough r to allow
linearising the fixed point equation in ¢. This will give us a linear differential equation
for (, where we keep only the leading parts in a large r expansion of its coefficients.
This equation is then set equal to the new leading piece, namely the r3/? piece
discussed above, and is straightforward to solve for ( since we only want the leading
part of the particular integral. In fact inspection of the fixed point equation shows
that this contribution can only come from the right-hand side and that it requires
((r) o r. Indeed with this choice, the leading contribution from the numerators on
the right-hand side are then terms which scale like 7. The leading terms from the
denominators scale like r*2 (providing no exceptional cases arise). Together these
give an overall contribution of 7 3/? to the right-hand side as required. Including the
next term in the solution we now have

o(r) = Ar3? kyr+---. (4.3.19)

To find the coefficient k|, we substitute the solution as given above into the fixed point
equation and take the large r limit. Collecting all terms on one side of the equation,
the leading terms go like 7 */2 as expected, multiplied by a coefficient containing ;.
We require this coefficient to vanish in order to satisfy the fixed point equation and
so k; must take the following form

3456m2A%(3 — 1) (2782 — 1)
3 (162054 — 237633 +9033% + 23 — 19)

ki = (4.3.20)
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The next terms in the series are found by repeating this procedure. After five itera-
tions the solution becomes (4.2.8) where k; is given in (4.3.20) and the more lengthy
expressions for the other coefficients are given in Appendix A.1. Note that a second
constant b, independent of A, is found as a result, through particular integrals con-
taining logs. At this point our solution therefore contains two independent parameters
in total.

4.3.4 Exceptions

The solution (4.2.8) will break down at values of § corresponding to poles of the
coefficients k;. As can be seen straight-away, 3 = 0 is one such value. This has
already been flagged-up as problematic in Sect.4.3.2 where the trouble was traced
back to the fact that when § = 0, the leading part of each of the coefficients in the
fixed point equation (4.3.2) vanishes. This means that (4.3.4) no longer represents
the true asymptotic scaling behaviour of the fixed point equation and should not be
used to derive the leading behaviour of the solution.

There are other poles in the coefficients besides at 3 = 0, as can be readily seen
from the full form of the coefficients given in Appendix A.1. We find that as we build
the asymptotic series, new coefficients contain new poles, not featured in earlier
terms. In this way we will build a countable, but apparently infinite, set of exceptional
values of . It is not clear how these exceptional values are distributed (for example
whether they lie within some bounded region or not), but since the real numbers are
uncountable, we are always guaranteed values of (3 for which there are no poles in
the series.

If we do happen to choose a value for 3 that gives rise to a pole then this signals
that the term in the solution containing the pole does not have the correct scaling
behaviour in order to satisfy the fixed point equation in this instance. Take the first
coefficient k; as an example. At a pole of k; (all except 8 = 0), adding a piece on to
the solution that goes like r does not result in an r 3/2 contribution on the right-hand
side of the fixed point equation as required, because the coefficient automatically
vanishes in this case.

Instead we must look for a different sub-leading term. A less simple choice but one
that works nonetheless is r log(r). The reason for this is that if all the derivatives hit
the r factor and not the log(r) factor then again the /2 piece on the right-hand side
must vanish identically, since it is as though the log(r) is just a constant multiplier
for these pieces. We therefore know that in the asymptotic expansion at this order,
the only terms that survive have the log(r) term differentiated. But this then maps
rlog(r) — 1 which is the power-law dependence we desired for the differentiated
term. We will apply the same strategy in Sect.4.4.

Taking this as the sub-leading term, such that the solution now goes (r) =
Ar3/2 4+ kyrlog(r), gives rise to the desired /> term on the right-hand side, but
now without the pole (i.e. a different k;) and we can continue to build the series
solution from there. This suggests that for a solution with leading behaviour r 32, each
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new set of poles associated with a new coefficient gives rise to further appearances of
log(r) in that sub-leading term and therefore a plethora of different possible solutions
dependent on these exceptional values for 3.

4.3.5 Finding the Missing Parameters

The asymptotic solution (4.2.8) contains only two parameters but we are solving a
third order ordinary differential equation and we know that local to a generic value
of r there is a three parameter set of solutions. In this section we linearise about
the leading solution (4.2.8) to uncover the missing parameters [3—7]. We do so by
writing A — A + en(r) such that the solution becomes

o(r) = (A + en(r)) P 4+, 4.3.21)

where € < 1 and 7 is some arbitrary function of r. Since the constant A introduced
in (4.3.1) can take any value, we are permitted to change it by any constant amount.
Thus a constant 7(r) should be a solution in the asymptotic limit » — co. We use this
reasoning to help find the missing parameters. In Sect.4.4 we will follow a related
but different strategy.

We insert (4.3.21), complete with all modified sub-leading terms, into the fixed
point equation (4.2.1) and expand about € = 0. We know already that at O(¢") the
fixed point equation is satisfied for large r, since at this order (4.3.21) is equivalent
to the original solution (4.2.8). At O(e) in the large r limit we obtain a third order
ODE for n(r) :

s> 0" (F) + ho r* 0" (r) + by r30/ (r) = 0, (4.3.22)

where

58 (—61563* + 70203 — 6993* — 5083 + 83)
691212 A(6 — 1) (278% — 1) '
B (—32403* + 30783° + 47137 — 421 + 47)
- 864m2A(3 — 1) (2782 — 1)
_BOB+5) 65— 1)°
576m2A (271382 — 1)

1=

2

bl

hy =

(4.3.23)

Initially we would expect to have another term on the left-hand side of (4.3.22) that
looks like /g7 (r) times r to some power. However the coefficient /¢ vanishes up to
the order of approximation of the solution we are working to. In fact this had to be
s0, since otherwise n(r) = constant would not satisfy the equation. This means that
what would have been be a third order ODE is instead a second order equation in
7/. This idea is analogous to the Wronskian method for differential equations. The
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solution ¢ contains two independent parameters, A and b, and so we already know
two independent solutions of fixed point equation. These solutions can be used to
build a Wronskian that satisfies a first order differential equation and which can then
be used to find the unknown solution. We will not need this full machinery however.

