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SUMMARY

General relativity is the successful classical theory describing gravitational interactions
from cosmological scales down to the sub-millimetre scale. It has remained an open chal-
lenge to combine the principles of general relativity with those of the quantum world. A
promising avenue has been put forward by Steven Weinberg, known as the asymptotic
safety conjecture for gravity. It stipulates that a quantum field theory of gravity may
very well exist as a fundamental and predictive theory up to highest energies. The central
ingredient of this scenario is the existence of an interacting ultraviolet fixed point under
the renormalisation group running of gravitational couplings. In this thesis, we study
several aspects of asymptotic safety for gravity. Firstly, we offer a detailed qualitative
and quantitative analysis of modern renormalisation group equations for Einstein-Hilbert
gravity by contrasting different implementations of a Wilsonian momentum cutoff in com-
bination with either heat kernel techniques or spectral sums. Secondly, we analyse in some
depth the scale-dependence of gravitational couplings in the low-energy regime of Einstein-
Hilbert gravity, where indications for the existence of an interacting infrared fixed point
are found. Finally, we extend our analysis of renormalisation group trajectories to f(R)-
type theories of gravity, and investigate how an interacting UV fixed point is connected
with the classical low-energy regime. Implications of our findings are discussed.
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Chapter 1

Introduction

Quantum field theory is the modern theory describing the phenomena occurring at the
very small lengths. In spite of not explaining the gravitational phenomena, it successfully
describes three of the four fundamentals forces in nature: strong and electroweek interac-
tions. Moreover, it is applicable to topics that range from particle physics to condensed
matter. With it, the description of a particle arises directly from the degrees of free-
dom under consideration, and hence it provides a fundamental description of the building
blocks of matter.

On the other side of the spectrum, we find general relativity, describing gravity, which
in turn is for sure one of the most intriguing phenomena in nature. General relativity is
based on the idea that matter modifies the structure of the space-time while at the same
instant, space-time dictates the dynamics of matter.

Combining these two fundamental blocks of modern physics has been a challenge for
a long time now, and it still is. In contrast with other approaches that try to give a
reliable quantum description for gravity, Steven Weinberg’s asymptotic safety proposal
is a minimal one, in the sense that only requires a slight generalisation on the notion
of the perturbative approach for quantising a theory[91] without touching the principles
governing general relativity.

Wilson’s renormalisation group [94, 96] has proven to be a useful tool for the purpose of
studying asymptotic safety for gravity. In its modern approach, Martin Reuter provided
the first computations towards proving the existence of a fixed point in 2 + ¢ and four
dimensions[80], and from there, a vast amount of results have been found to this days. By
now, these results group into studies on Einstein-Hilbert theory [51, 80, 30, 81, 20, 81],
inclusions of matter [75, 39, 29], f(R) gravity [19, 33, 26, 61, 9, 8, 38, 74], and some
phenomenological studies [82, 59, 58, 55, 21, 37]. Much of these works were enabled, on
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the technical side, by optimisation techniques, which have allowed for explicit analytical

renormalisation group equations [53, 54].

Despite of the large amount of results and insights found by now, a number of open
challenges remain. In this thesis, we will analyse in some depth the following aspects of
quantum gravity and its renormalisation group flow. Firstly, finding a complex conjugate
pair of scaling exponents is a common result. It has been conjectured that a complex
exponent is a sign for a degeneracy within the theory. They are generated by the off-
diagonal elements of the stability matrix, in contrast to Gaussian fixed points for which
their stability matrix is diagonal or triangular. Then, it remains to be understood whether
complex exponents are an artefact of neglecting some interactions, or whether they are a
feature of the physical theory. As a starting point, we point out that studies on higher
order derivatives keep finding complex critical exponents. Hence, our main new addition
here will be to change the the way to compute the running of the couplings. Most studies
rely on the use of the so called heat kernel techniques, which amounts to a expansion
around small curvature. Instead, we will use spectral sum techniques without any kind
of approximation. This will allow us to explore other regimens of the curvature. As a
complement of the spectral sums, we will implement an idea to interpolate between both

schemes.

Secondly, we will analyse the renormalisation group trajectories which connect the
interacting UV fixed point with the deep IR regime of the theory. Thus far this has
been done in approximations including up to R? interactions [79, 50]. We will improve
upon this by including interactions in general f(R) theories. The necessity for this arises
because R"2 theory thus far have lead to an unphysically large scaling exponent for the
R? interaction. The effect of it in the UV in negligible. However, the addition of higher
order operators to the theory account to take down the value of the critical exponent to a
physically acceptable one. The price to pay is that many more higher order interactions
need to be taken into consideration. Here, we will put forward an approach which encodes
the higher order terms indirectly, thus allowing for a physically acceptable eigenvalue of

the R? interaction.

Finally, we put forward the idea that gravity might display an interacting IR fixed
points. We explain why the conventional RG equations lead to a degeneracy, and with the
help of tools from dynamical systems we will lift it, leading to new infrared fixed points in
quantum gravity. These fixed points might play some role for the late-time acceleration

of cosmology.
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The outline of the thesis is as follows. We start in chapter 2 introducing the general
tools and concepts needed for the rest of the thesis. In chapter 3 we will study the spectral
sums as mentioned before. For that purpose, we introduce a special parametrisation that
will help us to get simple expressions. After that we introduce the notion of spectral sum
and projection of the renormalisation group equations. After getting the fixed point and
critical exponents of the theory we present the available improvements to the anomalous
dimension. Next, in chapter 4 we integrate numerically the RG equations for the R"2
system, and comment on the large critical exponent found. Then, we introduce a new
idea in order to compute encode information of higher order couplings into the R? flow.
Finally in chapter 5 we introduce ideas from dynamical systems in order to disentangle a
degenerate fixed point, which on top of it, present a singularity. We find two new fixed
points. After that, we define new type of trajectories in theory space to finally show the

gauge independence of the result. We will conclude with a brief discussion in chapter 6.



Chapter 2

Renormalisation Group

If general relativity is treated as a usual effective quantum field theory, then Newton’s
constant, and the cosmological constant must be treated as energy dependent couplings of
the system, hence an important task is to study their behaviour for different energy scales.
One possibility for this is using the tools and assumptions presented in this chapter.

In particular, we present the way to deduce the flow equation [92] for the quantum
Einstein gravity (QEG) as presented in several works [80, 51, 50]. This equation is the
essential ingredient in later chapters in order to compute beta functions, fixed points and

critical exponents.

2.1 Wilsonian Renormalisation Group

Along this thesis we will be working within a coarse graining-like procedure, as the one
formulated by Wilson [94, 96, 67, 77, 6, 76, 98]. This procedure is based on the introduction
of an infrared adjustable cut-off scale k, and an ultraviolet (UV) cut-off A. Also let us
represent high momentum modes by ¢~ (A% > p? > k?), and low momentum modes by

¢ (k* > p?). Then the Wilsonian effective action S}, is defined by

o Skl6] — / Deps e~ SI6>+4], (2.1)
k2<p?<A?

from this definition note that this is an implicit definition where we have integrated high
energy modes, and then the effective action S does not depend on the high energy modes
anymore, so we will get the same result for the long distance physics. Note that from (2.1)

we can get the Wilsonian action at some lower scale k'? < k?

e K — / D¢>€*Sk[¢>+¢}7 (2.2)
E2<p2 <k?

where now the high momentum modes are those defined for the mass shell k'? < p? < k2.
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Finally, with this we can now write the functional integral as

Z = / Dge Il
p2<A2

(2.3)
— / D¢</ D e Slo>+o<],
p2<k? k2<p?2<A?
finally, by renaming ¢ — ¢ we get
Z = / Depe k9], (2.4)
p2<k?

Now, with this functional integral we can compute correlation functions (or the effective

average action) by integrating out quantum fluctuations a momentum shell 6k at a time.

2.2 Asymptotic safety

The asymptotic safety scenario was introduce by Weinberg [91] as an extension of asymp-
totic freedom. The latter, is based on the assumption that all the coupling constants of a
well defined quantum field theory (like QCD, the theory of strong interactions) end in a
fixed point in the limit of high energies k — oo [95, 45, 78]. The QCD case for asymptotic
freedom works in a weakly coupled regime where perturbation theory works at its best, in
other words the dimensionless gauge coupling is small as we increase the energy towards
infinity: gs — 0 when k — oo, for such a limit, the theory is free.

However, it is well stablished that quantisation of gravity by means of perturbation
theory is not realisable, that asymptotic freedom as in the case for the strong force cannot
be achieved. Omne argument is that just with dimensional arguments we find that the
dimensionless Newton’s constant g = k*G}, grows when we increase the energy, meaning
that the theory is strongly coupled in the UV. Another general argument is that, gravity
as a non-renormalisable theory in the standard picture, leads to UV divergences that
have to be absorbed in several counterterms in the Lagrangian, e.g for the Einstein-
Hilbert case we would need to add terms proportional to higher orders of the Ricci scalar
R™, the square of the Ricci tensor (R, R*)", and the square of the Riemann tensor
(RuvpoRFPO)™. In particular, at two loops the Goroff-Sagnotti term RWP"RW)‘TRATW
[44] is encountered needing a non-trivial counter term, this proves general relativity as
perturbatively non-renormalisable. Also, once matter content is introduced, it makes
gravity non-renormalisable at one-loop [90].

Instead, a promising option is Weinberg’s proposal [91] to accept that the quantisation
of gravity is modified through an interacting UV fixed point, instead of a free one. In order

to illustrate how a non-trivial interacting ultraviolet fixed point might arise in gravity,
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consider the Gell-Mann-Low equation [43] for Newton’s coupling. With just dimensional

arguments the general form of this beta function can be found to be

By =0y = (2+1N)g.

The first term occurs due to the canonical mass dimension of GG, while the second term
is generated due to quantum fluctuations. Evidently, and without knowing the specific
details of the anomalous dimension 77, this beta function accepts two types of fixed points.
First, we have the Gaussian fixed point ¢ = 0, at which both terms vanish. Note then
that no quantum effects were necessary for it to occur, it follows then that this is a fixed
point related to the classical theory. Second, as long as the anomalous dimension exactly
cancels with the canonical dimension of g, the theory displays another fixed point. And
then the relation ny = —2 provides us with an implicit equation for the gravitational fixed
point.

Certain toy models are known to achieve this asymptotic safety mechanism, these
include gravity in 2 + € dimensions [49, 3, 72, 18], Gross-Neveu models[42, 86, 14], Yang
Mill theories above four dimensions[60, 57], and self interacting scalar theories with non-
linearly realised symmetry.

A non-Gaussian fixed point is just one of the two ingredients that an asymptotically
safe theory must accomplish. In general, if we work with a Wilsonian effective action, we
have to include all the possible interactions allowed by the symmetries of our theory (in
the case of gravity, invariance under diffeomorphism). A good way to have control over all
the coupling constants of a theory, is by defining them as a series expansion in the action

over some basis operators O
Sk =Y _4i0;,
i

with this in mind, the second requirement for a theory to be asymptotically safe is that
the dimensionless couplings g; = k%g; (where d; is the canonical dimension of each coup-
ling) actually sit on a trajectory that hits the fixed point for k& — oo. These class of
trajectories will define the ultraviolet critical surface, and the number of free parameters
of an asymptotically safe theory will be the dimensionality of this critical surface. If the
dimension D of the critical surface is infinite, then we would need to measure an infinite
number of free parameters to fully determine our theory. Hence, the second condition for
having a asymptotically safe theory is for the dimensionality of the critical surface D to
be greater than zero but finite.

An exact analytical way to determine D is given by analysing the neighbourhood of

the fixed point g;. Expanding the beta functions to first order around the fixed point we



have

(9 — 95); (2.5)
= Z M;j(9; — 95) (2.6)
where M;; is called the stability matrix. The general solution of this system is given by
gi(k) = gf + > CxVFE%, (2.7)
K

here VX and —f are the eigenvectors and eigenvalues of M;; respectively. If §x < 0, then
in the limit & — oo the couplings will never reach the fixed point (the couplings related to
this set of eigenvalues are called irrelevant). And therefore, the dimension of the critical
surface is the number of positive critical exponents (the corresponding couplings are called
relevant). The D constants Ci for which 8 > 0 are the free parameters of the theory to

be determined by initial conditions at some energy kg as

Ck =Y (S Mkjlgiko) —g}), S =(Vi,...,Vp), (2.8)
J

the C'x corresponding to irrelevant couplings are set to zero. Now, assume we have n
couplings, from which D are relevant ones, then by removing the cutoff k£ from the solution
of the linearised system, we have D relations between D free parameters, and D relevant
couplings. Then, we can solve for all the Ck in terms of the relevant couplings, to finally
substitute this values on the remaining n — D relations (corresponding to the irrelevant
couplings), and end up with n — D irrelevant couplings in terms of D relevant ones. This

defines our UV critical surface in theory space.

2.3 Effective action

In the context of quantum field theory (QFT), a theory, with an Euclidean action S]],
is said to be solved whenever we find all the correlation functions, defined through the

Feynman path integral in Euclidean space as

(p(21) - plan)) = N/Dsow(xl) - pl(an)e S, (2.9)

where N is a normalisation constant, and the assumption of a well defined regularised
measure [, Dy, with a UV cut-off A. Either, we take S as the Wilsonian effective action
Sa by integrating out high energy modes, or the limit A — oo is well defined, which means

the theory is well defined in the continium.
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In terms of the generation functional Z[.J]

Z[J] = /D(pexp [—S[go] +/dd:vJ(:v)gp(3:)} (2.10)
with J(x) playing the role a source term which is to be considered as an external field,

(2.9) is written as

1 " Z1J]
(p(x1) - o)) = Z[0] 6J(x1) - 6J (xy)

(2.11)

J=0
Also, in the context of a perturbative expansion, we can express connected Feynman
diagrams out of the so called Schwinger functional W[J] = In Z[J]. And, the expectation

value ¢(x) of a field p(z) at a point x is

oW1 6z1)

@) = (@) = F55 = FT 5 (212)
Now, we can define the Legendre transform of W[.J]:
Ig] = sgp {—W[J] + /dde(x)qﬁ(x)} , (2.13)

this is the effective action (or generating functional of one-particle irreducible correlation
functions), and the sup; means that the right hand side (RHS) is taken at J = Jg,[¢] by
taking the supremum. As a consequence of this, if W[J] is a convex functional so too is

['[¢], and thus the latter enjoys the property

52T
5059 > 0, (2.14)

and can be viewed as the quantum counterpart of the classical action S[g], in fact if one

takes the functional derivative of (2.13) we get the quantum equation of motion

oT'[¢]
6¢(z)

= J(x), (2.15)

however, unlike its classical counterpart, (2.15) takes into account all quantum fluctuations

averaged over in the functional integral.

2.4 Functional renomalisation for gravity

Here, we recall Wilson’s (functional) renormalisation group idea, which is based on the
notion of an average effective action I'y, which connects the bare action I'y oo = S with
an IR action I'y,_,g = I'. Here, k is the renormalisation group momentum scale, and it

dictates the scale down to which modes have been integrated out in the path integral.



9

Following [51, 68, 65, 64], we start with the modified functional for connected Green’s

functional

emﬂwWﬂ}:/iWWQM—ﬂﬂ—A&M+ﬁwMJ, (2.16)

where Ssource = f ddm\ﬁ’myt“” , the integration is over all Euclidean signature real Rieman-
nian metrics, and S[v] is the classical euclidean form of some general gravity theory (e.g.
Einstein-Hilbert, f(R), etc.). The crucial part that make Wj[y] a scale-dependent quantity

is the Wilsonian infrared (IR) cutoff AxS, which has the form of a mass term

1 1 Voo

The cutoff operator R}"” (not to be confused this with the Riemann tensor) appearing in
(2.17) is such that eigenmodes of the covariant Laplacian —V? with eigenvalues p? > k?
are kept in (2.16), while small eigenvalues p? < k? are suppressed, i.e. (2.17) describe the

transition from the high-momentum regime to the low-momentum regime, i.e.
Ri(p*) = k* for p> < k%,  Ri(p*) =0 for p* > k? (2.18)

As usual with gauge field theories, the measure [D7,,] in (2.16) is overdetermined by
the gauge freedom of our theory. In our case this freedom is dictated by the symmetry

under diffeomorphisms
Loa
56’7/111 = V,LLGV + vzxey = §V EXVur + (LE)/W, (2'19)
where the operator L maps vectors into symmetric trace-free tensors

1
(LE)MV = Vyuer + Ve, — i’Yw/v)\e)\- (2.20)

In order to extract this overdetermination, we need to choose a gauge fixing condition
F,—1,=0, (2.21)

with [, being arbitrary functions over space-time.
The way to introduce this gauge fixing condition into our generating functional (2.16),
we use the Faddev-Popov trick. We first multiply the functional unit element

5FV (fY:Ll/)

) (2.22)

1= /Deé[Fy(’yfw) — I,] det(

where ~€ is the transformed metric

’wa = Vv + OV - (2.23)
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We will be considering gauge conditions which are linear in the metric field, hence F},
takes the form F), = ]-"ﬁ‘ﬁ Yap- For this kind of gauge condition, inserting (2.22) into the

functional integral and performing the change of variable v¢ — v we get

/ De / Drywe SMSIF, () — 1] det <f,f‘6(’yapV,3 +fmpva)) . (2.24)

Here the integral over e can be identify as volume of the group VolG, and can be factored

out. Also, by introducing an arbitrary non-degenerated functional G, [vag], such that

1
1= det'?Gop / Dl exp [— / dd:::2laGa5l5} , (2.25)

and integrating (2.24) over [, with such a weight, we can write (by discarding the constant

VolG, and using the functional delta)

/ Drye S0 = / Dy~ S0=5%1 det M, (det G ) Y/? (2.26)
where,
1
Sor =5 / Az F'G , FY, (2.27)

is the gauge fixing action, and
Mp,y = ‘Fﬁﬁ(ﬁﬁwvﬁ + ’Y,Bl/va) (228)

is the Faddeev-Popov operator. These determinants can be expressed in terms a pair of
complex conjugate anti-commuting ghost fields z, and %z, and a third real ghost b,,.