The differential equation (4.3.22) is invariant under changes of scale r — sr and
thus has power law solutions. Setting < r” we find three solutions for p: the trivial
solution p; = 0 as required for consistency with the possibility of 7 = constant,
p2 = —3/2 and

_ —4212(3* 4 55083° — 14373% — 1723 + 53
p= 66312 (B—1) (98 +5)

(4.3.24)

The complete solution for 7 is then given by a linear combination of these powers:
n(r) = 6A+8Br 2 +35CrP, (4.3.25)

where we have introduced infinitesimal parameters 6 A, B and dC. Finally, inserting
7 back into the solution (4.3.21) we find the change in the asymptotic series complete
with the change in the missing parameter:

3p(r) ~ 6AT> + 6B +6C ri 3. (4.3.26)

The first parameter JA resulted from perturbing the constant A. We see that the
solution p, = —3/2 was to be expected since § B corresponds to perturbing the b
parameter. We have also uncovered one new parameter through 6C.

Whether or not the 6C perturbation is kept in the series depends on the size of
p3: if p3 > 0 then the perturbation grows faster than the leading series, invalidating
it, and thus will be excluded from the solution. If p3 < 0 it is kept, which happens
when 3 € (—0.1809, 0.1931) U (0.4042, 0.8913). However then we notice that by
increasing r, the #7**3/2 can be made arbitrarily smaller than the leading term Ar /2.
Therefore the full asymptotic series is developed by adding

CrPts (4.3.27)

to (4.2.8), i.e. with a now arbitrary size constant C. There are subleading terms to this
which will look similar to those in (4.2.8) but with an »7* factor. As we develop the
asymptotic series further, we will also find terms containing powers of r”3 coming
from the non-linearity of the fixed point equation (4.2.1). This development is similar
to the development of asymptotic expansions in Ref. [4], where sinusoidal and log
terms are also involved, and in Ref. [3] where also special powers arise. In the present
case we see that the asymptotic series takes the form of a triple expansion in 1/r,
log(r) and r? for large r. The value of p3 < 0 will determine the relative importance
of all these terms.
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The case p3 = 0 needs careful examination: it corresponds to a solution 7’
1/r in (4.3.22). Therefore in this case the last term in (4.3.26) actually appears as
§C r3/*log(r) which rules it out, since this grows faster than the leading term. The
behaviour of p3 is shown in Fig.4.2.

Knowing whether of not a missing parameter is excluded is crucial as the balance
between the number of parameters and the number of constraints has important
consequences for the nature of fixed point solutions.

There are three values of 3 at which p3 develops apole, 3 = —5/9, 1/6, 1,ascan
be seen from (4.3.24), (also see Fig.4.2). The first two of these correspond to zeros
of the coefficient 43 meaning that at these values the differential equation (4.3.22) is
no longer the correct one and we must go to the next order in the large r expansion
of the "’ coefficient. Doing this for 3 = 1/6, we obtain the alternative equation for

n:
1 r'i 4 3

184 51" (r) + T 0" (r) + Wﬁ 'r) =0, (4.3.28)

where the second and third coefficients are just i, and /| respectively with 3 = 1/6
but where now the first coefficient is not the 3 = 1/6 equivalent of /3. Again there is
no 7 term because of the arguments given (4.3.23) and this enables us to turn (4.3.28)
into a second order ODE by writing 77/ (r) = p(r). We can then solve for p(r) and
integrate up to get n(r). We find that for large r

) = A+ 8B 13 +0Cyre 5. (4.3.29)

Substituting 1 back into (4.3.21) we find

5p(r) ~ GAr? + 6B + 6C Ple i, (4.3.30)

Again, ¢ B results from perturbing the constant term, but now §C comes paired with
an exponentially decaying piece. Since the exponential decays more rapidly than any
power, the §C term grows more slowly than any term we have found so far in the
asymptotic solution (4.2.8). Therefore again we can replace dC by C and add this to
the solution (4.2.8). Again the full series will involve powers of this term together
with powers of r and log(r), however even just the linear term will always be less
important than any term in (4.2.8) for sufficiently large r, and thus in practice one
only need keep this linear term. In conclusion, when 3 = 1/6, the solution contains
three independent parameters, A, B and C, and takes the form of (4.2.11).

Following the same procedure for 3 = —5/9, the differential equation for 7 is
given by
8454 16611574 830575r%
no(r)+ n(r)+ nr)=0. (4331

3801672 A 718502472 A 1437004872 A

Upon substituting the solution 7 back into ¢ we obtain
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33223

5p(r) ~ SAr? + 6B + 6C rte ", (4.3.32)

We see that for 5 = — 5/9 the solution also contains three independent parameters.

The remaining pole of p; at § =1 is the result of the coefficients 4, and h,
diverging. These coefficients also diverge at 3 = % 1/+/27, but since /3 does as well,
this behaviour is not captured by p3: we are able to multiply through by (278% — 1)
in (4.3.22) thereby removing this pole from the differential equation. Nonetheless,
the value 3 = & 1/+/27 is still problematic. In fact both § = +1/+4/27 and 3 = 1
correspond to values at which the leading solution (4.2.8) already breaks down. The
issue can be traced back to zeros occurring in the denominators on the right-hand
side of the fixed point equation as discussed in Sect.4.3.2.

There are further values of 3, corresponding to the zeros of the coefficients
(4.3.23), for which the differential equation (4.3.22) is no longer correct. One exam-
ple which can be seen straightaway from (4.3.23) is § = 0. This has been already
flagged up as a troublesome value in Sect.4.3.2 and is actually another value for
which the leading solution is already not valid.

4.3.6 Numerical Comparison

The authors of Ref. [2] tried matching their 3 = 1/6 numerical solution to asymptotic
behaviour given by:

o) =Asr* (1 +urr " +upr?+--+). (4.3.33)

We have seen that this is not a valid asymptotic series for the fixed point equation
(4.2.1), except at the special values (. givenin (4.2.6) as in the case of the asymptotic
solution (d) (4.2.7). They also found no analytic match except at these special values,
and concluded that the asymptotic behaviour should be the result of a “balanced
regime” which is taken to be Ar? but with logarithmic corrections. This bears some
similarity to the asymptotic series we investigate in Sect. 4.4, which however we will
see in Sect.4.4.6 cannot provide the asymptotic solution because it does not have
enough asymptotic parameters. Since the authors chose a value of 3 that provides
already ny = npopg = 3 constraints on the fixed point solution space through the
fixed singularities, any number of asymptotic parameters less than the maximum
nopg = 3, will rule out a global solution.

In this sense the authors struck lucky because we find a suitable power-law asymp-
totic solution with the maximum three parameters, namely (4.2.11). The authors
determined a fit of (4.3.33) over the range r € [6, 9]. We can use this fit to see how
well our power-law asymptotic asymptotic solution (4.2.11) does in matching their
large r behaviour as far as it was taken. As we will see, despite the very different
leading behaviour at large r we can find equally acceptable fits.
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Their fit gave the solutions:

At = 0.07705 + 0.00032,
uflt = —2.07514 £ 0.05399, (4.3.34)
ult = — 6.36855 £ 0.25897.

Note that our asymptotic expansion (4.2.11) to the level taken, is actually linear in C
and log(b), soitis straightforward to solve for these. Determining also A by insisting
that (4.2.11) agrees with (4.3.33) at r = 6, 7.5 and 9, we find two solutions:

A= -5.6498-107°, log(h) = —4932.4, C =0.13864; (4.3.35)
A =5.0025-10"%, log(h) =3.6538, C =0.12571; (4.3.36)

where the second seems more believable. On the other hand we note that the asymp-
totic expansion (4.2.11) suggests, but does not require,’ that we apply it only to the
region r > b, which would favour the first solution. It is not possible to distinguish
by eye the solutions and the (fitted) numerical solution over the range r € [6, 9],
so instead we plot their difference in Fig.4.3 for the two possibilities (4.3.35) and
(4.3.36). As can be seen the error is almost the same in both cases and competi-
tive with the error implied by the spreads in (4.3.34). Clearly the two possibilities
(4.3.35) and (4.3.36) are not both correct. Determining which, if either, is correct,
would require computing the numerical solution to larger r. In particular note that

0.015
0.0104

0.005

-0.0054

-0.0107

-0.0154

Fig. 4.3 Plot of the difference between (4.2.11) and (4.3.33). The red curve uses (4.3.35) and the
blue curve uses (4.3.36)

7For example we could rewrite the expansion in terms of log(b).
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Fig. 4.4 The predicted large r behaviour from the two fits. The red curve uses (4.3.35) and the blue
curve uses (4.3.36)

the asymptotic solution (4.2.11) fits because the final term dominates in the fitted
region, where it provides the r2-like behaviour necessary to fit the data. Its exponen-
tial decay only becomes significant once r > /351 = 18.73 after which our fitted
solutions peak and then turn negative, with the leading asymptotic parts of (4.2.11)
finally taking over, as can be seen in Fig.4.4.

4.4 Asymptotic Expansion of a Non-power Law Solution

Power counting for (1) ~ " suggests that () ~ 2 should be the leading solution,
since then the two sides of the fixed point equation, (4.3.3) and (4.3.4), balance.
However, as discussed just above Sect.4.3.2, this fails to be the case in general
because it also happens that the left-hand side vanishes identically. Then the leading
term on the right-hand side must also vanish, which is only true for specific values
of 3. The way out of this is analogous to that discussed in Sect.4.3.4: since r? is
annihilated by the left-hand side, we know that r2 log(r) will survive and furthermore
give us a pure power 2, which is what we will need in order to balance the 2 power
coming from taking ratios on the right-hand side. In this section we explain how to
develop the non-power law asymptotic solution and find its missing parameters.

In fact for good measure we also tried the general ansatz (r) ~ r"(logr)?. Then
one finds that on the right-hand side of (4.2.1), the first ratio ~ r? while the second
ratio ~ 0. Therefore balance is achieved only for n = 2 and p = 1, since then as

we have just seen the left-hand side also behaves as ~ r2.
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4.4.1 Leading Behaviour

We begin by studying the leading behaviour for the r? log r ansatz. In full, the above
argument implies that this leading term has to be of the form

o(r) ~ kir*log (%) . 4.4.1)
Demanding that these agree, we find that k; is determined:

_ 1-T723+ 1563

ki = 4.42
! 921672 ’ (4.4.2)

while b is left undetermined.

4.4.2 Sub-leading Behaviour

For the next terms, it is easier to first write p(r) = r? f (r) for some function f and
then make the change of variables r/b > e* such that o(r) > e>* f(x). Finally we
divide by r? = €** to simplify the fixed point equation (4.2.1). Once we do this, we
can expand the fixed point equation in small exponentials in the following way

0= fut foe™ + foe >+ (4.43)

Here f}, f. ... give corrections that are smaller than any power so for the moment
we can discard these pieces and concentrate on f,, which is given by the following
expression

=2 ) — 30828 = D68 =35) ") +5f'(0) +2f ()
T 460872 (33 — 1) f'(x) + (68 — 5) f (x))
B(1 = 68)% (2098 +5) f" (x) + (638 + 31) £ (x) + (636 + 25) f'(x) + 6(36 + 1) f (x))
B 460872 (38 + D2f"(x) + BBOB +5) + D f'(x) + 6838 + 1) f (x))
(4.4.4)

In order to find the subleading terms, the procedure is as follows. From (4.4.1) we
know that for large x (equivalent to large r), f(x) = k;x. Plugging this into (4.4.4)
we see that the leading piece in (4.4.4) in the large x limit is given by a constant at
large x, as already indicated by the first term in f,. We then recover the coefficient k|
by demanding that the constant part cancels. Once this is done, we find that the new
leading behaviour of (4.4.4) goes like x ! so next we must as a term k, log (x/c) to
the solution, where ¢ is an arbitrary constant, in order for the solution to satisfy the
fixed point equation. This term can be determined again from the first term in f,.
Demanding that the coefficient of x~! in (4.4.4) vanish, we find the value of k; (this
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and the rest of the coefficients are listed in Appendix A.2). To find the next term we
substitute f(x) as found so far i.e.

F(x) = kix + ks log (%) , (4.4.5)

into (4.4.4), with the already known coefficients k; and k,. In doing this we find
that the leading piece now behaves like log(x)/x2. This implies that we must add
kslog (x/c)/x to our ansatz and find the value of k3 that cancels this term. After more
iterations of this procedure, we find f(x) is given by

o, Q) ok e ()
F() = kyx + ks log (—) it Pl (446)
c X X X

where coefficients k; are given in the Appendix A.2.