Finally, we can write our modified generating functional (2.16) as
cap{Wilj]} = / D7, DO DC Dhyye™ SIS0 DI=Synlz,z b= Seouree =528 (2,99

where j encodes all the external sources for the different fields, and AS} includes a regu-
lator for each fluctuating field. Then, following the steps of last section, we get the effective

action

Lil¢] = T — ASg,

—sup {1+ [ dlavaia) - oo} - As.

J

(2.30)

where the product - means summation over field and indices, also ¢ = {gu, C, ém B,}
are the expectation values of the integral variables ¢ = {Vuu, 2, Zu, bu }-

In order to maintain the invariance under diffeomorphisms along our treatment and
construct the regulators we use the background gauge fixing technique [41], for which we
expand the metric g,,, around a fixed background field g,,,. With this, the regulator will

be a function of a differential operator A defined on the background metric.
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Now, let us consider the connected two point function (propagator)

1 52w,
Vg 5315.73

and also note that the propagator may be written as Gi(z,y) = (1//9(y))dp(x)/07(y

(Gr)ij(z,y) = = (wi(2)p; () — ¢i(x)¢i(y), (2.31)

hence it follows that

/ddy\/ y)Gi(z, 2) ¢( i Sz — 2). (2.32)

Next, by taking the second functional derivative of (2.30) respect the fields ¢, one finds a
relationship between §j/d¢ and the Hessian of the effective action. All these mean that
the propagator is related to the Hessian of the effective action and the regulator as

5°T',
00i0¢;

~1
(Gl 9)i [ +Rk] (z.9). (2.33)

Finally, we take the scale derivative of the effective action ['y at constant fields

1
kokl'y, = kO Wy, — §¢ -kOg Ry, - ¢

= 3 (o KORi- ) — 5 (o) kOkRs (9) (2:34)

1
= S STelkaLRy - Gil,

and finally, we get

1 1
OiTuld: g] = =STr R 2.35
t k[¢ g] 2 Fl(f) [QS’ g] N Rk, [g] t k[g] ( )

which is referred as the flow equation (or Wetterich equation). Here the super trace STr
means we have to sum over all indices, fields, and integrate over space-time. And, since our
momentum is defined by a background metric, then we need to take the limit g, = g,
at the end of any calculation.

The flow equation (2.35) is an exact functional differential equation for I'g, for which
finding a solution is a formidable task. This equation give rise to a flow in a usually infinite
dimensional space spanned by the couplings associated with the operators in the action
respecting the symmetries of our theory. As it is impossible to solve (2.35) exactly, in order
to extract physical information out of it, we need to turn into reliable approximations for
our effective action I'y. In particular as we will be working with the background field
method, it means we will be considering three metrics into account: the background
metric g,,, the fluctuating metric field h,, = guw — guw, and the full classical metric g, .

Then, our first approximation is to take into account effective actions of the form
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the first term here encodes interaction monomials built from the classical action only

T'i[g] = T'k[g,3.0,0] (2.37)
while ', contains the deviations from g = g (or the remainder terms), and by definition
[':[7,59] = 0. Since the beginning the proposal was to neglect T’ [80], and within this
approximation it has been stablished the existence of a non-gaussian fixed point with a
finite number of relevant operators as it is required for the asymptotic safety program
[9, 20, 30, 36, 50, 51, 61, 81]. However, recently, while trying to tackle the background
independence problem, it was introduced the so called bimetric truncations in which the
term I, is no longer discarded and hence the flow equation is capable of discerning between
invariants built with the total metric and the background one [62, 63]. Nevertheless, in

this thesis we will focus on the single metric case.
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Chapter 3

Functional Renormalisation and

Spectral Sums

In this chapter we will focus on quantum gravity in the Einstein-Hilbert theory. The
principal aim is to evaluate the functional integral using spectral sums techniques, rather
than the widely-used heat kernel expansion. The main motivation for this are:

Firstly, the heat kernel expansion used in the context of asymptotic safety is an approx-
imation scheme bound to regions of small curvature. Spectral sums in principle should
provide a way to explore other regions with a non-small curvature giving rise to good
results.

Secondly, the vast majority of studies have found interacting fixed points in the
Einstein-Hilbert theory provided with a pair of complex scaling exponents. As it was
first explained in [36], the presence of complex exponents indicate a degeneracy due to
the approximation. It is possible that the degeneracy gets unfolded once more interac-
tions are taken into account. Alternatively, the degeneracy might be lifted once quantum
fluctuations are resummed in a more accurate way.

Thirdly, in many previous studies RG equations have been derived by expanding the
quantum effective action around vanishing background Ricci curvature. But in principle,
fixed point solutions should be valid for all curvature values. In fact, is was shown recently
that the sensitivity to gauge fixing parameters is reduced provided the functional integral
is evaluated on the equations of motion[7, 9]. Therefore, we will study RG equations in
settings where the evolution of couplings is derived from non-trivial background curvature.

Finally, we wish to explore more generally the extent to which spectral sum methods
are practical and useful for advanced investigations in quantum gravity.

With these goals in mind, this chapter is organised as follows. First in sections 3.1,
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3.2,3.3, and 3.4 we will review the key methods and explain how they are used in quantum
gravity. Then, in section 3.5 we will contrast heat kernel and spectral sum methodologies
using all types of Wilsonian momentum cutoffs introduced in the literature. Furthermore,
in 3.6, 3.7, and 3.8 we will systematically analyse the background curvature dependence
of the results, and the effect of spectral sums on the existence of fixed points and the
eigenvalue spectrum. Much of our work will use numerical tools, while some other results

are achieved analytically.

3.1 Gauge fixing and field decomposition

Our main motivation is the one-loop result (semi-classical approximation)[64, 65, 68],
where at the level of the generation functional (2.10) when we apply the equations of
motion R = 4A, we are left with the (d — 2)(d + 1)/2 transverse-traceless fluctuations, a
constant mode and d — 1 degrees of freedom coming from the Jacobian arising after the
decomposition of the metric into its irreducible components. Also, in this approximation
[35], with the Faddeev-Popov method, the gauge fixing action is explicitly cancelled by
the ghosts action.

The first step is invoking the background gauge fixing technique [1, 2]. For this, we

decompose the metric v, into a fixed background metric and a fluctuation BW

Vv = Guv + B;w' (3.1)

This split of the metric changes the integration variables of the functional integral (2.16)
as [ Dy = [Dhyy. Also, the gauge condition F,, from (2.27) was linear in the whole
metric v, but after the split will turn into a linear functional of the fluctuation field
F,=F; p ﬁag, where F now depends solely on the background metric. Finally, everything
else will be written in terms of the expectation value of the fluctuation field hy, = (h,.),

and the covariant derivative D,, compatible with the background metric.

We will use the gauge fixing term

Z
Sy = ﬁ / d%x\/gF, F", (3.2)

this means that in (2.27) G, = Zk\/99uw/, Zy is the wave function renormalisation and
I+p
Fu= D’hy, = =L Dyh.

Here, a measures the strength of the gauge fixing term while p gives rise to different

gauges. p = % — 1 corresponds to the harmonic gauge whilst for p = 0 we have the
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geometric gauge. We will be working with the latter after showing a way to cancel the
gauge degrees of freedom in the flow equation (2.35).

The transverse-traceless decomposition for the metric fluctuation hy, [97] is given by
i 1 1 2
hyw = hyy, + D&y + Doy + Dy Dyo + Eg,wh — gQWD o, (3.3)

which will help us to write the hessian and the gauge fixing action into a diagonal form.
In (3.3) hty is the traceless transverse part of the fluctuation, A is its trace part, and the
longitudinal traceless part of it is formed by the transverse vector £, and the scalar o.

Hence, the following properties follow

DiRL, =0, hit=0, D,&" =0, h=h (3.4)

By decomposing the gauge vector €, into its transverse and longitudinal parts (e, =

eﬁ + D¢, with D,et# = 0), symmetry (2.19) translate into

1 1 il
hm/ — h’uw §u — g,u + fua

(3.5)
oc—o0+2, h— h+2D%.
From here and (3.3) we can see that the field redefinition of h
h = h — D%, (3.6)

mixes the trace and trace-free parts of the metric to give rise to a gauge invariant mode

h.
From here on we will start using maximally symmetric spaces as background, hence,

Riemann and Ricci tensors can be written as

R R
Ryuvpe = m(gupguo - guagup)a R, = Eguua (3.7)
where the Ricci scalar R is a constant.
Using (3.3), (3.6), and (3.7) in (3.2), we get
Z, - _
Sor = 5 /ddx\/ﬁ(ﬁﬂA%g‘ + h% [((d—1—p)A — R) Ao + pAh]
(3.8)
1 _
—l—aﬁ((d —1-p)A—=R)[((d—1—-p)A—R)Ac + pAh],
here, A1 = —D? — R/d, and A = —D?. Also, note that in the geometric gauge (p = 0),
there are no mixing terms for the gauge fixing action. Another way to get rid of the mixing

terms is by redefining the scalar mode o, by introducing the new field ¢ as

_ p .
= h. .
o U+(d—1—p)A—R (39)
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Finally with all these, we end up with two gauge dependent fields (corresponding to d

degrees of freedom, d — 1 from the traverse vector §, and 1 from the scalar mode &),

Z
Syr = i / A’z /g [E.A3E" + 5ATAG] (3.10)

with the gauge dependent differential operator acting on scalars as

Aré==((d=1-p)A—R)g. (3.11)

SHN

3.2 Hessians

As explained in chapter 2, after taking the second functional derivative of the effective
action, we need to evaluate the flow equation at g,, = g,.. Hence, the hessian in matrix

notation can be expressed as
(2)ri 1 6%Ty

1 =
"= Va0,

where ¢; = {h/fl,, §us 0, h, Cu, C’u, B, } are the expectation values of the metric fluctuations

(3.12)

(after the T'T decomposition) and the ghosts.
For the Einstein-Hilbert theory

1
167Gy,

Iy = /ddl‘\/g [*R + 2Ak] + ng + Sgha (3.13)

where we can identify the wave function renormalisation Z; with the gravitational coupling
Gr by Z = 1/(167Gy), and defining the inverse propagator plus the gauge fixing term

[p=Ty— Sgn, the quadratic part of the effective action due to the metric fluctuation is

1 s vpo 1 1
ih“”rl(f)“ " oo = Zi / A\ /gl= DI 4 (R = 205) 2y b — h?)

1 1 1 1+
S h R = Shu REW = Shy R W7 4 = by, DY Dy (3.14)
2(1+4 p) — da d*a —2(1+p)?
T D, D hD?h).
2da . - AP ]

After substituting (3.3) and (3.6) into (3.14), we get the quadratic part for the TT sym-

metric tensor part

L@ w10 2 Lyw 2d d—2 1 1w
BL DR, gt = 2p <A+d(d_1)R>h m (R— Ay bk

4 d—2 4d
N (R S Ak) e .
4 d—2 4d M
with Ay = —D? + d(?{i) as the Lichnerowicz Laplacian restricted to spheres. Also, for
the transverse vector part we get
Grde = oot s (r-2a) e (3.16)
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and the scalar contributions

- 1 2d d—2
@y - 1 _ R1? _ _
ol'y)o Y [(d—1—-p)A—R]" Ao+ (R = 2Ak> S o(dA —2R)Ao, (3.17)
2 2
R@7 P g d=25 B z 2 (d—2)*--
hI'y3h = o2 hh PP h((d—1)A — R]Ah (R T 2Ak S hh, (3.18)
and the mixing term
PO _ pp®, _pe@ . (d=2)° 2d ;
ol Th=hl} o =hS o+ S R — T 2Ak oAh. (3.19)

Next, we still need to substitute (3.9) into all the quadratic parts of the effective action.
This change of variables leaves the h*h*, £¢, and 5 sectors unchanged, while the mixing

and the hh parts are

oI h =n\Vs _ (=2 <R—d2d2Ak> (d—2—2p)h d=-DA-R ,, (3.20)

Lha? 8d? - (d—1-pA—-R
and
FR@)7 _d -2 _ _ _ 2d
R} h = IR h(d—1)A—R]Jh+ <R d 2Ak> X, o
__(@-2)(-1) N |
42 ’
with Ag = —D? — R/(d — 1), and
d—2- d—2)((d—1)A—R) —2p°A -
X:——Qh[(d—l)A—R]( J((d—-1) ) P20 (3.22)
8d (d—1—p)A—R]
At this point it is convenient to summarise the different Laplacians defined so far
2R R R
Ay = —D? A =-D*—= Ng=-D*— ———. 3.23

Now, it is clear that with the field redefinitions (3.3), (3.6) and (3.9), whenever we work
on-shell, i.e. R = %Ak, the whole Hessian matrix is diagonal, and the unique gauge
dependent parts are those for the transverse vector £, (which is fourth order in derivatives)

and the scalar ¢ (which is sixth order in derivatives).

3.3 Ghosts, auxiliary fields and Jacobians

3.3.1 Ghosts

We start writing down the ghost action. For this purpose, we exploit our freedom to
write the determinant of the Faddeev-Popov operator (2.28) as det M = (det M 2)1/ -
det(M?)(det M?)~1/2. This choice introduces the usual anti-commuting ghosts C,, Cy,,

and a third ghosts B, which is a real commuting field first introduced in [7]. Be careful
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with the latterreal field since this is not the same field arising from the operator G,v

appearing in chapter 2 and[15, 40]. Also, in a similar fashion to decomposition (3.3), here

we perform the transverse decomposition of the ghosts

C.,=Ct+D,C, C,=Cr+D,C, B,=DByr+D.B (3.24)

Now, at the level of the effective action by remembering the form of the Faddeev-Popov

operator, we get the ghost action from (2.26)
Zy, Zy,
Ty = / A%z \/gC, (MR C, + == / d’z\/gB,(M*)"' B,

“K d m st I o
/d C <A ) CM+4C< A ) AC+

R\? d—1—p. R\?
lp v 1 e v
+B (A d) Bﬂ+4B< A d> AB]

Z _ _
:Ek / VIICHAIC, +4CAIAC + B AIB, + 4ABA2AB]

(3.25)

3.3.2 Jacobians

Here we take into account the various field redefinitions (3.24), (3.3). In appendix A it is

shown that the T'T' decomposition gives rise to two Jacobians
Jo = (det"Ag)2,  Jy = (det/(A1))Y/?, (3.26)

where Ag = A — R/(d—1) and Ay = A — R/d, and the primes indicate that we need to
remove zero modes or negative modes. Also, from the decomposition of the ghosts we get
the Jacobian

Jgn = (detA) ™12, (3.27)

one way to avoid including the auxiliary field coming from Jgy, is to rescale the longitudinal
modes 1y, = {7, B,C,C} according to ¢y, — (1/v/—D?)1r. This rescaling also prevents
the Jacobian Jy from being fourth order in derivatives. Finally, redefinitions (3.6) and

(3.9) give rise to trivial Jacobians, and then they do not introduce new auxiliary fields.

3.3.3 Auxiliary fields

Using the standard Gaussian integration, we can rewrite the contributions of the Jacobians
as

d—1

Souz = / dz\/g| 26" Avcy + <d y 1) eAoAc + 201 Av +( >¢AO¢ . (3.28)

similar to the ghost sector, here ;-

o and ¢ (and the corresponding barred fields) are complex

Grassmann fields, while (;Si and ¢ are real commuting ghosts.
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Spin s Eigenvalue w(l, s) Multiplicity m(l, s)
0 Ut DR 1=0,1,... ol
1 1(12&—_11))—1]%; =12 .. (l+d—3zilJ(rzS!c€;)2()2!z+d—1)
5 1(1;&7_11))72 R 1=23. ... (l+d73)!(d+1%§ld;12))!((ldtdl))(!lf1)(2l+d71)

Table 3.1: Eigenvalues of the Laplacian on the d-sphere and their corresponding multipli-

cities [84, 85].

It is important to note that each transverse vector {r = {£,, Bf;, C’j, C’j}, and each
longitudinal scalar v, share the same number of components of A, also, & and vy, have

the same number of commuting and anti-commuting fields.

3.4 Wilsonian cutoff Schemes
The general form of the regulator (2.17) will be

Ry, = Zyri(2), (3.29)

here, the cutoff function r; vanishes in the limit & — 0 for all the eigenvalues z of a
differential operator of the form z = —D? + U.

The inverse propagator F,(f)

in general is a differential operator of the form A =
—D? + E, where E is a linear map acting on quantum fields, and in our case it contains
linear curvature terms, and the couplings of the effective action (cosmological constant in
the Einstein-Hilbert case). Using the terminology of [20], we split E = E; + Eg, here Eq

does not contain any couplings, while Es does.

1. If the cutoff operator 7y is only a functions of the Laplacian, we will call it type I

cutoff (i.e. U =0).

2. If the cutoff operator 7 is only a functions of the kinetic operator —D? + Eq, we

will call it type II cutoff (or U = U(R)).

(a) Cutoff IT type a.- This is such that, the integrand keeps a part proportional to
the on-shell condition (d — 2)R/2d — Ay,
(b) Cutoff II type b.- Takes the whole E; into the cutoff.