It is worth noticing that there is a constant, b, in (4.4.1) and another one, c, in
(4.4.6). The constant b is also captured in f by using the translation invariance of f,.
Thus if f(x) is a solution, so is f(x + x¢), where xo = — log(b). One might think
that we already have two free parameters in the solution. However, this is not the
case: it is easy to see, with the values of Appendix A.2, that

Of x+x0) __kic Of (x+x0)

4.4.7
on kz Oc ( )

which implies that the two constants can be combined into one, and therefore there
is actually only one independent parameter. Since we already know we can dispense
with b and then recover it by x-translation invariance, in the following we set b =
¢ = 1 when working with f(x) and instead fold them into a parameter A in the end
for ¢ (r). Indeed, changing variables back to r, we see that the whole solution is then
given in (4.2.14).

4.4.3 Exceptions

By looking at the coefficients k; in Appendix A.2 it can be seen that there are some
values of (3 for which (4.2.14) is not an acceptable solution. These are listed below.

B = 0and 3 = B4 for these values ¢(r) = r2 log (r/b) is not a solution of the fixed
point equation. The latter choice 3 = (31 was expected, since we have seen in (4.2.6)
that for these values o(r) ~ r? is a solution, without the need to add the log term.
Actually, what happens in both cases is that the leading power on the right-hand
side decreases, so the asymptotic behaviour is dictated by the left-hand side, which
vanishes for ¢(r) ~ r2 but not for ¢(r) ~ r?logr. However for 3 = 0 we saw that
this exceptional behaviour left us then with only the n = 0 solution (4.2.4).
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B =—1/3and B8 = 5/6: for these values the asymptotic solution is still of the form
(4.2.14), or equivalently (4.4.6), but because these coefficients cancel leading contri-
butions in (4.2.1) the coefficients k; have different values that do not correspond with
just substituting the above values of (3 into (4.5.6). Following the same procedure,
but with the right leading contributions for these cases, we find the new coefficients
given in (4.5.7) for 3 = — 1/3, and (4.5.8) for 8 = 5/6.

4.4.4 Finding the Missing Parameters

In order to find the two missing parameters, we linearise (4.4.4) about (4.2.14) by
writing f(x) — f(x) 4+ en(x). This results in a differential equation for 7:

haxn (x) + haxn (x) 4 2x717' (x) + hon(x) =0, (4.4.8)

where the h; are the following functions of 3 (h; = 2 so this simple value is already
explicitly written in the above expression):

_ 4B(38(96(3128° — 33453 — 5) 4 406) —29) + 5
B 3B+ D68 —5H(128(133—-6) +1)

_ 4 3 2 _
py — THLO4B" + 1085° + 64257 — 375+ 1 (4.4.10)
3638+ 1) (15632 — 723 + 1)

2
PO G ) o U ) B (4.4.11)
338+ 1) (15682 — 723+ 1)

(4.4.9)

We already know one solution to this equation,

0 k lo
7]=_f=kl+—2_k3 g(x)_{_’
Ox X x?2

(4.4.12)

by translation invariance. The other two solutions cannot go like a power for large
x since this would make the " and n” terms subleading already. In other words for
power-law solutions, (4.4.8) behaves like a linear first order differential equation,
with thus (up to a scale) only one solution. We need to ansatz a solution that can
make 7 and/or 7" as important as the 7 or 7 terms. This motivates trying

n=e"", (4.4.13)

with L # 0 and p > 1. In that case, we have
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n =", (4.4.14)
n =LpxP~lel*", (4.4.15)
,,7 _L2 2 2p 2 Lx’ + L(p _ l)pxp 2 Lx ~ L2 2 2p ZeL,\” (4416)
,'7 =L3p3x3[7 -3 Lx? + LZ(p _ 1)p2x2p 3 Lx? + L2p2(2p _ 2)x2p—36pr
+L(p—2)(p— DpxP el ~ L3p3x3r=3el" (4.4.17)

where we are keeping only the (asymptotically) leading terms. Therefore, from
(4.4.8) we have

B (ho + 2Lpx?*! 4 hy L2 p2x? 71 4 i3 L2 px*r ) = 0., “4.4.18)

Actually we can discard the &g term in this expression since for p > 1 it will never
be leading. Of the remaining terms, we want the leading ones to cancel one another
and so there are three options to explore.

Option 1: The second and third terms are leading. If this is true then we require
p+1=2p—1=p=2, (4.4.19)
but for this value of p, the last term will become a leading term also and therefore

this option is excluded.

Option 2: The last two terms are leading, meaning that
2p—1=3p-2=p=1 (4.4.20)

But for this value of p the second term becomes leading and so this option is also
excluded.

Option 3: The second and the last terms are leading such that

3
p+1=3p—2:>p=§. (4.4.21)
This option is allowed, since the third term is now sub-leading.
Now demanding that the leading terms vanish, implies that L has to fulfil the
condition 2 + h3p>L? = 0, i.e.

2 [=2
L = j: (4.4.22)
hs

We see that L will take a real or imaginary value depending on the sign of 43. For
8 <-=5/9, —1/3 < B < p_andf > (B, L isreal, where [ is defined in (4.2.6).
In this case we only keep the negative root in (4.4.22) since the other one gives
a 1 which grows exponentially. Therefore we find for L real there are only two
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parameters in the asymptotic solution, one coming from the leading solution and one
in the form of a missing parameter.

In the case that L takes an imaginary value, (4.4.13) has unit modulus, so to see
whether it is still an allowed ansatz we need to go to next order in the perturbation
and compare its behaviour with the leading k;x term in (4.2.14). To this end we
substitute

3
n= el (4.4.23)

into (4.4.8) where ¢ grows slower than x *?2. In this way we find that
¢ =425, (4.4.24)

Whether or not this perturbation is kept then depends on the sign of h,/h;. We
find that for —5/9 < 8 < —1/3 the sign is negative and therefore the perturbation
is allowed. Together with the two parameters, the two solutions in (4.4.22) get com-
bined into real oscillatory combinations with an exponential tail provided by (. This
gives us a three-parameter asymptotic solution. For the other region of imaginary
L, namely 5_ < 3 < 4, we find that 4,/ h3 > 0. Thus in this region (4.4.23) is an
exponentially growing perturbation and is excluded. It follows that in this case the
asymptotic solution only contains the one parameter A in (4.2.14).
AsinSect.4.3.5, we note that where these perturbations are allowed we can replace
their linearised coefficients with full coefficients, since the perturbations can already
be made as small as we like compared to the leading terms by increasing x. We can
summarise the full asymptotic solutions we have found so far as (4.2.15)—(4.2.17).

4.4.5 Exceptions

There are several values of 3 for which the differential equation (4.4.8) is not valid.
The first two given below relate to exceptions already considered in Sect. 4.4.3, where
we saw that the expansion coefficients in (4.2.14) get altered. The remaining cases
are caused by the vanishing of one of the &; coefficients, (4.4.9)—(4.4.11). In this
case, that the corresponding term in (4.4.8) gets replaced by one which grows more
slowly at large x. Since k¢ played no role in the above analysis, exceptions arise only
from the vanishing of /3 and #,.

4.4.5.1 Altered Coefficients

B = —1/3 : for this value, we instead use the coefficients in (4.5.7) and follow the
procedure used previously to derive a differential equation for 7:
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0 ey = ) 2 )+ o) = 0 (4.4.25)
TS A 70 () + 52 = 0. 4.

We already know one solution is (4.4.12), however now with the coefficients k; from
(4.5.7). Then the leading behaviour of the other two solutions does not involve the
undifferentiated 7. Indeed, dividing by x2, the other three terms on their own give a
differential equation with constant coefficients which is therefore solved with n =

e"*, while the undifferentiated 7 term contributes ~ ¢** /x2, which can be neglected
at leading order. L thus solves a cubic. Discounting the L = 0 solution (which is

(4.4.12) in disguise), we are left with a quadratic whose roots are L = — L., where
Ly= > + 769 (4.4.26)
*T 4T 12 -

Since —L_ > 0 and —L4 < 0, we discard the —L_ solution and are left with the
two-parameter asymptotic solution (4.2.18).

B = 5/6: as before, but using now (4.5.8) the equation reads

- &n’”(x) - 68&7)”(}(} +2x%0 (x) + ﬁn(x) =0. (4.4.27)
21 105 105
This has the same form as (4.4.8) so trying the same ansatz it has the same solution
for p = 3/2 and thus we find the two-parameter asymptotic solution (4.2.19).
The remaining possible exceptional values can be arranged according to which
coefficient of (4.4.8) they cause to vanish.

4.4.5.2 Third Derivative

There are two values of 3 that make /3 vanish. For both of them, it is not that we must
go to the next order in (4.4.4) to get the leading term, but that the third derivative term
vanishes identically there. Instead we need to go to higher order in the exponential
expansion.

B = 1/6: In this case, in the exponential expansion of the fixed point equation,
fat foe™ + e 4o (4.4.28)

not only does the third derivative term vanish in f, but also in f;, so in order to find
the coefficient 13 we need to consider f.. The resulting differential equation for 7 is

78xe~ % 19
%n”’(ﬂ — 207" (x) + 2677 (x) + 2700 =0. (4.4.29)
An ansatz of the form e-¢”* provides the perturbation that involves the third derivative,

by balancing against the second derivative part, with the rest subleading. But we find



118 4 Asymptotic Solutions in Asymptotic Safety

that L = 5/78, which being positive, rules this out of the asymptotic series. The
other perturbation is found by neglecting the third derivative term. In this case we
get,

19
—2x1"(x) 4 2x%7/ (x) + T"(x) =0. (4.4.30)

With an ansatz e“*", one finds the asymptotic solution p = 2, L = 1/2. Again, this
growing perturbation is ruled out in the asymptotic series, so we end up with only
the one-parameter solution f,(x — log A), i.e. ¢(r) as in (4.2.14).

B = —5/9: now the coefficient for """ appears in f, and we get

AS63xeT BRS04 103627
_ X) — X X X
2407 ! 12035 m 24070

nx)=0. 4.4.31)

Thus similar to the previous case, an ansatz of the form e“*" provides the perturbation
that involves the third derivative. Since then L = —23056/22815 < 0, this rapidly
decaying perturbation provides one of the missing parameters. Neglecting the third
derivative term we get a similar equation to the previous case, for which the missing
perturbation is ¢%*", with again p = 2 but now L = 12035/23056. This is therefore
still an exponentially growing perturbation and is thus ruled out. Therefore in this
case we have the two-parameter asymptotic solution (4.2.20).

4.4.5.3 Second Derivative

The coefficient s, vanishes for the two real roots of the quartic in (4.4.10), cf.
Table4.2. The differential equation now reads (with a new 7” term and coefficient
hz):

haxn" (x) + han' (x) 4 26717 (x) + hon(x) =0, (44.32)

where the coefficients are also given in the table. Comparing to the general case
(4.4.8), we see that the only structural difference is that the n” is now even more
subleading. Since it actually played no role in the general case in determining the
(formally) leading behaviour, the same ansatz (4.4.13) solves this case and thus we
find L is given by (4.4.22) but with &3 as given in Table4.2, and thus L takes the
imaginary values also listed in the table. Therefore as we saw in the general case,
to determine whether this perturbation survives we need to go to the next order.
Substituting (4.4.23) we find that this time it is solved to leading order by e¢ = x4,
where ¢ is also given in the table. Since overall the perturbation must grow slower
than k; x, the leading term in (4.2.14), we see that the two perturbations are excluded
for 5 = 0.3800 and thus we have only the one-parameter solution (4.2.15), while for
[ = —0.4111 we have the three-parameter solution (4.2.21).
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Table 4.2 Parameters for the differential equation and solutions, in the case that (4.4.10) vanishes

B ho hy h3 L q=-3— thi
—0.4111 4.1866 2.1950 0.7840 +1.0648i —2.1499
0.3800 5.8825 —7.6628 1.1209 +0.8905i 2.6681

4.4.6 Numerical Comparison

From Sect.4.2.5, we already know that the relevant solution for 3 = 1/6, namely the
unadorned (4.2.14), cannot be the asymptotic limit of the numerical solution found
in Ref. [2], since we saw that its one free parameter is overconstrained. We can also
see directly that the numerical solution, equivalently (4.3.33) with (4.3.34), cannot
match. Using (4.5.6) we find at 3 = 1/6:

5 95 1805 95 34295

ki = — ko= — k= k= k=
LT 601272 T T55206 42 0 T T 442368427 ¢ 442368727 0 7077888 72
(4.4.33)

Since the expansion only makes sense for r 3> A, we see the asymptotic solution
implies that at large r, we have ¢ < 0 with || growing faster than r2, which is
qualitatively different from the numerical solution.