3. And if the cut off operator is a function of the full operator A = —D? + E, then it
will be called type III (for Einstein-Hilbert theory this means U = U(R, Ag)).
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One important feature of the field parametrisation introduced, (i.e., {hﬁy, €., h,G}) in
the structure of the quadratic part of the effective action (with components (3.15), (3.16),
(3.17), (3.20) and (3.21)) is that when the background field goes on-shell R = %Ak,
the Hessian is completely diagonal (another way to accomplish this is by setting the limit
a — 0), and therefore we will only regulate those modes that survive on-shell (i.e., the
diagonal part of the Hessian).

The on-shell condition has no effect on the auxiliary and ghosts fields, and hence, this
will be regulated in a standard way as fluctuating fields.

Finally, we will choose the cutoff Ry in such a way to implement in the Hessian the

rule

Az‘ — Pk,i = Az + Tk7i(Ai/k2), (3.30)

but only on the fields that survive after imposing the on-shell condition.

3.5 Spectral sums

We start here by normalising all our fields such that all components of the differential

operator

A; = 167G,IY) (3.31)

have the form A; = —D?+---, and A; = (—=D?)%?+- - for the fourth order parts (here the
subindex i corresponds to the fields the operator act on (metric fluctuation, auxiliary and
ghosts fields)) . Then, with this definition, and noting that at the level of the super trace
on (2.35), each Grasmannian complex field contributes with a —1, and —1/2 for each real
Grasmannian field, while for real scalar, vector or tensor fields the contribution is 1/2, we
conclude that all the gauge dependence of the metric fluctuation cancels with the ghosts
contributions when we go on-shell or in the o« — 0 gauge, while from the auxiliary fields

we will get a scalar and a vector contribution on the right hand side of (2.35).

Finally, we need to take special care of the conformal mode h, since it gives rise to the
well known unboundedness problem. This problem arrises due to the overall negative sign
in front of the corresponding quadratic part of the effective action (3.21) after imposing
the on shell condition. From the functional measure this can be solved by Wick rotating
h — ih the modes for which Ag > 0 [64, 65]. The resulting right hand side of the flow

equation (2.35) has the form
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. 1 1 OR)
78 — S’L = —TI‘ 7
% Vz; 2V | 120(=D2 + gty R+ 2(G2 R — Ay)) + Rug
+ iTr" 8tRh7k
2V | U2 -D2 - B+ gL (SR — M) + Ry,
(3.32)
L OLRo i
2V | WDz -p2— R4 Ry,
B iTr’ O Ry i [atR_vk]
2V | 2Z[-D2 = H]+ Ry | 2V [Zpao + R )’

the last term corresponds to a single negative mode of h_ (lowest mode) happening on
the d-sphere for which —Aj, has an eigenvalue a_ = & — d%‘ll (%R — Ag). The latter
mode is the last term in (3.32), its inclusion in the following analysis do not change the

overall picture of the results to be shown. Also, V is the volume of the d-sphere

d(d— 1)\ 1(d/2)
= [ d'z\/g = (4m)7/* :
V= [dtes = an (A e (3.33)
and we can define the modified Laplacians
d d—2 9 R
o _ —_p2__t 3.34
Ay A0+d—1<2dR Ak>, Ag=-D P (3.34)
R
A1:*D2737

Note that when we apply the equations of motion R = d%dQAk, Ay = Ay, and since the
corresponding traces have opposite signs, for cutoff type 111, the contributions proportional
to the anomalous dimension of the second and third traces in (3.32) cancel each other,
while for cutoff type II the whole traces of these modes cancel each other. Beside, let
us note as well that the modified eigenvalues for the vector and scalar 0-mode for the
type II and III cutoffs are the same for any dimension. Using the spherical harmonics for

transverse vectors and scalars (3.38), the values on Table (3.1) and (3.34)

AlT;l;m _ <_D2 _ R) T;im _ (l + d)(l — 1)Tlm

d dd—1) " (5.3
A[)Tlm — (_D2 _ C&) Tlm — (l —!Z_(Z)El 1_) 1)Tlm,

for all d and [, this will simplify the computation of the traces with spectral sums. Hence,
the traces for this modes are proportional to each other after performing the spectral sums.

Using all these definitions, (3.30), and (3.31), the right hand side of the flow equation
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(3.32) takes the simple form

&ﬂ“kﬁ
ZkBp + Tip

1 1 atrk 1 1 17
- _— Tr
[ v

1
v k V; 2V Zp AL+

(3.36)
B i L 0157“]{;,0 _ L v 8157“1671 n i 07“]@7_
2V Zp Ay + Tk,0 2V Zp A1+ Tk,1 2V | Zra_ + Tk,—
the primes on the traces of (3.32) and (3.36) indicate excluded modes. For the vector part,
we only exclude its zero mode (lowest mode), for the scalar 0 part we exclude the negative
mode (lowest one), and the zero mode; also, for the conformal part h we exclude the zero
mode (second mode when we go on shell), and the constant mode explained above.

Along this chapter we will be using the exponential cutoff function

k2

Ri(2) = Zkri(2), 1i(z) = (/K =T’

2= A, (3.37)

the advantage of using this cutoff over the optimised one [53, 54] is to avoid the problems

arising when handling numerics with a distribution instead of a function.

Let the covariant Laplacian A = —D? be a Hermitian, positive semidefinite operator
with
l, _ l,
AT . () = w(l, S) T e (3.38)

{T}}\. ..} is a complete set of orthonormal eigenfunctions, and {w(l, s)} the corresponding
eigenvalues of the covariant Laplacian with relative multiplicities {m(l,s)}. In the case
where the Laplacian acts on a d-dimensional sphere this eigenspectrum is reported on
Table 3.1 [84, 85].

The functional trace is of the form

W) = [ days el WA o). (3.39

where W is any smooth function whose argument is replaced with the covariant Laplacian,
and inherits the matrix structure from the corresponding Laplacian, also the prime means
that we need to take care of the unphysical modes for each type of field. Then, using

the orthonormal eigenfunctions of A in the form Tf“m s (@) = (z|l,m) and using the

M. phs?
completeness relation (with 1, ., ..., being the unit matrix in the spin field space s)

x—y) 1

1MMW =5 > (Tmus (@)TE™, (y) + Tom, (@)TEm ., (y)) . (3.40)
l

we can write (3.39) as

TYW(A) = / dhoy/G 3 (| WA L) (),

l=ng

=> m(l, )W (w(l,s)) /ddx\/§<a:|l,m) (I, m|z)

l=ng

(3.41)
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Figure 3.1: Comparison of the RHS of the flow equation (3.36) proportional to the an-
omalous dimension for different values n,q, (various colours) for the spectral sums, using
the heat kernel expansion up to linear terms in R (red dashed line), and using the heat
kernel expansion up to R? terms. Black line corresponds to Ny, = 10, the blue one to
Nmaz = 30 and the purple to n,,4, = 50. The upper panel shows the behaviour of the

RHS for big values of R. The bottom panel shows the differences for values small R.
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and finally using the orthonormality of the eigenfunctions we have

o0

TW(A) =Y m(l,s)W(w(l,s)), (3.42)

I=ng

where ng refers to the first mode included for each type of field.

Using (3.37) each trace S; has the form

77N Tk, 1 Tk -1
S; = ——Tr Ty | —E .=
¢ |:A +le:| * 2 |:AZ‘+T1'7]€:| * 12

the dot means derivative respect the RG time ¢ and the prime means derivative respect

/
Tk

_— 3.43
A; + Tik ( )

the arguments. Also, the ”potential” term U; is the difference between the usual laplacian
A = —D? and the modified one A; (3.34), i.e. U; = A; — A.

In order to highlight the benefits of using spectral sums instead of heat kernels, let
us compute the trace of the RHS proportional to the anomalous dimension for a type III
cutoff and compare both results. In [34] the traces were computed to first order using heat
kernel techniques because that was enough to find the beta functions. Here we computed
the right hand side of of the flow equation (3.36) in the heat kernel case, up to R? terms
for d = 4 (see Appendix B)

1o _ —120 (4922 + 51X +9) — 757R? + 30(146A + 99)R

Ve 1728072 Nt
68640)\2 4 10843 R? — 53040AR — 720(73R — 196\) + 1224072 — 73440
20736072 Ot
(10843 + 9084) R? — 240\ (221\ + 2197 + 219) R — 18072(33R — 136))
+ +
10368072
480 (1433 + 147(1 + 29)A% — 153X + 54((3))
+ 10368072
(3.44)

we used a dimensionless Ricci scalar (R — k%R), and a dimensionless cosmological constant
A = k~2Ay. 7 is Euler’s constant, and ((z) is the Riemann zeta function, these two factor
arise after integrating the threshold functions (B.11) with the exponential cutoff (3.37).

Meanwhile, from (3.43) and truncating our spectral sum up to an n,,q; value, we get

;li“f rri(w(n, i, R, A))

. 4
(i B ) + e (w(n, i B A) (3.45)

37}1\7 =m0
As we are using the cutoff type III, we need to modify the eigenvalues of Table 3.1 by
adding by subtracting the corresponding ”potential” terms U (R, Aj) associated with each
type of field (A; = —D? 4 U;). With this we note that the eigenvalues of the Laplacian

on the d—sphere are linear in R and Ag, hence

nmm Tki( (n,i,R Ak))
2 Z )R+b( )Ak +Tkz( (n7i>R>Ak))’

3.46
3"7N ( )

nno
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Figure 3.2: Values of the fixed point and the absolute value of the critical exponents for
different values of n,,4,. The critical exponents are a conjugated pair of complex values,
and for n,., = 3 the value for the real part of 0; is negative. This plots were obtained

with the cutoff type III and ¢ = 1.

where a(n,7) and b(i) are number coming from the eigenvalues of the operator A;.

The results are plotted in Figure 3.1 using dimensionless quantities R — k?R, \ =
k=2Ay, and the on-shell condition R = 4\ in d = 4. The main things to note here are:

a) It does not matter how big nyq, is, the limits R — 0 and R — oo the trace divided
by the volume will vanish for the spectral sum provided n,,q, is finite, but the heat kernel
will give non-zero value for the R — 0 limit. Remember that the regulator vanishes at
large momentum, but thanks to the spectral sum, now the momentum is replaced by R,
which is the dimensional Ricci scalar divided by the momentum cutoff k, hence the limit
R = R/k? — oo can be understood as the limit k¥ — 0 and finite R, i.e. it is the infrared
limit. From figure 3.1 we observe that in this limit we are left only with the left hand
side of (2.35) (the vanishing of the right hand side of the flow equation occurs due to the
definition of the cutoff operator (2.18)), which in turn produce the classic scaling for the
couplings;

b) the heat kernel method comprises the small R behaviour, meanwhile the spectral
sum gets information for different values of R;

c) the only way for the spectral sum to reproduce the heat kernel method is by com-
puting the traces for a sufficiently big n,,q. This can be noted from the bottom panel of
figure 3.1, where the spectral sum is clearly different for each 7,,,, chosen. Meanwhile,
the top panel shows a rapid convergence for values R > 1, this means that in this regime
we only need to take few modes into account to compute beta functions, fixed points and
critical exponents.

This behaviour of the spectral sum will be important for performing the projection of
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the flow equation and to analyse the convergence properties of the different approxima-

tions.

3.6 Projection

By projecting the flow equation we mean that we project the RG flow from an infinite
dimensional space of all actions onto some finite dimensional subspace, and hence, (2.35)
becomes an ODE for a finite set of generalised couplings which are the coordinates on this
subspace.

The most general way to perform this is by expanding both sides of (2.35) around some
arbitrary value Ry and match both sides by comparing orders of (R — Ry). By performing

this in the Einstein-Hilbert theory in its dimensionless form, the LHS gives

1 _ —29+ B, (Ro — 2X\) By + 2g(—Ro + 4\ + )

—o, =
Yok 167 g2 167 g2

(R— Ro) + (3.47)

Note that the dependence of the flow equation on Ry only come from the RHS, and the
term proportional to (R — Rg)? in the left hand side.

From here, two particular cases have beenexploited in literature
e Ry =0 [80, 50, 61] (and many other references).

Since the heat kernel describes the R — 0 limit, this is the correct way of computing
and projecting the traces. It is also possible to compute the UV divergences appear-
ing in perturbation theory [20] by computing heat kernel coefficients for operators

with four derivatives of the metric (e.g. R?, R, R, C?).
e On shell, Ry = 4\ [7, 9, 30, 34, 73].

In this case (3.47) is,

—29 + Bg
167 g?

ABg + 9B

—4
(R—4\) + Smg?

1
=o' = 3.48
Vv tl k ) ( )

also, several cancelations occur on the RHS for the cutoff type III (Appendix B) and
all the gauge dependence gets factorised as shown in [7]. In this case, in [34], heat

kernels are used, while in [7, 9], spectral sums are implemented.

e Interpolating between Ry = 0 and on-shell. Ry = 4cA

Here we introduce a constant ¢ to help us to interpolate between the first and the
second case. Due to the presence of ¢, no cancelations occur in (3.47) as in the
on-shell case, but instead we get

1 —29+p
— o0, =2 _ "9
VU RT T16¢2r

(2c = D)ABg + g(Br — 4A(c — 1))
8¢g%m

(R —4c)) + (3.49)
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Figure 3.3: Fixed points values for the different cutoff schemes.

0012 : : : . q 350
0010} {1 30r
.
- g
i 1 23 *
0.008 L =81
. - g
o006l u sob £m
0.004F {1 15+
0.002} 1 g0t -
0.000 L L L L L L L L L L L
0 200 400 600 800 woe 9% 200 200 600 800 1000
c c

Figure 3.4: Fixed points values for the dimensionless cosmological constant (left), and

Newton’s constant for all three cutoff types, using large values for the interpolating para-

meter c¢ (see disscucion after (3.68)).

In this case, if we use the field parametrisation of [51] in the limit ¢ — 0 we recover

the exact values for the fixed points and the complex conjugated pair of critical

exponents, while it is impossible to find a fixed point for values above ¢ = 1/4 (this

result is not shown here). As discussed before, whenever we try to reach the limit

c — 0 we need to increase the number of modes in the spectral sum 7,4

3.7 Fixed points and critical exponents
Considering both sides of the flow flow equation (2.35), let us call
1 1
V V

where V = k%V is the dimensionless volume.

(3.50)

It is easy to see that from the general form of the flow equation and the way we

implement our regulator, (3.50) is linear in the beta functions, and then it is possible to
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write (3.50) as

E = A(gi,R) + Bk(gi, R)ﬂk(gz) =0, 4,k=0,1, (3.51)

where we use Einstein convention on the index k, we use the notation gg = A, g1 = ¢,
Bo = B, and 1 = By, A and B are complicated functions of g; and the background Ricci
scalar R.
In order to project the flow equation we use for each order of R — Ry an equation of
the form
o)

En=opm¥ = A™(g;, Ro) + B{" (g:, R i) =0 3.52
OR™ | rsre (9i, Ro) + By, (9i; Ro) Br(9:) (3.52)

then the beta functions in a matrix form are
Br = —(B")~tA™ (3.53)

The condition to find a fixed point is 5;(g}) = 0, hence the fixed point equation from
(3.52) is

By =AM (gr Ry) =0, n=0,1, (3.54)

this yield a system of 2 coupled equations to find A* and g*.

To find the critical exponents, we first need the stability matrix

My = 22 = 0,8 , (3.55)

At this stage we need to be careful with the different kind of projections described in the
previous section. On the one hand, when the expansion parameter Ry is a function of
the couplings in the system (as in the on-shell, and the interpolating cases), then we get
contributions depending on the couplings that have to be taken into account for computing
the stability matrix. On the other hand, Ry being just a number will give no contributions
over the derivative respect the couplings, and hence, if one wants to compare both results,
one will find same value for the fixed points but different critical exponents.

Now by taking the derivative with respect to g of the vector E, in (3.52) we get
Oy Enl«= OxEn|s= Ok An(gpm, Ro) + Bni(gm, Ro) M, =0 (3.56)
in matrix form, after solving for the stability matrix M;, we get finally
My; = =B Ay, (3.57)

with Ay = 8,49 (g7, Re) and B;; = B (g7, Ry).
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Figure 3.5: Critical exponents for different cutoff schemes. Note that the critical exponents

from ¢ = 0 to ¢ = 0.5 are a complex conjugated pair with a positive real part.

3.7.1 Fixed Points

Explicitly, our fixed point equation (3.54) for the interpolating case has the form

)\*S@;C) =S|p=tcx= F*(R = 4c\", \)
1 5 (3.58)
_8779* :@F*(R =4e\" ") = FY (R = 4e\™, \Y),
where the asterisk on F' and F; means we have set 5y = 3, = 0, and ny = —2. Now,
substituting the second equation into the first, and reordering we get
C(R=4c\", X)) =4\ (1 — o) F{ (R =4cA\", \") + F*(R = 4eA™, \") = 0. (3.59)

This is a single equation depending only on A* and ¢, and hence, by choosing different
values for ¢ we can solve it numerically for A*. Once we get the value for A\*, we can go
back to (3.58) to find ¢g*. Let us remember here that the functions F' and F}, are the
traces and the derivative with respect to R of the traces of the RHS of the flow equation
(3.32). We have computed this traces with the spectral sums as described in section 3.5,
then, F' and F; depend also on our upper maximum value n,,,,; on the sums. The fast
convergence for A*, g*, and A\*¢g* is shown in the left panel of figure 3.2 for the cutoff type
IIT and ¢ = 1.