4.5 Conclusions

Despite the complicated nature of the fixed point equations resulting from functional
truncations of the effective average action, in particular for the f(R) approximation
which then leads to a non-linear second or third order ODE for the corresponding
scaled quantity ¢(r), we have seen that by adopting techniques first developed in [5—
7] and applied to this area in [3, 4], it is reasonably straightforward to extract general
key properties of the solutions, through an asymptotic analysis. The corresponding
asymptotic solutions are set out as a summarised list in Sect.4.2.3, where also links
are provided to the subsections where these are derived.

In particular, before resorting to a laborious numerical treatment, one can map
out the dimensionality of the fixed point solution spaces using the counting formula
(4.1.7). These spaces divide into sets depending on the number of free parameters,
Nasy, in the corresponding asymptotic solution. We saw examples of thisin Sect. 4.2.5.
Finding the asymptotic solutions together with their complete set of free parameters
is thus key to this, as it is in fact for validating any numerical solution (as discussed in
Sect.4.1.4) since without matching to an asymptotic solution one can never be sure
that the hoped-for global numerical solution does not end in a moveable singularity
at some large r. Moreover, a full knowledge of the asymptotic behaviour provides
insight and guidance for developing the numerical solution. We provide an example
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of this in Sect. 4.3.6 where we match the relevant asymptotic solution to the numerical
solution found in Ref. [2], see also Sect.4.4.6.

In the original applications [5-7, 24, 26], one immediately found the (unique)
leading behaviour of the asymptotic solution since this was simply given by scaling
dimensions (see (4.1.4)), neglecting the complicated part of the fixed point equation
that describes the quantum corrections. In functional truncations for quantum gravity,
it is now clear that this is typically no longer the case, as discussed in Sect.4.1.1.
Instead the quantum corrections remain important no matter how large the curvature
R is taken, for readily identifiable physical reasons.®

Thus a little more effort is required to find all possible leading terms for an
asymptotic solution in functional truncations to quantum gravity. The strategy, as
set out in Sect.4.3.1, is to start with a general ansatz, figure out which terms in the
fixed point equation are then the most important at large r and then require that these
terms balance, i.e. that these leading pieces cancel amongst themselves. The possible
ansétze are actually quite limited because most of any function ¢ (r) can be neglected
in the large r limit. In the example fixed point equation we chose, namely the ODE
(4.2.1) from Ref. [2], we tried a power law (r) ~ r" as explained in Sect.4.3.1,
resulting in solutions n = 0, 3/2 and n4 () as summarised in cases (a) to (e) in
Sect.4.2.3. We also tried ¢(r) ~ r"(logr)?, finding just the one solution, n = 2
with p = 1, that is presented in Sect.4.4 and summarised as case (f) in Sect.4.2.3.
Already this more complicated leading asymptotic solves the equation only through
special circumstances, as explained at the beginning of Sect. 4.4.

Carefully considering exceptions that appear in various regions, and at various
special points of the endomorphism parameter (3, including in sub-leading terms
that we are about to discuss, we supply a total of 15 different asymptotic series in
Sect.4.2.3. In fact as shown in Sect.4.3.4, there are further modifications of (4.2.8)
at discrete values of 3 signalled by divergences in one of the subleading coefficients,
potentially countably infinite in number.

Developing the leading asymptotic into a series (g, (r), complete with sub-
leading corrections, is the most straightforward part of the procedure, cf. Sects.4.3.3
and 4.4.2. However if the asymptotic series has n,sy, < nopg free parameters (nopg
being the order of the ODE), we cannot be sure we have found the full asymptotic
series until we have understood where the “missing” parameters have gone. This is
where we see another huge difference [3, 4] from the early applications [5-7, 24,
26]. There it was always the case that n,s, = 1 while nppr = 2. The missing param-
eter always corresponded to a perturbation that grew rapidly, faster than the leading
term in the asymptotic series, and thus could not be added without invalidating it.
This perturbation could be understood to be the linearised expression of moveable
singularities in the ODE. On the contrary here it is typically the case that the full
asymptotic series contains further free parameters. It is clear that this is another
expression of the fact that the quantum corrections do not decouple in the large r
limit.

8The same was found to be true for metric in the conformal truncation of Ref. [4].
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Finding these parameters, or proving that they are legitimately excluded, can be
straightforwardly achieved through the following strategy. We perturb the asymptotic
solution, writing ©(r) = a4y, (r) + ((r), and keep only terms linear in ¢. The result
is a linear ODE, which is typically simple, since in the coefficients we only need the
leading terms at large r. The task is further simplified since we are only looking for
the leading behaviour of the solutions ¢, and since for every parameter a in @, (1)
we already know that:

0
C(V) = Cu(r) = a_<pasy(r) 4.5.1)
a

is a solution. To find the solutions, { = (,,(r) corresponding to the missing param-
eters, the easiest way is to find an ansatz which can balance different terms in the,
now linear, ODE. With a little thought it is always possible to find all nypg solu-
tions. A helpful hint is provided by noting that the highest derivatives must have
a role to play in at least one of the solutions. Once we have found nopg linearly
independent solutions, we are ready to classify them. If they grow faster than the
leading term in 4, (r), they have to be discarded, as explained above. On the other
hand if they grow slower than this leading term, we can add them to the asymptotic
series with a finite coefficient. This is because we can always take r large enough to
make the linearisation step valid, whatever size of coefficient we take. In this paper
we provide numerous examples of this procedure in Sects.4.3.5, 4.4.4 and 4.4.5,
culminating in 11 different full asymptotic series in cases (e) and (f) in Sect.4.2.3,
and a zoo of different (,,, including powers of r, exponentials of —r or —r2, and
sinlog r type terms. Needless to say, finding these missing terms is also important
for matching to numerical solutions [3, 4]. We saw in Sect.4.3.6 that matching to
the numerical solution found in Ref. [2], crucially relied on the C r2e=""/3! term
in (4.2.11). Matching at high accuracy these full asymptotic solutions to numerical
solutions, requires developing the asymptotic series, complete with the new param-
eters, to higher order. We do not do this in the work presented in this chapter, but
examples can be found in Refs. [3, 4], where we see that the non-linear parts of the
ODE then generate sub-leading terms involving all the parameters.

Although the eigenoperator spectrum was not addressed in this work, asymptotic
techniques were developed for them also [6, 7, 25, 31, 32] and applied to asymptotic
safety in [3, 4, 14].

In Sect.4.2.5 we used the above full asymptotic series to map out the dimensions
of the solution spaces for different values of the endomorphism parameter 3. This
endomorphism parameter, together with the other one o which was ultimately set to
8 —2/3, was introduced to provide extra flexibility in designing the way modes are
integrated out in the flow equations [2], in particular with the aim of ensuring that
for some value of this parameter there is an isolated fixed point solution suitable for
building an asymptotically safe theory of quantum gravity. Much the same strategy
has also been followed in Refs. [15—-17, 19]. Such a freedom would indeed appear to
be inherent in exact RG descriptions of quantum gravity, so it is certainly important
to explore its consequences. However as we have seen in Sect.4.2.5, the freedom to
change this parameter opens a Pandora’s box. Depending on the value of 3 and the
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asymptotic behaviour, there are no solutions, discrete fixed points, lines, or planar
regions of fixed points. We discussed these briefly in Sect.4.2.6 in the light of results
elsewhere in the literature. As we saw in Sect.4.1.2, ¢4, (r) provides the fixed point
equation of state through the limit in Eq. (4.1.5). In Sect.4.2.4, we saw this led to
several possible scenarios.

Since quantum fluctuations remain strongly coupled at large r, it is not surprising
that the results are sensitive to the formulation. However ultimately we would want to
see universality expressed as qualitatively the same behaviour for the fixed point and
the corresponding equation of state, independent of the details of the regularisation,
providing the regularisation is not singular in some way. Clearly, further research
is required to improve the approximations. Fortunately the asymptotic techniques
explained in this paper, are sufficiently powerful to allow the solution of much more
sophisticated approximations, for example cases where the right-hand side of the
flow equation is awkward or impossible to evaluate exactly [4]. Finally, applying
the techniques we have described here to other formulations that have already been
developed [2, 8-20], will no doubt further elucidate the situation.

Appendix 1: Power Law Solution Coefficients k;

1

" = R BGBGEBI55—22)+ 301+ 2)— 192 (3GBG6B1F—37)+ 725 — 164)— 23)
x (9A (5898247T4A2(5—1)(2752 - 1) (BBAGBAOSN2B(95608—151)+ 1103)
—3175) —4000) + 4370) + 908) — 271) + B(BBB(B6B(153 — 22) 4 301) + 2) — 19)?
X (BBA(545(283 — 33) + 473) + 76) — 35)) , (4.5.2)
1
k3 =

33 (324/3* — 81033 + 63632 — 833 — 2) (162043* — 237633 + 90332 4 23 — 19)°
1
X
(226844 —399633 +217532 —164(3—23)

x (1 1527r2A2(2949127T4A2(21664553744880[317

— 1311030934776003'6 + 3351824321320803'% — 4659925209287405'4
+3730129156965693"3 — 1600324738588533'% + 203417991625953"!

+ 108794486975313'0 — 39923119922943° — 1843589007723% + 23568164206237

— 33424326543° — 9333036891/3° + 3815465793* + 2404242233% — 15717769/3>

— 29762963 + 275350) + 3 (1620[34 —23768% +9033% + 28 — 19)2

x (36704858405” — 135930798003'° + 194628653283° — 132294735543
+388816013757 — 118479513° — 2124502203° + 132457323* +81439793% —7523175>
—1481443 4 17570)) ) (4.5.3)



4.5 Conclusions 123

1
B4 (3243 — 248433 + 291332 — 500 + 7) (3243* — 810433 + 63632 — 833 — 2)
5 1
(16203 — 237633 + 90332 + 23 — 19)"* (22683 — 399633 + 217552 — 16453 — 23)

x (26542087r4A3<262440ﬁ7 — 691092% + 5797983° — 1395633* — 213483° + 5382

ky=—

+4% + 12143 — 21 1) (2949127r4A2 (21664553744880517 — 1311030934776003'¢

+3351824321320803"5 — 4659925209287403'* + 3730129156965693"
—1600324738588533'%24+203417991625953" +108794486975313'°
—39923119922943° — 1843589007723 +2356816420623" —33424326543°

— 93330368913 +3815465793" + 2404242233 — 157177693% — 29762963 + 275350
+ 3(16208% — 23763 + 903> + 28 — 19)2(36704858403'" — 135930798003'°

+ 194628653283° — 132294735543% 4 388816013737 — 118479513°

—2124502208° + 132457323" + 81439793% — 7523176° — 148144 + 17570))).
(4.5.4)

Unfortunately the ks expression is too long to include in the paper. We also list the
values of the k; for the special case 3 = 1/6:

ky = —1296 w2a?,
27 a (3649536 m*a” + 25)

2

)

20
1944 7242 (123254784 74a® + 865)
kz = — 5 , (4.5.5)
30233088 ma? (123254784 r*a? + 865)
k4 = - )
125
L 8la (4034150189236224 m8a* 4 29839933440 ta? + 18]25)
5= = ’

4000

Appendix 2: Non-power Law Solution Coefficients k;

Coefficients k; for general (:

k= 1563% — 728 + 1
921672
_3369643° — 360723* — 5403° 4 48728% — 1163+ 5
- 5529672333 + 1)(63 — 5) ’
(336963 — 360723* — 540> + 48723% — 1160 + 5)2
331776m2(5 — 68)232(33 + 1) (1563% — 7123 + 1)

3=
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fy— 265939238 —304430437 —449064/3° +9713523° +-87483*— 67518 3> +41193% 42355 —25
‘= 33177672(5 — 63)232(36 + 1) '
. (336963 — 360723* — 54033 + 48723% — 1160 + 5)3 4.5.6)
s=— ) 5.
3981312723335 + 1)3(68 — 5)% (156432 — 723 + 1)2

Coefficients for 5 = —1/3:

17 775 600625 349525 465484375
M= 33562 1 = G682 *3 = T506156872" 4 = 2606156872 < T T 2385061273672 4.5.7)
and for 8 = 5/6:
PO B L 9409 4 B 912673
1T 57620 7 T 30240727 0 T 158760072 1 T 70560072 0 16669800072
(4.5.8)
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Chapter 5 )
Outlook i

In this thesis we have presented research considering different fundamental issues
within asymptotic safety.