The results for different cutoff types are shown in figure 3.3 for values of ¢ ranging
from 0 to 4, and in figure 3.4 for large values of ¢ (where ny,q, =~ 100) . Close to ¢ = 0
(with 1 =~ 50), A* is about 0.2 for all the different cutoffs, and g* is about 0.5. Also
whenever we increment the value of ¢, \* tends towards zero, while g* converges to 3.2398
for type I, 1.6924 for type II, and 1.1065 for type III. This last limit is shown in figure 3.4,

where ¢ ranges from 50 to 1000 and 1,4, = 50
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Figure 3.6: Critical exponents in the large ¢ limit. ¢ ranges from 50 to 1000 with 71,4, = 50.
Dots, squares and diamonds correspond to numerical values, while grey lines correspond

to the fits appearing on table 3.3

From figure 3.3 we observe that there is a maximum for A* at ¢ = 1, and that can be

proven as follows: first we take the total derivative of (3.59) respect ¢, hence

dC(R=4cA*,\") X" aC  aC

dc ~ Oc O + de 0, (3.60)
which is equally zero by definition. From here, we can solve for OA*/9c
ON* oC/dc
=— .61
oc AC JON*’ (3.61)

hence, the condition for a maximum/minimum value for A* is give by equation (3.61) to
be zero and solving it for ¢. This means that dC/0c¢ must be zero, and from (3.59) we can

take explicitly the derivative respect ¢

oc __ AN'FT (R = 4cA™, X)) + 41" (1 — c)aFl (R = 4eX’, A )+
o de (3.62)
OF*(R = 4c)\*, \¥)
_|_
Oc

=0,

next, we need to consider that A\* is only a function of ¢ (given by solving (3.59)) and not
of R, then the following relationship between F} and 0F* /¢ holds,

OF*(R = 4N, \") _ || OF"(R=4cA", \")

=4\ Ff .
de OR 1> (3 63)

with this, the first and the third terms in (3.62) cancel each other, leaving us with

8024)\*(1_0)8F1(R;4c>\ JA%)
C

o = 0. (3.64)

Then, finally this is true either if OF; /0c =0 or ¢ = 1. And thus, ¢ = 1 corresponds to a

maximum for \*(c).
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Nmagz 3 4 5 6 7 8 100
01 —1.213 — 2.5137 | 0.4969 — 2.4407 | 1.507 — 1.8537 | 2.170 — 0.923¢ | 3.554 | 4.141 | 4.409
02 —1.213 4+ 2.513¢ | 0.4969 + 2.440¢ | 1.507 + 1.8537 | 2.170 +0.9237 | 1.557 | 1.335 | 1.255

Table 3.2: Critical exponents for different n,,,, values for cutoff type III and ¢ = 1. Note
that for values up to 3 the real part of the critical exponents is negative (irrelevant), then
after 3 they change to a real positive part and they converge quickly for grater values. The
relative error between 7 and 100 is 19.39%, between 8 and 100 is 6.08%, and between 9 and
100 it is just 1.59%. Also after n,,q, = 6 the pair of complex conjugated pair bifurcates

into two relevant and real critical exponents.

3.7.2 Critical Exponents

For the critical exponents in the interpolation case, we need to construct first the stability
matrix (3.55). By taking the derivative of (3.49) with respect to A and g, and imposing

the fixed point condition 8y = B4 = 0 and ny = —2, we get the following set of equations

e[ L oF (2e -1\ OF*] _OF" | OF"  c-1
| 8rg* 0B Y 8rg 9B, ] oA OR ' 2mg*
e[ L oF (2e -1\ OF*] _OF"  (1-c)
O\ 8rg* 0By el Y 9B, |~ 9g 21 g2
(3.65)
v [OFT oFf 1 |_ _oF _, oFf
PN Ylag, 1672 oA OR
OF; OF; 1 OF; 1
M, et M 1 — 1
0 [(%J M {aﬁg 6792 | ~ By " 3ng?

which are four equations for the four entries of the stability matrix. In this case the asterisk
on F' and F; means 3\ = B4 = 0, and ny = —2 after taking the respective derivatives.

The solution of the system is

Mo — AsCr — A0y Mos — BoyCi — A1Ds
007 4001 — A1Cy’ 017 4,01 — A1C (3.66)
Mg = ACy — AgCa My = ByCo — Ao Dy '
A1Cy — ApCy’ A1Cy — ApCh
with
1 oF (2¢ — 1)A*  OF* OF*  9F* -1
Ao = 8wg* 9By’ A= 8mg*2 9By’ Az = o\ e OR + 2wg*’
g 0P (U—oN 0K 0F 1
dg 2wg*2 aBy’ 0By  16mg*?’
oOF% OF* OFy 1
C2=— 8)\1 e 8]% Dy == 891 8mwg*2’
(3.67)

Let us note that for cutoff types I and II we have 0F/08\ = 0F1/05) = 0, and hence
Co =0, and Ag = 1/(87g*).
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Type I Type II Type II1
A* 0.5376/c 0.5468/c¢ 0.4405/¢
g* 3.2559 1.6835 1.1105
01 3.8593 4 8.2206¢c | 4+ 4.2¢ | 6.0882 4 6.2773c
02 2.8774 3.1 3.1277
R, =4c\* 2.1496 2.1872 1.762

Table 3.3: Fixed point values for A* and ¢* and critical exponents in the limit ¢ — oo for

the different cutoff types.

As in the fixed points case, here, the quantities A;, B;, C;, and D; depend also on
the number of modes included in each spectral sum (n,,q;). Then, we find that for
Nnaz = 3,4,5,6 they are a complex conjugated pair, giving rise to a irrelevant direction
for nmer = 3, as shown on table 3.2, and the right panel of figure 3.2 for cutoff type
III and ¢ = 1. After ng,.. = 6, we start getting a fast converging pair of real critical
exponents. This convergence can be seen since the relative errors between n,,q, = 7,8, 9
and Nypqe = 100 are 19.39%, 6.08%, and 6.08% respectively.

Going back to (3.59), we can solve for \*, and from the second equation in (3.58) we
can solve for g* as follows,

F* 1

N~ o
Ty o

He—DF (3.68)

in the limit for large ¢, from figure 3.4 we note that A* is inversely proportional to ¢ while
g* is just a constant. These mean that in this limit, from the first equation of (3.68) we
get that F;/F} is order zero in ¢, making A* order ¢~!. While from the second equation of
(3.51) we get that F} is order zero when A* oc 1/¢. These asymptotic values are reported
on table 3.3 for the different cutoff types. The last line of table 3.3 contains the maximum
value for the Ricci scalar we can explore within the present framework: for cutoff type 1
we have R* = 2.1506, for type II R* = 2.1871, and for type III R* = 1.7619.

From the previous analysis, in the large ¢ limit we can establish now the c-scaling of the
different quantities (3.67), and, therfore the c-scaling for the components of the stability
matrix. Only As and C9 are proportional to ¢, and all other quantities are order zero in
c. Also, these two quantities are the responsible for the unphysical growing of ¢;. The
way to find the values of table 3.3 was first by adjusting A\* as a/c (with a constant value

a), then with this value is possible to find g* by inserting the former value of lambda in

(3.68) and taking the limit ¢ — oo, and as expected this is a constant value. Next, we use
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Figure 3.7: Cutoff type II. Fixed points values for the different improvements. OL means

ny =1y = 0, RG improvement I is ; = 0, and RG improvement II ny = n;.
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Figure 3.8: Cutoff type II. Real part of the critical exponents for the different improve-

ments. OL means ny = ny = 0, RG improvement I is n; = 0, and RG improvement 11

ny=mnJ-

this values for \* and g* and the same limit to find the values (3.67), to finally compute

the stability matrix. For all cutoff types, the stability matrix has the form

ago + bgoc @
M, = 00 + 000 01 ’ (3.69)

aip +bioc an
in the large c limit the eigenvalues of (3.69) are

ap1bio ap1bio

(3.70)

+booc,  (O2)r,11,111 = @11 —

(01)1,11,111 = Q00 b
00 00

These confirm the arguments of the previous paragraph. Also, figure 3.6 shows both, the
numerical and the fit on table 3.3 for the critical exponents using the different types of

cutoffs.
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Figure 3.9: Cutoff type III. Real part of the critical exponents for the different improve-

ments. OL means ny = 1y = 0, RG improvement I is n7; = 0, and RG improvement II
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3.8 Anomalous dimension

In definition (3.31) we implicitly defined the laplacian for the auxiliary fields with a New-
ton’s constant coupling as a factor, and by doing so we have got some cancelations when
we go on shell, i.e. Aj; = Ag. For type III cutoff, this implies that the whole traces
corresponding to scalar modes cancel each other.

Instead we could have defined the laplacian corresponding to auxiliary fields as
AO = Fl(fz,gc/th A1 - F;?zLCL/ZJv (371)

hence, the corresponding traces will be of the form

. *. /
—NJTko0 T TR0+ Url
Ag + Tk,0

—nyrea +rEaUT
AN

1
77T 1
gt "o

1
So + S1 = *§TT‘/1T (3.72)

From here we can choose 77 and 7y in different ways: The first one is the one we adopted

in the previous chapters, and we will call it RG improvement 11
ny=nnN = —ZkatZk. (373)

This improvement was first used in [34] and it was motivated by the cancelations described
at the beginning of the chapter. The second one is just to neglect 1y terms, and will be
called RG improvement I

ns =0, nn=—2Zy0Z. (3.74)

The last one correspond to the one-loop approximation for which

ny=nn=0 (3.75)
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Figure 3.10: Cutoff type III. Fixed points values for the different improvements.

Cutoff type I1

In figures 3.7 and 3.8 we compare the different improvements for the cutoff type II.
The first thing to note is that for RG improvement I \* gets a very big FP value for the
on-shell condition ¢ = 1, and for ¢g* both RG improvements I and II give a very similar
value for ¢ — 0. For the critical exponents, for RG improvement I we see that at ¢ = 1
6! already have a really big eigenvalue before it start growing proportional to ¢, while all
other values are comparable for the different improvements.

Cutoff type III

Similarly, figures 3.10 and 3.9 show the fixed point values and critical exponents re-
spectively for cutoff type III. The same remarks as in the results for cutoff type II are
noted.

Finally, as expected from the discussion on the previous section, all the structure shown

is preserved for each cutoff type and RG improvement.

3.9 Conclusions

We have derived the flow equation (2.35) for the Einstein-Hilbert theory in a way that only
physical modes contribute to the beta functions, fixed points and critical exponents of the
theory. Also, we introduced two different RG improvements. One of them consisted of
identifying the wave function renormalisation of the auxiliary sector as the newtonian one,
the other sets the wave function renormalisation of the auxiliary sector to 1, i.e. Z5 =1
or ny = 0.

After that we argued that computing the traces of the flow equation via heat kernels
only works for small values of the background Ricci scalar, even if we go on-shell. This was

shown in figure 3.1 where we compared the complete right hand side of the flow equation
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computed with heat kernels up to second order in the Ricci scalar R and with spectral
sums. We learnt that for small values of R we need to truncate our spectral sum with
a big Nymaz, while for values R > 1 we only need the contribution of few modes on the
spectral sum to achieve convergence. Next, we implement a new way for projecting both
sides of the flow equation, called interpolating projection. Here we introduced a numeric
parameter ¢ such that we expand both sides around c¢ times the on shell curvature, i.e.
R = 4cAy, and by doing so it was possible to compute numerically the fixed points and

critical exponents for different values of c.

The first important remark is the lifting of degeneracy for the complex critical expo-
nents. In contrast with the present work, the lifting of the degeneracy was achieved as
well in [34] with the help of the heat kernel, but going on shell. Then, the appearance of
complex critical exponents might be an artefact not on the field content of the theory, but
rather of computing them too far off shell. Care must be presented to this argument, since
previous results working on shell and with spectral sums found complex critical exponents
[7], the main difference with our work is the way to implement the spectral sums and the

different cutoffs.

As a second remark, we found that even though we introduced a unphysical parameter,
there is a structure that does not depend on the way we compute the right hand side of
(2.35) or even the approximations we use. First, there is a maximum for the A* at precisely
¢ = 1 where the on-shell condition is met. Second, for ¢ = 1 we found a minimum for
the critical exponent corresponding to the gravitational coupling G,. This points out that
in a general framework, the renormalisation group equation (2.35) prefers the on-shell

condition over all others.

Also, for values beyond the on-shell condition ¢ — oo A* is inversely proportional to
¢, g* gets to a constant value (that depends on the used approach). The critical exponent
corresponding to the cosmological constant grows indefinitely proportional to ¢, and the
other critical exponent approaches constant values. Clearly the large-c behaviour is not
physical in the current context, but it is intriguing the fact that the critical exponent
corresponding to Newton’s coupling stabilises at about 62 ~ 3, which is the same as the
one found by Hamber[47] in numerical lattice studies, and the one found by Falls [35].
Also, it limits the exploration for fixed points for different values of the curvature constant
to R < 2 (see table (3.3)). The proposal for overcoming this difficulties is to perform
a similar study with the projection R = Ry with Ry being a constant, and also to use

the exponential parametrisation for the metric fluctuation hy, [35], instead of the linear
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splitting used in the present work.

Furthermore, there is a critical value for ¢ where the critical exponents bifurcate into
a pair of real exponents, this in contrast with the usual complex pair found in most of the
literature regarding asymptotic safety for gravity. It was believed that the appearance of
complex conjugated pairs of critical exponents was due to the fact that Einstein-Hilbert
theory or even polynomial truncations on Ricci scalar were not accurate enough in the

UV [36].
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Chapter 4

The phase diagram of f(R)

quantum gravity

4.1 Introduction

One of the current challenges in the asymptotic safety program for quantum gravity is to
prove the existence (or non-existence) of an ultraviolet fixed point with a finite-dimensional
UV critical surface. Throughout the years, systematically new positive evidence has been
found regarding the possibility for gravity to be asymptotically safe. However, little is
known about whether strong effects of the renormalisation group can be seen in the infrared
limit of the theory. Furthermore, since the information about the precise numerical values
of the couplings for the gravitational phenomena come form the classical world, then, it is
important to understand how the two regimes, ultraviolet and infrared, talk to each other.

For example, a satisfactory model that explains the exponential expansion of space

in the early universe, is given by Starobinky’s model [88]. It is based on the inclusion of

1

mR2 to the Einstein-Hilbert action without cosmological constant. The
N

the term
experimental value for M is about 10'® GeV, and it follows that if the asymptotic safety
conjecture and Starobinsky’s model is correct, then this value with the addition of the
value of Newton’s constant would provide an initial condition for the effective gravitational
action, opening the possibility to make future predictions based on our theory.

Two more open question regarding higher order theories of gravity are discussed
throughout the chapters of this thesis. The first one regards the complex conjugated
pair of critical exponents found throughout literature on the topic, and whether is pos-

sible to disentangle the couplings near the UV fixed point given a more general theory.

And the second regards the unfolding of the singular point (A = 1/2,¢ = 0) in the deep
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infrared of the theory, providing us with a new fixed point that could explain the late
acceleration of the universe.

With this ideas in mind, here we will explore the phase space of the R? theory with
the help of a general renormalisation group equation for f(R) theories, and also we will
use to our advantage the remarkable result of the existence of a reliable UV fixed point at

least for truncations up to order R7°.

4.2 RG equations for f(R) gravity

In order to compute the beta functions of the system we will follow [48, 71, 36, 87]. The

starting point is the scale dependent Euclidean effective action

Ty = / d*z\/GFL(R) + Syf + Sgh + Saux (4.1)

with the corresponding gauge fixing action, ghosts and auxiliary fields. The function Fy(R)

is a polynomial expansion about the dimensionful Ricci scalar R
Fp(R) =) giR'. (4.2)
i=0

In a similar fashion as we did in chapter 3, we start with a maximally symmetric back-
ground, and we perform the TT decomposition (3.3) for the metric fluctuation h,, and
the ghost fields.

Also, we use the gauge fixing action (3.2) with the gauge fixing parameters a = p = 0.
The benefits of this gauge is first the decoupling of the scalar fields ¢ and h at the level of
the hessian, and second, only the traces over hfw and h depend on F(R) with the traces
over §, and o coming just from the gauge fixing actions.

In order to implement the flow equation (2.35) [92] we need to choose a proper cutoff.
Here following [87], we define the cutoff such that in the flow equation explicit poles in the
dimensionless curvature sacalar R = k~2R are removed. The latter observation was first

made in [9]. The observation made here is the generic product-structure of the Hessian

) = aA(A)F (4.3)

Txr

where «a is a constant prefactor, ¢ can take the values 0 or 1, k is either 1 or 2, and the
modified laplacians A; are
R R
A =—-D? Ng=A-7, A=A- (4.4)

where Ag act on scalar fields and A on transverse vectors. Then, for the transverse vector

&u, the scalar o, the scalar longitudinal part of the ghost C', and the auxiliary fields upon
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which four derivatives act, we implement a cutoff type II with the implicit definition of

the regulator R{* via the relationship

I®) + Ry™ = a[A + rg(A)] [A + 7 (A)]", (4.5)

in which the shape cutoff function r will be the optimised cutoff r(¢?) = (k? — ¢?)0(k? —

q?)[53, 54]. For the remaining fields we will use the cutoff type I as explained in 3. This
technical detail ensures the that the poles R = 3 and R = 4 appearing in [48, 36], which
come from the choice of regulator (and as they are regulator dependent, the may not be
physical poles), do not appear.

Using dimensionless Ricci sacalar R = k~2R let us introduce the dimensionless function

and dimensionless couplings,
f(R) =167k~ Fi(R), gi(k) = k™% gi(k), (4.6)

where d; is the mass dimension of g;.