In Chap.2 we provided two solutions to the reconstruction problem. The first
consisted of constructing a suitable bare action from the effective average action
Iy by using the corresponding Wilsonian action S¥ computed through the duality
relation (2.2.21). The second solution was a map from I to a pair {S*, F,‘:\} as sum-
marized in Fig.2.3. There we also proved a remarkable duality relation between two
effective average actions computed with different overall cutoff profiles but whose
corresponding Wilsonian actions coincide. We note that this result is significant in
general, not just within the context of the RG. Although all relations were phrased
in terms of a single scalar field, generalising the discussion to full quantum gravity
would be straightforward and a useful extension of this work.

In Chap. 3 we investigated background independence and understood the under-
lying reasons why msWIs generically forbid fixed points in the derivative expansion
of conformally reduced gravity. There we argued that no solutions to the flow equa-
tion exist if the msWIs are incompatible. Even in the compatible case, we found out
why msWIs can still forbid fixed points through the parameterisation of the confor-
mal factor f(¢). For example we see that fixed points are forbidden for exponential
parametrisations f(¢) = exp(¢) (as long as the field grows a non-zero anomalous
dimension). We note that the reasons for this conflict are general and not solely tied
to the derivative expansion of the conformally truncated model. Therefore this issue
could provide important constraints for example on the exponential parametrisations
recently advocated in the literature [1-9].

We reiterate that it surely seems significant that whenever the msWIs are com-
patible with the flow equations, it is possible to combine them to uncover a back-
ground independent description of the flow, including a background independent
notion of the RG scale. Of course this has only been shown in the O(3%) approxi-
mation and in conformally reduced gravity so one might doubt whether this trick of
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combining equations would work for full quantum gravity. Owing to this we also
investigated how these issues might appear in polynomial truncations. From the poly-
nomial expansion of the potential we saw that if the equations are to be compatible
then, in terms of vertices, the information they contain becomes highly redundant at
sufficiently high order. Again, these findings surely hint at the existence of a simpler
description. Indeed, in [10] an alternative approach has been initiated which avoids
these issues entirely since background independence is never broken.

Finally, in Chap. 4 we studied the asymptotic behaviour of fixed point solutions in
the f(R) approximation. We gave a detailed recipe of how to construct such solutions,
including how to uncover the missing parameters. We found that quantum fluctua-
tions do not decouple at large R, typically leading to elaborate asymptotic solutions
containing several free parameters. Depending on the value of the endomorphism
parameter 8, fixed point solution spaces of differing dimension were found e.g. there
were no solutions, discrete fixed points, lines or planar regions. However we would
ultimately want the qualitative behaviour of the fixed point to be independent of the
details of the regularisation and the very fact that this freedom exists suggests that
the fixed singularities induced by the form of the cutoff are unphysical artifacts and
should be eliminated wherever possible.

Even when these singularities are sufficiently eliminated [11], the f(R) approx-
imation yields a continuum of fixed point solutions which furthermore support a
continuous spectra of eigenoperators [12], the lack of constraints coming from the
large field behaviour being responsible for this. The structure of these solutions is
governed by the conformal factor sector [11, 13] and these findings are in fact a
reflection of the conformal factor problem previously mentioned in Sect. 1.4 and
studied in reference [14]. More work is needed to understand how these issues might
be overcome in full quantum gravity and possible routes to pursue are discussed at
the end of [14].

Throughout this thesis the discussion has only been concerned with pure gravity,
but for an asymptotically safe theory to be a viable description of gravitational dynam-
ics within our universe it must be compatible with matter i.e. a gravitational fixed
point must persist upon the inclusion of matter fields. Incorporating matter fields into
the formalism is straightforward. The structure of the flow equation (1.3.6) remains
the same, ¢ then just represents the set of all fields and the Hessian and cutoff operator
Ry become block matrices labelled by the different fields. It is unlikely that the stan-
dard model is asymptotically safe by itself and so coupling to gravity is conjectured
to induce a suitable fixed point for all matter fields [15]. For evidence supporting this
see e.g. [9, 16-28]. A further motivation for investigating matter-gravity interactions
is that they could become relevant for tests of quantum gravity. For example, the
asymptotic safety scenario could be ruled out if new matter discovered at particle
accelerators failed to be compatible with the existence of a fixed point. Understand-
ing the compatibility of matter and asymptotically safe quantum gravity continues
to be an active area of research within the community [29-35].

Indeed, even if asymptotic safety proves to be internally consistent, it will be
experimental evidence that ultimately decides if it provides the correct description
of nature. As noted at the very beginning of this thesis, strong gravitational effects
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manifest themselves at the Planck scale. This makes cosmology, and early-universe
cosmology in particular, a promising domain for testing asymptotic safety. Efforts
towards explaining inflation from an asymptotic safety point of view are being made,
with predictions on cosmic inflation given in [36—44]. In terms of astrophysical
processes, predictions for the final stages of black hole evaporation as a result of
running couplings have also been made, see e.g. [45—48]. However, it may also
be possible to put asymptotic safety to the test at energies accessible at earth bound
experiments. If extra dimensions exist, this could lead to alowering of the Planck scale
to the TeV scale. This then opens the door for directly probing quantum gravitational
effects in the near future, for example by using photon-photon scattering as argued
in [49].

Whilstitis imperative to make contact with experiment through asymptotic safety,
we end this final chapter by re-emphasizing that it is also crucial to continue working
on the fundamental aspects of the approach and that this remains an important avenue
of research to pursue.
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