Hence, equation (2.35) in its dimensionless form take the form

Ouf —2Rf' +4f = Lo[f] + Li[f] - O f' + La[f] - O f”, (4.7)

where the prime denotes derivation with respect to R and I, depends explicitly on f, its

first three derivatives, and on R (Appendix C). Explicitly (4.7) has the form

3847°(0:f (R) — 2Rf'(R) + 4f(R)) =
atf,(R)<3§§£’—ff§—15R+30+ S+ B L3R+ 6 )
3f(R) = (R=3)f(R)  (R=3)2f"(R)+ (3 —2R)f'(R) +2f(R)
R (=32 4 24 30R - 60) f"(R) + (SHE — £ — 90R +240) f'(R)
3f(R) = (R—=3)f(R)
0" (R) (— 15 — 2902 U o7) N (L0 + 282 4 U 54) fO(R)
(R—=3)2f"(R)+ (3—2R)f'(R) +2f(R)  (R—=3)f"(R)+ (3 —-2R)f'(R) +2f(R)

(3 — 22— 22 _19R 1 216) f'(R) + (32 + B + 18R + 48) f'(R)

_|_

756 10 5

" (R—3)2/"(R) + (3 2R)[(R) + 2/ (R)

422 R2

— 361 — 48
45

(4.8)

As we can note, this equation contains derivatives of f up to f®). Then, if we insert the
fixed point conditions 0, f = 9, = 0,f"” = 0, we will end up with a third order non-linear
ordinary differential equation. Solving this kind of equations is an open topic nowadays,

so we only refer the reader to the next references [8, 74, 48, 87, 9, 61, 20, 19, 24, 26, 27].
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Another approach to extract information out of (4.7), is to implement the method
used in [36, 48, 87]. Then to find the the beta functions up to order N — 1 we first need

to truncate (4.6) by choosing all the couplings to be zero, from N + 2 to infinity, i.e.

g =0 VI>N+2, (4.9)

or in other words, truncate our theory up to two orders above of the one desired. Then
we simply need to plug (4.6) into (4.7) or (4.8), project the resulting equation, following

by setting the initial conditions

gNN+1 =0, Byns1=0, (4.10)

and finally solve the remaining N — 1 equations for the remaining N — 1 beta functions.

To demonstrate how the argument above works we will state the first steps explicitly
for the R? theory. Or more, clearly, we want to compute the beta functions for R? theory,

then we start with N = 3.

First, we need to substitute f(R) = Z?:o giR" into (4.7) to get

4 4 4

> (BuR" + 49, R" — 2ng, R") = Io[f]+N[f]D_ (nBR* ')+ L[f] Y (n(n — 1)B,R"?)
n=0 n=0 n=0

(4.11)

where Iy, I, and I are shown in appendix C.

Then, expanding to order R?, R' and R? around R = 0 and equating both sides order

by order we get

Bo+4g0 = I + 1" By + 213" o, (4.12a)

Bi+4g1 — 201 = IV + 21898, + 198, + 21898, + 2. 31935, (4.12D)
1 1

B2 = 5](()2) +319 8, 4210, + 51961 + 198, + 3108, + 6198,. (4.120)

This process is the projection of the flow equation. From here, now we can note that
for each order R"™ we get a linear term in (5,12, and also note that in terms of the beta

functions, this is a linear system of 3 equation with 5 variables. Then, we can always solve
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the system for B, 83 and (4 in terms of By and (7 and the couplings up to order g4

~ —Bo —4go + I(()O) + Bléo)

B =

0
21"
gy =~ B+ 4g0) +201 1" + 110 — 1LY
- 0)2
615"
8 (177 = 171 + 2180 1))
0)2
o (4.13)
(=60 — 490+ 1" + 51" (-1 - 1017 + 21010 + 101 - 17)
e 12173
2
(=31 = 318") (=1 — 201 + 1 + By 1" + 26,18
365"
12159
Next, with use of the conditions (4.10),
B3,4 = 07 934 = 07 (414)

then the last two equations of (4.13) can be solved for the values of 5y and /31, and with
these the first equation of (4.13) is already the solution for f2. Then, is the equations for
the two higher orders the ones used to find 5y, and 3.

It is convenient to switch to a different parametrisation from the g-couplings

A
go— 52—, 91— (4.15)

8mg 167’
From here, we recognise g as the dimensionless Newton coupling, and X\ as the dimension-
less cosmological constant. The canonical mass dimensions for the new system are given
by [A] = [cok?] =2 ,[G] = [k %] = =2, and [gs] = [gnk* ?"] = (4 — 2n). This change
of parametrisation will also change the location of the fixed points, however, the critical
exponents must remain the same. Consider the general phase space coordinate change
Gi = Gi(g); hence, this will induce a change in the beta functions 6:g; = B; = 94;/99;B;;
while the stability matrix will change as
Mi; = g?z _ Y5 Mkzaf{”
gilx  Ogi 0g; I+

which means the eigenvalues of M and M are the same.
In the vicinity of any FP, the behaviour of the system is governed by the linearised

flow equations

Orgi = Bi=>_ Mij(g; — g5), (4.16)
7j=1
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whose solution is
n
gi(t) = g; + Y CaVie e (4.17)
a=1

C, are constant to be determined by the initial condition ¢ = 0 (corresponding to ko)
given by

Co =Y (S Najlgj(ko) = g})s 8= (Vi,..., Vi) (4.18)

J

V4 and ¥, = —0, are the eigenvectors and eigenvalues of the stability matrix M, respect-
ively.Relevant (irrelevant) directions correspond to those with a negative (positive) real
part of ¥ = —0,. For relevant directions we can take safely the limit k¥ — oo, and they
define the UV critical surface, which in turn is obtained by setting C, = 0 for 6, < 0,
solving for the remaining C, constants in terms of the relevant couplings, and finally sub-
stituting these values into the irrelevant ones. We will be using this critical surface to
safely define our initial conditions when solving the system of beta functions for the R?
theory.

As in the Einstein-Hilbert case [51], here we find a pair of complex conjugated eigenval-
ues, whose eigenvectors are complex as well. However, we can always choose C, constants
such that, solution (4.17) is written only with real terms.

In the next section we will analyse and integrate numerically the system of beta func-
tions for the R? theory (4.13). Lastly, as the expression for the beta functions are too long

we will not write them down explicitly.

4.3 R? theory

Gaussian fixed point

The usual gaussian fixed point (GFP) seems to be absent in this case due to the coupling
parametrisation (see (4.23)), and what is found is that ) and (, vanish for vanishing

couplings, meanwhile in the linearised system [y take the form [50]

1117

e 41
432072 (4.19)

B2 = 092

hence, in this regime, go behaves linearly in ¢. Also, in order to get a better insight about
the behaviour near the point (A = 0,9 = 0,92 = 0), we can make use of the linearised

system (4.16), but changing the entry ¢ = 2 for dyg0 = v + Zj M>;(g2). In this case the
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A
glg

Figure 4.1: Left panel: Running of the A (solid red line), and g (dashed blue line) couplings
for the R? theory. Right panel: Running of the g, coupling for different initial conditions,
the red solid line correspond to (Ao = go = 10_8,92,0 = 1), the black solid line to (Ag =
go = 107%,g29 = —1/10), and the blue dashed line to (\g = go = 0,920 = —1)

stability matrix is given by

-2 V= % 0
M = 0 2 0o |- (4.20)
¢ = 28803 _ 1238387
2592072 311040073

With these, the linearised system of beta functions around the point (A = 0,9 = 0,92 = 0)

takes the form

O\ = —2\+vg, (4.21a)
oy = 2g, (4.21D)
Otgo = v+ CA+7g. (4.21c)
The solution of the system is
i 14 ]{,‘0 2 v k 2
A= ()\0 - Zgo) <k‘> +QOZ <k‘0> ; (4.22a)
O\ 2
s = a(p) . (4.22b)
B ¢ v 1 /v Cv+4r k2
92 = 92,o+§()\0—190>—§<ZC+T>90+ 3 go<k0 -
¢ v ko\ 2 k
5 ()\0 Zgﬂ) <l<: +~v1In W) (4.22¢)

Where Ao = A(ko), go = g(ko), and g2 o = g2(ko). From (4.22a) and (4.22c), we note
that when k < ko, the first term of (4.22a) and the fifth term of (4.22c) start dominating
until a point where its value is so big that the linear approximations is not valid anymore,

and the limit & — 0 cannot be reached. The only way this limit could be achieved



Figure 4.2: Flow for the R? system using the initial conditions (4.14). The black dots
correspond to the ultraviolet fixed point, the Gaussian fixed point, and the singular point

(A=1/2,9g=0)

is when the initial condition are such that Ao = 7go. In the context of the Einstein-
Hilbert truncation, this is the condition for finding a special kind of trajectory starting
in the UVFP and ending exactly at the GFP where the limit A = 0 for £ — 0 can be
accomplished, it is called the separatrix and it separates the flow into two different kinds
of trajectories, the ones that run towards A — —oo, and the ones running into the singular
point (A = 1/2,g = 0). In the case of the R? truncation, following the analogous of the
separatrix condition, leads to a logarithmic divergence for go and again it is not possible
to get the limit £ — 0.

In [79] the phase diagram for the R? theory is studied in a different parametrisation
for the g coupling. In that work, authors found a Gaussian fixed point sitting in the
boundary of the system, and even though it was impossible for them to find a separatrix,
they found some trajectories spending plenty of time in the classical regime. Their coupling

corresponds to the reciprocal of g9, and then the map

b=1/gs, Bp=—b*Po, (4.23)

show us that any logarithmic divergence encountered in the IR limit for 5o will be com-
pensated for the rapid decaying to zero of b% in the limit & — 0. If this is a true Gaussian

fixed point, it just means than in our present truncation it is located at go — oo.
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Figure 4.3: Domain of UV attraction. Vertical axis corresponds to log of the initial
conditions for g and A, and horizontal axis corresponds to initial conditions for go. Ag = go
ranges from 107® to 1072, In the case of go initial conditions go from 10° to +10'4. Each
point represents an initial condition that is connected to the UV fixed point. Left panel

corresponds to R? theory, right panel corresponds to f(R) gravity (see text above).

Ultraviolet fixed point.

Apart from the GFP, we find a non-gaussian fixed point (NGFP) with coordinates and

critical exponents

(A g,92) = (0.10137,1.5293,0.00318); 61 = 1.6317 + i 1.868, 6y = 29.3008, (4.24)

and, with the following of the eigenvectors of the stability matrix

Vo1 = (0.074789 F ¢ 0.134847, —0.988038,0.001795 + 7 0.0004), ( )
4.25
Vo = (0.6166, —0.78706, —0.01575)

Note that this approximation leads to 6 of order 29. Same results for a large 6> value has
been found in other studies [50, 19, 61], however, this value goes down to order 2 when
higher derivative operators are added. Also, in [79], authors track back this big value to
zero mode contributions for the beta functions. In our case, we will get a natural and
accurate eigenvalue 0y after implementing a better approximation.

As it was reported in [50], the critical exponent 6y is so big that near the UVFP in
the linearised regime, the corresponding factor (%)_92 decays so rapidly that it cancels
the contribution from the eigenvector Vs, and hence, trajectories approaching the UVFP
will behave exactly as in the Einstein-Hilbert case, and will be contained within a plane.
When finally k% reaches unity, the flow is sufficiently far away from the UVFP.

Figure 4.1 shows the running of A, g, and ¢g». First we note that the cosmological

constant coupling, and Newton’s coupling gets the usual infrared behaviour near the point

(0,0,0), and even in the ultraviolet. Also, as there is no fixed point at the origin, for some
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Figure 4.4: Left panel: Running of the A (solid red line), and g (dashed blue line) coupling
for R? theory with initial conditions (4.26). Right panel: Running of the gs coupling for
different initial conditions, the red solid line corresponds to (A9 = go = 10_8,92,0 = 1),
the black solid line to (Ao = go = 107%,g20 = —1/10), and the blue dashed line to
(Mo =90 =0,920=107%-1)

trajectories, A can change sign near the origin. For g, in the UV trajectories start very
close to the origin, as the usual fixed point value for this coupling is very small, then they
grow (decay) rapidly to reach the logarithmic IR decay explained above, finally, after some
RG time it decays sharply towards go — +o00. For the cases where the trajectories run

towards A — —o0, g2 decays logarithmically indefinitely.

4.4 f(R) theory

Next we discuss the impact of higher order interactions in f(R) type theories. The primary
idea here is to retain higher order couplings indirectly. There are several reasons for do-
ing so. Firstly, it has been shown that higher order interactions are irrelevant in that
they do not lead to further independent parameters. However, it was also found that
higher order interactions are quantitatively important: they re-adjust lower order coup-
lings, and strongly modify scaling exponents. Most notably, the R? approximation leads
to an anomalously large value for the third relevant scaling exponent. However, as soon as
higher order interactions are taken into account, the exponent becomes physically viable.
For these reasons, we study f(R) gravity in the approximation where only the relevant
couplings (the vacuum energy, Newton’a coupling, and the R? interaction) are retained,
whereas all higher order couplings are set onto their fixed point values.

Hence, in order to implement this idea, we will use the same procedure of last section,

and start taking N = 3, but instead of using condition (4.10), we will use
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Figure 4.5: Flow for the f(R) theory using the conditions (4.26). The black dots corres-
pond to the ultraviolet fixed point, the absent Gaussian fixed point, and the singular point

(A=1/2,9g=0)

g5 =—0.05723, gi =-83641, B3=pS4=0, (4.26)

these values were first obtained using N = 71, which means taking g71 = g7o = Oandf71 =
Br2 = 0.

This will shift the position of the UVFP and the value of the critical exponents as
if we included all orders in the expansion. Then, go, and g3 provide our beta functions
with information about all the other higher order couplings, up to g7g. This enhancement,
is non-dynamical from the higher order couplings, implying that the phase space of the
theory is described only by three dimensions as in the R? case.

Now, because of this improvement the location of the fixed point is exactly as that

found in the whole truncation at order R7°:
(A, 9,92) = (0.11429,0.92812,0.0157),  6p,1 = 3.0230+4 1.89368, 6, = 1.41293, (4.27)

note the considerably smaller value for #>. Such value is comparable to the one found for

more general truncations [19, 74, 61]. The corresponding eigenvectors are

Vo,1 = (0.0340345 £ ¢ 0.191504, —0.980855, 0.00942967 F ¢ 0.00150789), ( )
4.28

Vo = (0.386904,0.915991,0.10614).
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As the eigenvalue for the R? coupling is considerably smaller that in the former case,
and being smaller than the real part of 6y 1, we expect a different behaviour close to the
UVFP. However, deep in the infrared there are no qualitative differences between the two
theories. This can be seen by comparing figures 4.4, 4.2, 4.1, and 4.5. The main difference
is near the UVFP, in this new case, the spiralling due to the complex critical exponents
has decreased.

In order to understand the differences respect to the previous case, we refer to figure
4.3. There we present a compendium of initial conditions for which the RG equations
were integrated numerically. Each dot corresponds to the initial condition of a trajectory
hitting the ultraviolet fixed point. The horizontal axis correspond to the initial condition
92,0 expressed as the log|gz| multiplied by its sign. The vertical axis denotes the logarithm
of the initial conditions for A and g, for which we choose A\g = gg.

As we can see from the figure, even though we have gotten a better result for the
location of the UV fixed point and its critical exponents, the boundary of the system

remains the same.

4.5 Discusion

In this chapter we implemented the renormalisation group equation derived in [87] in
order to find the beta functions for the R? truncation. We confirmed the previous results
about the non-existence of a Gaussian fixed point, and hence the lack of a separatrix [51].
However it is always possible to find a long classical regime for the cosmological constant
and Newton’s constant for different values of the R? coupling, leaving the possibility to
find good constraints taken from Starobinsky’s and f(R) models for inflation[22]. In the
ultraviolet practically there’re no effects coming from the eigenvector V2 due to the large
f2-value, that means that we are left only with the complex critical exponents (complex
values indicate couple theories, in contrast with the case of diagonal stability matrices
that appear for free theories).

In the the ultraviolet, the absence of the small value for the critical exponent 65
corresponding to R?, leave us with a strongly coupled system.

In addition, we implemented a new idea where effectively for the first time we showed
the phase space of an high order polynomial f(R) theory. This based on the knowledge
of the fixed point of higher order operators. With this conditions, we found a small value
for the critical exponent of the R? operator, the infrared regime of this theory, keeps all

the benefits from the previous picture, called, a long classical regime for the cosmological
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constant and Newton’s coupling. Also, and even though, the remaining critical exponents
stayed complex, their effect in the deep UV is screened by strong effects coming from 65.

This findings open the possibility that trajectories in the 70 dimensional phase space
of the full dynamical polynomial f(R) theory, will behave in a similar way as the ones
of the effective non-dynamical f(R) found in this work. This should be true at least for
the UV and IR regimes in a detached way. The other possibility is that if in the full
theory, the UV critical surfaces is connected to the IR attractive critical surface near a
Gaussian fixed point or any other infrared attractor, then the union of those spaces could
be isomorphically represented by the domain of UV attraction of figure (4.3). Moreover,
this technique to find beta functions from information of more general theories could be

useful at the phenomenological level.
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Chapter 5

IR fixed points of quantum gravity

5.1 Introduction

General relativity is the classical theory of gravitational interactions. Its domain of valid-
ity is remarkable as it extends over nearly thirty orders in magnitude starting at the
submillimeter regime up to near-Hubble size scales. At smaller distances of about the
Planck length [p;, quantum gravitational corrections are expected to set in. In the four-
dimensional theory, the Planck length is of the order of 1073%m, although it could be
significantly larger as suggested by extra-dimensional models and recent black hole stud-
ies with a large number of particle species beyond the standard model.

For gravity at short distances, RG results show that quantum fluctuations enforce
an ultraviolet fixed point (UVFP) for the gravitational couplings as shown in the former
chapters, thereby circumnavigating the virulent divergences of standard perturbation the-
ory. In this context, gravity becomes asymptotically safe [91, 80, 36] and exists as a
well-defined local quantum field theory, despite its perturbative non-renoralisability. A
variety of renormalisation group studies in the continuum and numerical simulations on
the lattice [47, 4] support the existence of this UV fixed point. One important feature
that we will search for, is that the high-energy limit of the flow has to be connected to the
low energy behaviour of gravity, i.e. its low energy behaviour has to yield Einstein’s gen-
eral relativity, and further more, it has to reproduce or explain the observed accelerated
expansion of the Universe at distances compared to that of the Hubble scale.

Being g = Gpk? and A = Apk~2, the dimensionless RG running of Newton’s and of

the cosmological constant, the RG flow for them is
d,g = —2g + quantum corrections, OyA = 2\ + quantum corrections. (5.1)

Hence, for small values of the couplings, g is attracted towards the gaussian fixed point
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(A« = 0,9+ = 0) where classical general relativity holds (A = 0), however (5.1) shows
that A behaves as an unstable IR operator, i.e. for small g the flow is driven away from
the gaussian fixed point and strong RG corrections start setting in at the IR. In [82], the
existence of an IR fixed point which would control the behaviour of the RG flow at large
distances was conjectured, and in [12] this conjecture was taken seriously into account to
prove that this model would give rise to an accelerated expansion of the late universe.
Furthermore, some recent studies have tried to find evidence of the existence of IR fixed
points in quantum gravity ranging from non-local extensions of Einstein-Hilbert theory
[61], geometric flows [28], flow for the graviton propagator [17] and redefinition of couplings
[70].

It is the purpose of this chapter to analyse the fate of RG trajectories which runs
towards large A, and for that end, we will recall the renormalisation group set-up as in the
previous chapters and explicit flow equations for the gravitational couplings (Sect. 5.2).
Then, we will highlight a degeneracy of fixed points (Sect. 5.4), and we will analyse the
structure of the fixed points found and their critical exponents (Sect. 5.5). Finally, we
will present our conclusions and discussions of the results and their physical implications

(Sect.5.7).

5.2 Renormalisation group equations

Following Wilson’s renormalisation group idea (i.e. changing the couplings for running
couplings) and introducing an IR cutoff into the effective action we have that the scale
behaviour of our running couplings Gy, (Newton’s constant) and Ay, (cosmological constant)
is dictated by means of the functional identity (2.35) [92]. Here we will use the Euclidean

Einstein-Hilbert truncation

1
Iy = /d4x\/§16ka (—R+2Ap) + -+, (5.2)

the ellipses in (5.2) denote the gauge fixing term (harmonic gauge as explained in chapter
3) and the ghost term. This truncation is enough to study the properties of gravity at
large scale, since more general effects come from the RG picture. For example, in chapter
4, the picture we will show here also arises for the R? and R® truncations in the deep
infrared.

The flow (2.35) describes the change of 'y, upon integrating-out momentum degrees of
freedom, and by construction it connects an initial effective action (Einstein-Hilbert) at

k = 0 with the full quantum effective action I' at some reference scale k = A. Here, we
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will be exploring the possibility of getting a classical action with a different value for the
gravitational coupling in the limit k¥ — 0.
We used the tensorial structure of [51] for the metric fluctuation. This structure

correspond to the decomposition (3.3), (3.24), and the field redefinitions

& —V—D2—Rt,, o— \/—DQ\/—(DQ—ddiRla, 53
- 5.3
C —-+\—-D2C, C——-D2C.

These will give rise to no Jacobians in the functional measure. Also, we use a cutoff type

I as described in (3.30), with the optimised scalar cutoff [53, 54]
re(z) = (1—2)0(1 —2), z=A=-D? (5.4)

Then, the beta functions for the dimensionless couplings ¢ = k?Gj and A = k~2A; in

(2.35) are

og = PBg=(2+nn)g, (5.5)

A = Br=(=2+40n)A+glar(X @) —nnvaz(A, @) (5.6)

where the graviton anomalous dimension 7y = 9;(In Gy) is given by

gbl ()‘7 Oé)
= 5.7
N 1+ gba(A, @) (5.7)
The values of the a;, and b; functions are given in appendix D, and in general they will be
gauge fixing parameter dependent ((3.2)).

Also, we will be working in two cases:

1. nn approximated by its leading order (LO) in g, i.e. ba(A) = 0 (with a = 0) in (5.7)
[52]. As described in (3.75), this is a one-loop approximation, since the function

ba(A, &) comes from the right hand side of the flow equation (2.35).

In this case the anomalous dimension is

~g(4X(33 —25)) —81)

N T 4 (1 20 )2 (58)
And the beta functions are
10022 — 132\ + 81 AN —5) + (127 — 247\
5A:_2A+g( ) (g( )+ ( ))Jr
28872(2A — 1)3
49X+ g
2m(1 — 2X) (5.9)
B g (100X — 132X + 81)

Bg=29—9 ( Sar(1 = 202 (5.10)
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2. Hartree-Fock resummation (HF) for ny (with a — 0o, A = A/a, and g — 247g/a)

[55], the anomalous dimension here is

24¢g
= 5.11
while the beta functions are
24g(6g — 3\ + 1)
= -2\ — —12 5.12
2442
By =29 (5.13)

T —a—ov

In contrast to the leading order approximation this one consists in retaining higher

loop corrections.

The gauge used in the first case (Landau gage), at the level of the action, means
that the Newton’s coupling (cosmological coupling) is dominated (suppressed) by the
graviton vector and longitudinal scalar fluctuations, and the trace scalar part is completely
suppressed. Meanwhile, for the second case, Newton’s coupling and cosmological coupling
are dominated by the graviton scalar and vector fluctuations, while the tensor mode and
some of the scalar modes are parametrically suppressed. The choice of this gauges are

such that the beta functions take their simplest form.

Both cases present a halt of the flow due to a singular behaviour; in the former, this
occurs at the line A = 1/2, meanwhile in the latter, it happens at a particular function of
A in the theory space. It was shown in [69] that the behaviour in this region is the same
for a very wide range of regulators, concluding that the singularity is an universal feature

of the system.

5.3 Nullclines and fixed points

One way to explore the fixed point structure of the flow is by looking at the intersections
of the nullclines. We define g4(\) as the integral curves for 3, = 0, and in a similar
manner, g(A) the integral curve for 8\ = 0, also, we define g,(\) as the curves where the

anomalous dimension diverge (1/ny = 0).

In the LO approximation these nullclines take the form
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Figure 5.1: Nullclines of the linear approximation for the anomalous dimension (left)
and for the Hartree-Fock resummation (right). Blue dashed lines correspond to nullclines
gg(from ), red lines correspond to nullclines gy (from Sy), and purple dot-dashed lines
indicates 1/ny = 0. Showing the UV fixed point A, the IR gaussian fixed point B, and
the degenerated IR fixed point C.

_j:67r\/(1—2)\)2(A(A(SA(25/\(50)\2+28)\—133)+5179)—24591)+5112)+144)

9 (42—5)(41(251—33)+81)
67 (+A(81—2X(2A(50A—43)+75))—12)
- (4X=5)(4X(25A—33)+81) ) (5-14)
o _ 487(1-2))2
gg = O, and gg = m, (515)

g A=1, (5.16)

here the boundary of the system is given by the line A = 1/2 for all g.

For the HF resummation these nullclines are:

I = g5 (—3 4+ 44X+ 1202 £ V9 4 72X — 440A% + 480A% + 144\7) (5.17)
gg=0 and g;==(1—2X)%, (5.18)
=71 (AN—4r+1), (5.19)

unlike the previous case, here the boundary is a function of the cosmological constant A.
Given the nullclines, now the A-coordinate of the fixed points are simply solutions of

the equations gx(\) — gg(A) = 0, i.e the intersections of nullclines are fixed points.

5.3.1 UV fixed point

This is the very well stablished non-Gaussian fixed point. It has been studies throughly
in several works [38, 36, 56, 55, 80, 51], through all this studies it has been found that this
is a true fixed point describing gravity at very high energies, its stability has been shown

for more general truncations, while it is also proven that is independent of the gauge and
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g/g.

Figure 5.2: Global flows for the leading order approximation (left), and for the Hartree-
Fock resummation (right). Purple dot-dashed lines indicates 1/ny = 0. Showing the UV
fixed point A, the IR gaussian fixed point B, and the IR bifurcation C. Note that in the
LO approximation all trajectories enclosed within the separatrix connecting C and D are

globally safe, i.e. they do not run into the boundary of the system.

the definition of our cutoff. As the purpose of this chapter is to describe the IR limit of
the theory, we will briefly comment the properties of this fixed point.
In figure 5.1 it is depicted as A, and it is the intersection of the non-trivial g, and the

positive branch of gy. Its coordinates for both approximations are given by
(ALo»9L0) = (0.1971,0.9401),  (App,gpr) = (1/4,1/64). (5.20)

The stability properties of the fixed point are given by the critical exponents 6;. This

are just the negative of the eigenvalues of the stability matrix

0Bi
M;; = , 5.21
) 89]’ o ( )
with go = A, and g1 = g. For the UVFP we have
5 V167
019 = 1.4887 £42.6819, 075 = S EiTo— (5.22)

3
One can see that the real part of the eigenvalues is positive, and then, the non-Gaussian
fixed point is UV attractive. The imaginary part give rise to a spiral behaviour for traject-
ories near the UVFP. Finally, we can see here that the critical exponents for lower order

approximation are close to those of the full system.

5.3.2 Gaussian fixed point

In terms of the nullclines (5.14), (5.15), (5.18), and (5.18), this one correspond to the
intersection of the positive branch g and the line g, = 0, and is situated at the origin of

the theory space.
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At the Gaussian fixed point, the critical exponents correspond minus the canonical
mass dimension of the couplings, i.e. 81 = —2, and 02 = 2. Then, g is IR attractive, while
A is IR repulsive.

Near the Gaussian fixed point (GFP), the solution of the linearised system (2.5) is

9(k) =g0 (:{))2 (5.23)

Ak) = (2o - 27) (’?)2 + 27 <:0>2 (5.24)

where, Ao = A(ko), go = g(ko) and the positive constant v depends on the case on con-
sideration; for the leading order approximation we have v = 1/(27), whie for the HF case
is v = 12. Solution (5.23) show that we can safely take the limit & — 0, however (5.24)
will diverge in such limit, unless \g = goy/4. Hence, for positive dimensionless Newton’s
constant, we can find three different types of trajectories as stated in [81]: Type Ia traject-
ories correspond to trajectories emanating from the UV fixed point with A — —oco when
k — 0, or Ao < go7y/4; the separatrix is referred as a trajectory of type Ila or trajectories
sitting on A\(k) = v/4g(k); last but not least, trajectories type IIla are those that run
from the UV fixed point with positive values for A, and end up in the boundary of the
system. For the latter trajectories, the first term in (5.24) dominates the behaviour of A,
then solving (k/ko)? in (5.23), and inserting this in (5.24) we get

2
9071
A= (Mg — - 5.25
(30— 81 (5.25)

then, in theory space, this are parabolas running towards fixed point C as depicted in
figure 5.2.

Finally, note that in the LO case, the red line CD in the left panel of fig. (5.2) acts as an
IR attractor shielding the flow from singularities and allowing trajectories with an extended
semi-classical regime for positive, vanishing or negative A. In [52], is shown that the phase
space of (5.9), (5.10) is topologically equivalent to that of the conformally reduced gravity
of [83], and it arises as a bifurcation, where the free parameter is the effective dimension
n in which the conformal factor fluctuates. This picture follows for values bigger than the
bifurcation point n. = 1.4715. If this dimension is below the bifurcation point n, = 1.4715,
the phase space is that of the minisuperspace approximation [66] (where effectively the
conformal mode fluctuates in one dimension), where UV and IR regimes connected via
a limit cycle. Approaching n. from above, the IR attractor CD becomes a separatrix
connecting the fixed point C' and the Gaussian fixed point B, and then, all trajectories

connected to the UV fixed point approach the GFP arbitrarily close displaying the a
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long semi-clasical regime. Finally, none of these asymptotically safe trajectories admit a
negative cosmological constant. We will encounter an similar enclosure area of the phase

space in next chapter after unfolding the degeneracy present on the point C.

5.3.3 Infrared fixed point

For both cases, we can easily recognise the special case of point C' from the nullclines in
figure 5.1. While all the other points correspond to a simple intersection, C' corresponds
to a tangential intersection of 3 lines plus the tangential intersection of the boundary of
the flow where beta functions and the anomalous dimension diverge. Also, we have to
note that at the point C' the anomalous dimension is ill-defined. Along the horizontal
line g = 0, nn = 0, but for the curved line g4(\) it must take the value ny = —2, and
furthermore, it diverges along the purple lines. Furthermore, the limit (A — 1/2,g — 0)
for the eigenvalues of the stability matrix (5.21) does not commute. However, from the
flow of the LO case, C' would seem to be a well defined fixed point with an attractive and
a repulsive IR directions.

If we forget for a minute about the boundary of the system, in general grounds [89],
tangential nullclines correspond to the bifurcation at some value d. of an independent
parameter §. Furthermore, if we redefine our RG time as t — (1 — 2)\)?t for the LO case,
and t — gt for the HF approximation, then restricting our analysis to HF case, the beta

functions become

By — 9By = 29 (169 — (1 — 2X)?),

By = gpBr =2 (—96¢° + g (2427 + 8\ — 6) + (1 — 2))%N),

(5.26)

this system is topologically the same as the original system. Hence, the critical exponents
for the fixed point C are ;2 = 0. Zero eigenvalues like these are the result of the
bifurcation of a saddle-node, otherwise called non hyperbolic fixed point [93, 89].

Then, from the discussion above we can think that C' could be the result of a collapse
of several fixed points (degenerated fixed point), and since is not lifted dynamically, the
purpose of this chpater is to study the behaviour of the system by considering a small
perturbation of the beta functions such that the nullclines intersect transversally generat-
ing new fixed points (Figure 5.3). Then to lift the degeneracy, we select a one parameter
d-transformation.

It was remarked in [82] that the divergence appearing at the point (A = 1/2,9 = 0)
is driven by unstable eigenmodes of the propagator for the transverse-traceless sector of

the metric, when k? is sufficient small, and that the problem must be solved after using
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a more general truncation. Similarly, we will assume here that the degeneracy would be
lifted for a more general truncation and that the parameter § accounts for the effects of

this generalisation.

5.4 Degeneracy of Fixed Points

The small perturbation mentioned above is performed and controlled by introducing a
small parameter § as shown in (5.27) below (blowing-up method [31, 5, 32]), then the

family of one-parameter beta functions is
99 = Bg(A—6,9), OA=B(A—4,9— bs), (5.27)

where bs is introduced in order to maintain the gaussian fixed point at the origin (A =

0,9 = 0). For the leading order approximation we have:

bs — —61 V/144—45366—4446352 16024453 —290692561 —2777285° —1188005%+1760057 +400005%
g 405+9845+102852+40063 ’

124-816+15082 417253420054
+67 405+9846+102852+4006 ° (5-28)

whilst for the HF resummation:

1

bs = —
57 96

(3 + 48 — 1262 — /9 — 720 — 44002 — 4806 + 14454) (5.29)

The fixed point structure of (5.27) is shown in Figure 5.3. In both cases, we note the
lifting of the divergence and the appearing of two new fixed points with A < 1/2. The
differences between cases is the shape of the boundary line where the anomalous dimension
diverge (1/nn = 0), and the level of degeneracy of the point C expressed as the number
of new fixed points appearing: for the leading order approximation, the boundary (purple
dashed line in Figure 5.3) is simply a line of constant A, with three new fixed points to its
right; whereas, for the Hartree-Fock approximation, the boundary is a parabola with two
fixed points to its right.

The region with A > 1/2 is of no physical interest since it has no connection to the fixed
point A (UV). What is important to note is that, as we will show later, the fixed points
C and C’ are possible infrared fixed points. Fixed point C is sitting along the line g = 0,
which, from (5.5), means that the anomalous dimension must be ny = 0, meanwhile for
C’ must be ny = —2.

One direct consequence is that, for small k, in the vicinity of C’, since g # 0 and

Gr =95/ k2, we will see an increase in the value of the dimensionful Newton’s constant Gy,
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Figure 5.3: Lifting of the degeneracy and new fixed points and separatrices of system
(5.27) in both cases. For the leading order approximation case (left) we use 6 = 1/80 and
for the Hartree-Fock resummation (right) § = 2/25.

making gravity stronger; whereas, for C', Newton’s constant coupling will get a constant
value for the limit &k — 0

Of course, the position of all the fixed points in the system will get a §—dependence.
Since 6. = 0 is a bifurcation point of the family (5.27), the local dynamics of the point
(A = 1/2,9 = 0) are not topologically equivalent if we move ¢ for positive or negative
values, then for 6. = 0 the system (5.27) is structurally unstable around A = 1/2 [46, 93].
The case § > 0 is the one of interest in our discussion, since the case 4 < 0 do not give
rise to a new set of fixed points.

The fixed points for both cases are complicated but analytical functions in {0, 0.284976},

the explicit expressions around § = 0 are:

1. Leading order approximation:

o FP A:
Ny = 0.1971 — 1.10546 — 12.728752, (5.30)
gy = 0.9401 + 9.955826 + 65.56716>. (5.31)
e FP B:
Ay = 0, (5.32)
gp = 0. (5.33)
e FP C:
* 1 ) 1/2 5
= - —4/2 2 34
% = 3 \/;5 +25, (5.34)
9o = 0 (5.35)
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e FP C’:
1 5 13 1427
Ny = =Yy P05 T 53/2 .
¢ 2 PR 9615 (5-36)
12
gin = 2%5—\/37@3/24—68%52, (5.37)
2. Hartree-Fock resummation:
e FP A:
1 2. 80 8344
Ny = S -2 —§2—- —_8+... 5.38
A 4 9 27 7200 T (5.38)
1 11. 241 2362
A Ry, S My, L ity & SR .
9A 61 T2 Taag T T (5.39)
e FP B:
Ny = 0, (5.40)
g = 0. (5.41)
e FP C:
1 1 31
Ne = S — 5Py 582 5.42
g = 0 (5.43)
e FP C’:
1 V2 13. 8/2
Ny = —— LS 0y 2SR 44
¢ 2 3 9 9 T (5.44)
% 1 2v2 32, 289
, = —§— = ) 2 4

For both cases the distance between the fixed points C' and C” is of order v/§/10. Also,
from these results one can show that in the limit § — 0, C' and C” go to A* — 1/2 and
g* — 0 without singularity problems, proving that C' is a true bifurcating point of the

theory.

5.5 Flow and Scaling

Similar to the fixed points, the critical exponents will be functions of the parameter 9.

1. Leading order approximation: After integrating numerically (5.27) we find an en-
closed area of globally safe trajectories emanating from the UV fixed point attracted

towards C’ and finally repelled to fixed point D, the line C’D here is an attractor as
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8/8. /8-

Figure 5.4: Global flows for the leading order approximation (left, § = 1/80) and Hartree-

Fock resummation (right, 6 = 2/25). The red lines are the different separatrices, mean-

while dot-dashed purple line are the boundaries of the system in each case.

the line C'D explained at the end of subsection 5.3.3. We also find another globally

safe section of the phase space where all trajectories finish at fixed point C' when

k — 0, and where only positive A is admitted.

In this case the critical exponents are:

o P A:
Re[f] = 1.4887 + 12.69795 — 51.05796% + 1433.875°,
Im[f] = 2.6820 — 13.83575 — 89.45675% — 1757.485°.
e FP B:
0 = —2
1
b = 235 %l
27 12
o FP C:
8 24 941 121 . 616673
O = —- )0V VP s —— %2
! 5 5 10v/30 3 480+/30
fy = —2.
e FP C:
0, = 4-— ﬁ(glﬂ + @5 _ ﬂ(s?)/?’
V15 5 120V/15
6, — 12 4\/36_1/2 N 659\/551/2 N 7103 . 11248859 5
5 Vb 20v/5 300 240015

(5.46)

(5.47)

(5.48)

(5.49)

(5.50)

(5.51)

(5.52)

. (5.53)
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2. Hartree-Fock resummation: In this case a section of the phase space where traject-

ories, either finish at fixed point D or become singular on the boundary of the flow.

A second section is found, this is a basin of attraction where all trajectories end at

C when k£ — 0. In this basin of attraction only positive values of the cosmological

constant are allowed. Comparing this case with the case . = 0, we note that tra-

jectories type Ia and type Illa are still found here, but in addition we find two new

separatrices.

The 6 dependence of the universal eigenvalues is as follows:

e FP A:
Re[0]
Im[0]
e FP B:
e P C:
1
02
e FP C”:
61 =
Oy =

2 12
+£5+ﬂ52+...7

5
37 9° " 243
V167 1124 _ 28525760

+ 5 —
3 9167  40581/167

2446 — 8% 4 -,

Oy = -2

8 gzt A0V2 5 256
3 9

9

4

— 16;)551/2 + @5

3

5.5.1 Gaussian fixed point and UV fixed point

2

O+ ---
_16%\/553/2_'_...‘

i

(5.54)

(5.55)

(5.56)
(5.57)

(5.58)

(5.59)

(5.60)

(5.61)

One of the goals of this work was to unfold the degenerate fixed point C' while at the

same time the structure of the UV and Gaussian fixed points was preserved. From the

expressions for the critical exponents and fixed points we see that this is the case. However,

the critical exponents for the UVFP and GFP are modified by a factor of order O(¢). In

spite of this, we will choose as a physical just the case for very small values of §, and then,

the effects on the GFP and UVFP are negligible. Apart from this subtlety, the analysis

of the previous section is valid here as well.
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5.5.2 Infrared fixed points C and C’

First we note that one of the critical exponents of point C' is exactly —2 (attractive IR
direction) with no § dependence; a similar result was reported in [13] for a hypothetical
IR fixed point, however, in that work the other critical exponent was found to be margina,
i.e. 6 = 0. Our case is compeltely opposite to this result because 03 is of order 1/ V3,
making C completely IR attractive. For C’ we find a similar result as for C, the first
eigenvalue is order v/¢ while the second is order 1/v/6. These mean that for small & there
is a direction in which trajectories are pulled strongly towards their IR values.

Now we compute the normalised eigenvectors in order to understand which direction
is the one for which trajectories are attracted with ”strength” 1/v/6. We will restrict the

following analysis to the HF case.

1. For C:
(1,0), (5.62)
(? g 29£+ 3183‘5 1) (5.63)
2. For C":

% 5
Vy — (3— 10 + 58‘/5\/3,1) (5.65)

Vi = (—9 +10 - %, 1) ; (5.64)

V23 3

Now it is clear that trajectories are pulled strongly in the direction perpendicular to A
for both fixed points. To understand even further this we can compute the solution of
the linearised system taking into account only the leading order in ¢ for the fixed points,

critical exponents and eigenvalues.

Fixed point C
11 11 e\ v
Ak) == — —§Y2 + [A S —— \/551/2] ()
e L A RV ko

2
+ goV/3671/2 (:) , (5.66)

9(k) =0 (,fo) (5.67)

Where A\g = A(kg), and go = g(ko) > 0. Since the separation of C' and C’ is of order
6%/2/10, then go < 6'/2/10. Then, the combination god~'/2y/3 appearing in (5.66) is at
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most order v/3/10. Now, since the second term of (5.66) is proportional to k%1, this means
that it is strongly suppressed for small values of 4, and hence, the dominant terms of
(5.66) are the first and third ones. Now, from (5.67) by solving (k/ko) in terms of g(k)

and substituting this value in (5.66), and avoiding the second term we get
A(k) = A\ + V3571 2g(k) (5.68)

this is the equation for the separatrix connecting C' and C’. Clearly, the slope in the phase
space connecting these fixed points is v/361/2. Let us note that we didn’t need to fix the
initial conditions for Ay to get this result, then the line CC’ acts like an attractor. From
(5.66) we conclude also, that trajectories close to CC’" approach the fixed point C' with
strength 2, i.e. much more slowly than they approach C'C’ perpendicularly to \.

The dimensionful Newton’s coupling and the dimensionful cosmological constant are

(setting ko = 1)

G(k) = go, (5.69)
A(k) = Nak? + goV36 Y2k + O (k% 4 2), (5.70)

Since the cosmological constant now is proportional to k2, then it means that the fixed
point C' determines the value of the cosmological constant in the deep infrared regime of

the theory. Moreover, the value for Newton’s constant will be a constant value.

Fixed point C’

/2 4-0(8'/?)
" 9 (ko) 3 ik
Lo\ 220172 L\ 400"
gk) =g +co [ 2 +eo | — . (5.72)
k ko

For k < ko the second terms of (5.71), and (5.72) dominate. In this case if we neglect the

second terms we get what we will call trajectories type Ic

* * 2
g(k) = gen + (Mor — A(k))§5
_ 1 1 V24, 2
—18(5—1-(2— 3 0 —)\(k))95

(5.73)

this is the equation for the separatrix joining A and C’ near C’, and since it does not
depend on the sign of either ¢y or ¢q, then it is valid for A > A%,. Now we have three cases

depending on the sign of cg:
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Figure 5.5: Classification of the different types of trajectories near the fixed point C”) (see

e Type Ilc: For this we solve (k/ko)? from (5.71) in terms of A\(k) and substitute
the result in (5.72), then we get the separatrix connecting C' and C’,

V2

g(k) = (A(k) — X"o)751/2 +9, (5.74)

and similar to the separatrix type Ic, this result does not depend on the sign of ¢y,
and then it is valid for values A(k) > A%,. Hence, the separatrices type Ic and Ilc

divide the phase space around C’ in 4 quadrants.

Type IIlc, a? = ¢; < 0: These trajectories are the asymptotic safe ones connecting

the UVFP with the fixed point C.

Type Ivc, b?> = ¢; > 0: These correspond to trajectories approaching C’ from the

right and ending in the boundary of the system above C’.

Now, if we go back to (5.71) and (5.72), and neglect the last terms, then we have two

cases for cg

e Type Vc, A? = ¢y < 0: Trajectories in this case approach C’ from the right and
finishing at k — 0 in fixed point C.

e Type VIc, B? = ¢y > 0: We find two kind of trajectories in this type, all of them
start at the UVFP, then they are well defined in the limit & — oo, after that they
either end in the singular boundary, or end at D with a well defined limit k& — 0

with A — —o0.
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Figure 5.6: Schematic trajectory of the d-modified system (6 = 2/25) (see text).

All these type of trajectories are depicted in figure 5.5. Also, we note that through the
analysis of the vicinity of fixed point C’ we have characterised all the possible trajectories
of the system.

The description of a typical trajectory of type Illc is as follows (Figure 5.6):

Starting at k >> Mp; in A, the trajectory is repelled towards the fixed point B

It remains some time in the vicinity of B, i.e., classical gravity sets in.

After the classical regime, it gets strongly attracted towards C’.

Then, it spends some time in the vicinity of C’ in a strongly coupled phase, and it

is slowly repelled towards C.

Finally, it is attracted to C with strength 2 and ends with £ = 0, A} = 0, and
G > Gn.

Due to the 6~! dependence in 6, all trajectories leaving B will be dragged rapidly
towards C' and C” .The presence of C’ causes a very steep grow in the value of Newton’s
running coupling, driving an accelerated universe in the very deep IR scales, as was noted
n [12] (Figure 5.7). Finally, in Figure 5.7, we plot the value of Gy, for a typical trajectory
in the -modified system, and we show its different behaviours around the vicinity of the

different fixed points.

5.6 Gauge independence.

As the introduction of the § parameter is not fundamental, we should worry about the

gauge dependence of the fixed points and critical exponents. Even more, we should worry
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Figure 5.7: Log plot of typical behaviour for the running Newton’s coupling G over
Newton’s constant as measured at terrestrial scales. Full lines correspond to classical
regimes for terrestrial distances (red, fixed point B) and cosmological distances (black,
fixed point C). Dashed blue line and dot-dashed purple line correspond to strong coupling
behaviour, in the UV (fixed point A) and IR (fixed point C’), respectively (6 = 1/100000).

about the stability of the results in the HF resumption case, as we only choose the limit
a — 00 in order to simply the equations. With this in mind, we repeated the computations
for 0 < a < 1, which is a better choice from the physical point of view.

The gauge fixing parameter o enters in the renormalisation group equations in the
form 1/(1 — 2a\), hence, imposing new boundaries to the flow for o« > 1. In Table 5.1 we
show the mean value and the standard deviation for the different fixed points and their
corresponding critical exponents for 0 < a < 1. We observe that, the relative standard
deviations of the different quantities range from 0.22% for A\¢ to 9.06% for Re(64) in the
leading order approximation case, and from 0.06% for A\or to 6.54% for g4, i.e., there is a

low variability in a.

5.7 Conclusions

One of the consequences of the mass dimension of the cosmological constant coupling is
that near the GFP it acts as an IR repulsive operator, hence leading to the IR fixed
point model [12], which is a viable alternative to the best-fit FRW model in reproducing
the supernova and radio source data. We have shown in this work that for two differ-
ent approximations (Hartree-Fock resummation and a leading order) the problem in the
boundary point (A = 1/2,¢9 = 0) in the IR of Einstein-Hilbert theory can be seen as a

degeneracy of fixed points. Also, to study the nature of these fixed points we have taken
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| ga 6% o | xe ge 0L 62| Ao gor 0L 02, |
(Xzo) | 01972 09124 13943 25287 | 04316 0 -27.0797 -2 | 04513 00424 3.5088 -38.1576
(AX[o) | 0.0040 00053 01264 0.0355 | 0.0010 0 03064 0 | 0.00 00003 00338  0.2687
(Xgp) | 01651 08362 1909 25061 | 0.4635 0 -31.7670 -2 | 0.4692 0.0126 35554 -38.1802
(AXpp) | 0.0018 00547 00926 00752 | 0.0003 0 02688 0 | 0.0003 00001 0.0319  0.3591

Table 5.1: Mean value and standard deviation for the fixed points and corresponding crit-
ical exponents for 6 = 1/300 for HF, and § = 1/150 for OL with 0 < o < 1. The subscripts

LO and HT stand for leading order approximation and Hartree-Fock resummation.

an appropriate perturbation of the system by modifying the beta functions of the theory,
giving rise to two new physically relevant infrared fixed points, whilst we maintain the
UV fixed point and gaussian in the picture. First, the nature of the non-perturbative
infrared point C’ is the same as the nature of the conjectured fixed point in [82] and [12]
which drives an accelerated expanding of the late Universe. Second, the fixed point C is
located at gx = 0 and two infrared attractive directions, hence, trajectories ending here
will describe classical gravity for some value of Newton’s constant greater than the one
measured at terrestrial scales. Within this picture the hypothetical infrared fixed point
first suggested in [82] corresponds to our fixed point C’. Another infrared fixed point was
found in [61] after including the non-local term in(R) to the Einstein-Hilbert action, the
only drawback there is that the UVFP developed by the system is situated at g < 0, and
then, the connection with UV physics is no reliable [80].

It is believed that Einstein-Hilbert theory is just the first term in a derivative expansion
going from the low to the high-energy regime. In general, higher order quantum corrections
to gravity can be found in the literature (e.g. [38]). However, this high derivative theories
are expected to be successful at small distances, hence, one can reinterpret our results in
the sense that our approach allow us to build a model for the deep IR expecting that the
full theory would lift the degeneracy without the introduction of the small parameter 9.
By now interacting fixed points have been found along several directions.

For example, in [17, 16] authors found globally safe trajectories by studying the renor-
malisation group equations arising from the graviton propagator. Another infrared fixed
point was found in [28] in the grounds of a fully differmorphism-invariant RG group ap-
proach. And finally, in [70] a coupling redefinition similar to (5.26) helps to extract some
information about the infrared fixed point.

More work will be required to firmly establish their existence, and to evaluate its

impact for cosmology.
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Chapter 6

Conclusions

In this thesis we have tried to answer open questions within the asymptotic safety program
to quantise gravity in a non-perturbative approach [91, 80]. The philosophy behind was to
provide insights for these questions without getting too involved with severe complexities
to describe our systems (to get more from less). As the main goal is to get the UV
completion for gravity, the fundamental and stable picture that we require all the time, is
for the renormalisation group equations to drive the system into an interacting fixed point

provided with a finite and positive number of relevant operators.

In higher order theories such as f(R), one of the problems is to find a scaling solution
for the functions f, and whether such solution is valid for the entire domain of background
Ricci curvature. The latter point arises since the appearance of poles in the equations at
fixed curvature is found to be related to the addition of redundant operators into the
theory [27, 26]. Another open question in this context is whether the UV degeneracy
of the critical exponents found in the vast majority of the literature can lifted for more
general truncations. In chapter 3, we have exploited spectral sums without any further
approximations. Most notably, we also reproduced the results from heat kernels at small
curvature. Our approach therefore offers malleable ways of going beyond the heat kernel
and to explore the impact from large Ricci curvature onto the RG evolution of couplings.
Next, we defined a new way to project the renormalisation group equations. This idea will
allow us to interpolate (and control the background) between the usual way to project the
flow about R = 0 and the one performed about the equations of motion, i.e. R = 4A, this
is done by introducing a interpolating parameter ¢, such that R = 4cA. Then, we learnt
first that a fixed point solution can always be found for different values of ¢, then due to
the 1/c¢ asymptotic behaviour of A* we found that effectively we explored the values of

the curvature 0 < R < 2. Secondly, by varying c the critical exponents split from a com-
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plex conjugated pair into two real independent components, and furthermore, the critical
exponent present a minimum around the on shell condition ¢ = 1. Stated differently, our
findings suggest that complex critical exponents are an artefact of expanding the underly-
ing renormalisation group flow around vanishing curvature, rather than around solutions
to its own equation of motion. For more studies finding real critical exponents we refer
to [8], where a scaling solution is found for the asymptotic limit R — oo; [87] for studies
of gravity with matter; [23] for Einstein-Hilbert in three dimensions; [10, 11] for inclusion
of fourth order derivative couplings; [33] for unimodular gravity. Future work in this dir-
ection corresponds to improving our background field technique by using the exponential
parametrisation [35] rather than the linear splitting (3.1), and with these tools to perform

a systematic study for higher order theories.

Chapter (3) corresponds to the study of the deep UV regime of gravity. Effective
theories rely on the input of initial conditions in order to make predictions, and since
most of the physical information in gravity comes from the small energy world, then we
should be concerned about the connection of the deep UV with the classical regime. With
this motivation in chapter 4 first we study the phase space of the R? theory, where we
find a very large value for the critical exponent corresponding to the square of the Ricci
curvature , which in turn causes that the flow near the ultraviolet fixed point behaves
effectively as in the Einstein-Hilbert case. Then with the help of what was called non-
perturbative boundary conditions, we computed our RG equations,. This condition entails
we introduced as initial conditions the best known values (the value found at order R™
[87]) for the fixed point for the couplings of the operators R? and R*, this gives non-
dynamical background information to the system about higher order operators. Even
though we did not find a Gaussian fixed point to connect the non-Gaussian fixed point,
we can always find a long classical regime for the cosmological constant and Newton’s

coupling.

Finally, in the last chapter 5, the question of whether RG equations describe the deep
infrared physics for gravity is addressed. Here, in the Einstein-Hilbert theory we showed
that on top of the divergent IR point (A, g) = (1/2,0) there is a degenerated true fixed
point of the theory. Then, using tools from dynamical systems we successfully lifted the
degeneracy while the local behaviour of the ultraviolet and Gaussian fixed points remained
parametrically untouched. Two new infrared fixed points were found: an interacting one,
with one infrared attractive and one infrared repulsive directions, and a new fully attractive

classical fix point. Finally, we found a set of trajectories as the possible true reliable
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physical ones. It would be interesting to check whether one of this trajectories matches
with the data available in the very deep infrared at cosmological scales. If it happens that
there is a single trajectory describing our universe, and the cosmological constant is the
one responsible for the late accelerated expansion of the universe, then this kind of models
could, speculatively predict a final stage of the universe as a non-accelerating one where
we ran out of dark energy, i.e. where the cosmological coupling vanishes. This is the final
stage of this work and correspond to the deep IR regime of gravity.

As final statement it will be interesting to see whether the ideas and techniques de-
veloped here can be put forward for more advanced studies of quantum gravity in the

future.



73

Bibliography

1]

[10]

[11]

L.F. Abbott. The background field method beyond one loop. Nuclear Physics B,
185(1):189 — 203, 1981. 14

Stephen L. Adler. Einstein gravity as a symmetry-breaking effect in quantum field
theory. Rev. Mod. Phys., 54:729-766, Jul 1982. 14

Toshiaki Aida and Yoshihisa Kitazawa. Two loop prediction for scaling exponents in

(2+epsilon)-dimensional quantum gravity. Nucl. Phys., B491:427-460, 1997. 6

Jan Ambjgrn, S. Jordan, J. Jurkiewicz, and R. Loll. Second-order phase transition

in causal dynamical triangulations. Phys. Rev. Lett., 107:211303, Nov 2011. 51

D.K Arrowsmith. The singularity xt6y. Journal of Differential Equations, 34(2):153
- 166, 1979. 59

C. Bagnuls and C. Bervillier. Exact renormalization group equations. An Introductory

review. Phys. Rept., 348:91, 2001. 4

Dario Benedetti. Asymptotic safety goes on shell. New J.Phys., 14:015005, 2012. 13,
17, 26, 36

Dario Benedetti. On the number of relevant operators in asymptotically safe gravity.

Europhys. Lett., 102:20007, 2013. 1, 40, 71

Dario Benedetti and Francesco Caravelli. The Local potential approximation in

quantum gravity. JHEP, 1206:017, 2012. 1, 12, 13, 26, 39, 40

Dario Benedetti, Pedro F. Machado, and Frank Saueressig. Asymptotic safety in
higher-derivative gravity. Mod. Phys. Lett., A24:2233-2241, 2009. 71

Dario Benedetti, Pedro F. Machado, and Frank Saueressig. Taming perturbative
divergences in asymptotically safe gravity. Nucl. Phys., B824:168-191, 2010. 71



[12]

[13]

23]

[24]

74

Eloisa Bentivegna, Alfio Bonanno, and Martin Reuter. Confronting the IR fixed point
cosmology with high redshift supernova data. JCAP, 0401:001, 2004. 52, 67, 68, 69

Alfio Bonanno, Giampiero Esposito, Claudio Rubano, and Paolo Scudellaro. The
Accelerated expansion of the Universe as a crossover phenomenon. Class. Quant. Grav.,

23:3103-3110, 2006. 64

Jens Braun, Holger Gies, and Daniel D. Scherer. Asymptotic safety: a simple example.

Phys. Rev., D83:085012, 2011. 6

I.L. Buchbinder, S. Odintsov, and L. Shapiro. Effective Action in Quantum Gravity.
Taylor & Francis, 1992. 18

Nicolai Christiansen, Benjamin Knorr, Jan M. Pawlowski, and Andreas Rodigast.

Global Flows in Quantum Gravity. 2014. 69

Nicolai Christiansen, Daniel F. Litim, Jan M. Pawlowski, and Andreas Rodigast.
Fixed points and infrared completion of quantum gravity. Phys.Lett., B728:114-117,
2014. 52, 69

Alessandro Codello and Giulio DOdorico. Scaling and Renormalization in two dimen-

sional Quantum Gravity. Phys. Rev., D92(2):024026, 2015. 6

Alessandro Codello, Roberto Percacci, and Christoph Rahmede. Ultraviolet proper-
ties of f(R)-gravity. Int. J. Mod. Phys., A23:143-150, 2008. 1, 40, 46, 48

Alessandro Codello, Roberto Percacci, and Christoph Rahmede. Investigating the
Ultraviolet Properties of Gravity with a Wilsonian Renormalization Group Equation.

Annals Phys., 324:414-469, 2009. 1, 12, 19, 26, 40

Edmund J. Copeland, Christoph Rahmede, and Ippocratis D. Saltas. Asymptotically
Safe Starobinsky Inflation. Phys. Rev., D91(10):103530, 2015. 1

Antonio De Felice and Shinji Tsujikawa. f(R) theories. Living Rev. Rel., 13:3, 2010.
49

Maximilian Demmel, Frank Saueressig, and Omar Zanusso. Fixed-Functionals of

three-dimensional Quantum Einstein Gravity. JHEP, 11:131, 2012. 71

Maximilian Demmel, Frank Saueressig, and Omar Zanusso. A proper fixed functional

for four-dimensional Quantum Einstein Gravity. JHEP, 08:113, 2015. 40



[25]

[26]

[27]

75

B. S. DeWitt. Quantum gravity: the new synthesis., pages 723-725. Cambridge Unive.
Press, 1979. 81

Juergen A. Dietz and Tim R. Morris. Asymptotic safety in the f(R) approximation.
JHEP, 01:108, 2013. 1, 40, 70

Juergen A. Dietz and Tim R. Morris. Redundant operators in the exact renormalisa-
tion group and in the f(R) approximation to asymptotic safety. JHEP, 07:064, 2013.
40, 70

Ivan Donkin and Jan M. Pawlowski. The phase diagram of quantum gravity from

diffeomorphism-invariant RG-flows. 2012. 52, 69

Pietro Don, Astrid Eichhorn, and Roberto Percacci. Matter matters in asymptotically

safe quantum gravity. Phys. Rev., D89(8):084035, 2014. 1

Djamel Dou and Roberto Percacci. The running gravitational couplings.

Class. Quant. Grav., 15:3449-3468, 1998. 1, 12, 26

Freddy Dumortier. Singularities of vector fields on the plane. Journal of Differential

FEquations, 23(1):53 — 106, 1977. 59

E. Gonzalez-Olivares E. Saez. Dynamics of a predator-prey model. SIAM Journal on
Applied Mathematics, 59(5):1867-1878, 1999. 59

Astrid Eichhorn. The Renormalization Group flow of unimodular f(R) gravity. JHEP,
04:096, 2015. 1, 71

K. Falls. Asymptotic safety and the cosmological constant. 2014. 24, 26, 34, 36

K. Falls. On the renormalisation of Newton’s constant. Phys. Rev., D92:124057, 2015.
14, 36, 71

K. Falls, Daniel F. Litim, Konstantinos Nikolakopoulos, and Christoph Rahmede.
Further evidence for asymptotic safety of quantum gravity. 2014. 12, 13, 37, 39, 40,
41, 51, 55

K. Falls, Daniel F. Litim, and Aarti Raghuraman. Black Holes and Asymptotically
Safe Gravity. Int. J. Mod. Phys., A27:1250019, 2012. 1

K. Falls, D.F. Litim, K. Nikolakopoulos, and C. Rahmede. A bootstrap towards
asymptotic safety. 2013. 1, 55, 69



[39]

[40]

[41]

[43]

[44]

[45]

[46]

76

Sarah Folkerts, Daniel F. Litim, and Jan M. Pawlowski. Asymptotic freedom of
Yang-Mills theory with gravity. Phys. Lett., B709:234-241, 2012. 1

E.S. Fradkin and A.A. Tseytlin. Renormalizable asymptotically free quantum theory
of gravity. Nuclear Physics B, 201(3):469 — 491, 1982. 18

Filipe Freire, Daniel F. Litim, and Jan M. Pawlowski. Gauge invariance and back-
ground field formalism in the exact renormalization group. Phys.Lett., B495:256-262,
2000. 10

K. Gawedzki and A. Kupiainen. RENORMALIZING THE NONRENORMALIZ-
ABLE. Phys. Rev. Lett., 55:363-365, 1985. 6

Murray Gell-Mann and F. E. Low. Quantum electrodynamics at small distances.

Phys. Rev., 95:1300-1312, 1954. 6

Marc H. Goroff, Augusto Sagnotti, and Augusto Sagnotti. Quantum gravity at two
loops. Physics Letters B, 160(13):81 — 86, 1985. 5

David J. Gross and Frank Wilczek. Ultraviolet Behavior of Nonabelian Gauge The-
ories. Phys. Rev. Lett., 30:1343-1346, 1973. 5

John Guckenheimer and Philip Holmes. Nonlinear oscillations, dynamical systems,
and bifurcations of vector fields. Applied mathematical sciences. Springer, New York,

2002. 60

Herbert W. Hamber. Gravitational scaling dimensions. Phys. Rev. D, 61:124008, May
2000. 36, 51

Falls K. Asymptotic safety and black holes. PhD thesis, University of Sussex, May
2013. 39, 40, 41

Hikaru Kawai, Yoshihisa Kitazawa, and Masao Ninomiya. Ultraviolet stable fixed
point and scaling relations in (2+epsilon)-dimensional quantum gravity. Nucl. Phys.,

B404:684-716, 1993. 6

O. Lauscher and M. Reuter. Flow equation of quantum Einstein gravity in a higher

derivative truncation. Phys. Rev., D66:025026, 2002. 2, 4, 12, 26, 43, 46

O. Lauscher and M. Reuter. Ultraviolet fixed point and generalized flow equation of

quantum gravity. Phys.Rev., D65:025013, 2002. 1, 4, 9, 12, 27, 43, 49, 53, 55, 86



[52]

[53]

[54]

[55]

[64]

[65]

77

Daniel Litim and Alejandro Satz. Limit cycles and quantum gravity. 2012. 53, 57

Daniel F. Litim. Optimization of the exact renormalization group. Phys.Lett.,

B486:92-99, 2000. 2, 22, 40, 53, 90

Daniel F. Litim. Optimized renormalization group flows. Phys.Rev., D64:105007,
2001. 2, 22, 40, 53, 90

Daniel F. Litim. Fixed Points of Quantum Gravity and the Renormalisation Group.

PoS, QG-Ph:024, 2007. 1, 54, 55

Daniel F. Litim. Renormalisation group and the Planck scale.

Phil. Trans. Roy.Soc. Lond., A369:2759-2778, 2011. 55

Daniel F. Litim, Matin Mojaza, and Francesco Sannino. Vacuum stability of asymp-

totically safe gauge-Yukawa theories. 2015. 6

Daniel F. Litim and Tilman Plehn. Virtual gravitons at the LHC. In SUSY 2007
proceedings, 15th International Conference on Supersymmetry and Unification of Fun-

damental Interactions, July 26 - August 1, 2007, Karlsruhe, Germany, 2007. 1

Daniel F. Litim and Tilman Plehn. Signatures of gravitational fixed points at the

LHC. Phys. Rev. Lett., 100:131301, 2008. 1

Daniel F. Litim and Francesco Sannino. Asymptotic safety guaranteed. JHEP, 12:178,
2014. 6

Pedro F. Machado and Frank Saueressig. On the renormalization group flow of f(R)-
oravity. Phys.Rev., DT7:124045, 2008. 1, 12, 26, 40, 46, 48, 52, 69

Elisa Manrique and Martin Reuter. Bimetric Truncations for Quantum Einstein

Gravity and Asymptotic Safety. Annals Phys., 325:785-815, 2010. 12

Elisa Manrique, Martin Reuter, and Frank Saueressig. Bimetric Renormalization

Group Flows in Quantum Einstein Gravity. Annals Phys., 326:463-485, 2011. 12

Pawel O. Mazur and Emil Mottola. ABSENCE OF PHASE IN THE SUM OVER
SPHERES. 1989. 9, 14, 20, 81, 84

Pawel O. Mazur and Emil Mottola. The path integral measure, conformal factor
problem and stability of the ground state of quantum gravity. Nuclear Physics B,
341(1):187 — 212, 1990. 9, 14, 20, 81



[66]

[67]

[68]

[72]

[73]

78

Charles W. Misner. Quantum cosmology. i. Phys. Rev., 186:1319-1327, Oct 1969. 57

Tim R. Morris. The Exact renormalization group and approximate solutions. Int. J.

Mod. Phys., A9:2411-2450, 1994. 4

Emil Mottola. Functional integration over geometries. J.Math.Phys., 36:2470-2511,
1995. 9, 14, 81

S. Nagy, B. Fazekas, L. Juhasz, and K. Sailer. Critical exponents in quantum Einstein

gravity. 2013. 54

S. Nagy, J. Krizsan, and K. Sailer. Infrared fixed point in quantum Einstein gravity.

JHEP, 1207:102, 2012. 52, 69

Konstantinos Nikolakopoulos. Quantum gravity and the renormalisation group: the-
oretical advances and applications. PhD thesis, University of Sussex, November 2013.

39

Andreas Nink. Field Parametrization Dependence in Asymptotically Safe Quantum

Gravity. Phys. Rev., D91(4):044030, 2015. 6

Nobuyoshi Ohta. Beta Function and Asymptotic Safety in Three-dimensional Higher
Derivative Gravity. Class. Quant. Grav., 29:205012, 2012. 26

Nobuyoshi Ohta, Roberto Percacci, and Gian Paolo Vacca. Renormalization Group
Equation and scaling solutions for f(R) gravity in exponential parametrization. 2015.

1, 40, 48

Roberto Percacci and Daniele Perini. Asymptotic safety of gravity coupled to matter.

Phys. Rev., D68:044018, 2003. 1

Michael Edward Peskin and Daniel V. Schroeder. An introduction to quantum field
theory. Advanced book program. Westview Press Reading (Mass.), Boulder (Colo.),
1995. Autre tirage : 1997. 4

Joseph Polchinski. Renormalization and effective lagrangians. Nuclear Physics B,

231(2):269 — 295, 1984. 4

H. David Politzer. Reliable Perturbative Results for Strong Interactions? Phys. Rewv.
Lett., 30:1346-1349, 1973. 5

Stefan Rechenberger and Frank Saueressig. The R"2 phase-diagram of QEG and its
spectral dimension. Phys. Rev., D86:024018, 2012. 2, 45, 46



[30]

[81]

82]

79

M. Reuter. Nonperturbative evolution equation for quantum gravity. Phys.Rev.,

D57:971-985, 1998. 1, 4, 12, 26, 51, 55, 69, 70

M. Reuter and Frank Saueressig. Renormalization group flow of quantum gravity in

the Einstein-Hilbert truncation. Phys. Rev., D65:065016, 2002. 1, 12, 57

M. Reuter and H. Weyer. Quantum gravity at astrophysical distances? JCAP,
0412:001, 2004. 1, 52, 58, 69

Martin Reuter and Holger Weyer. Background Independence and Asymptotic Safety
in Conformally Reduced Gravity. Phys. Rev., D79:105005, 2009. 57

Mark A. Rubin and Carlos R. Ordonez. EIGENVALUES AND DEGENERACIES
FOR n-DIMENSIONAL TENSOR SPHERICAL HARMONICS. 1983. vii, 19, 22

Mark A. Rubin and Carlos R. Ordonez. Symmetric Tensor Eigen Spectrum of the
Laplacian on n Spheres. J.Math.Phys., 26:65, 1985. vii, 19, 22

Michael M. Scherer, Holger Gies, and Stefan Rechenberger. An Asymptotic-safety
mechanism for chiral Yukawa systems. Acta Phys. Polon. Supp., 2:541, 2009. 6

Jan Schroder. Aspects of quantum gravity and matter. PhD thesis, University of
Sussex, May 2015. 39, 40, 41, 49, 71

Alexei A. Starobinsky. A New Type of Isotropic Cosmological Models Without Sin-
gularity. Phys. Lett., B91:99-102, 1980. 38

S.H. Strogatz. Nonlinear Dynamics And Chaos. Studies in nonlinearity. Sarat Book

House, 2007. 58

Gerard 't Hooft and M. J. G. Veltman. One loop divergencies in the theory of
gravitation. Annales Poincare Phys. Theor., A20:69-94, 1974. 5

Steven Weinberg. Ultraviolet divergences in quantum theories of gravitation, pages

790-831. Cambridge Unive. Press, 1979. 1, 5, 51, 70

Christof Wetterich. Exact evolution equation for the effective potential. Phys.Lett.,
B301:90-94, 1993. 4, 39, 52

Stephen Wiggins. Introduction to applied nonlinear dynamical systems and chaos.

Texts in applied mathematics. Springer-Verl, New York, Berlin, Paris, 1990. 58, 60



[94]

[95]

[96]

[97]

80

K. G. Wilson and John B. Kogut. The Renormalization group and the epsilon ex-
pansion. Phys. Rept., 12:75-200, 1974. 1, 4

Kenneth G. Wilson. The Renormalization Group and Strong Interactions. Phys.
Rev., D3:1818, 1971. 5

Kenneth G. Wilson. The Renormalization Group: Critical Phenomena and the Kondo

Problem. Rev. Mod. Phys., 47:773, 1975. 1, 4

James W. York. Conformally invariant orthogonal decomposition of symmetric
tensors on riemannian manifolds and the initial-value problem of general relativity.

Journal of Mathematical Physics, 14(4):456-464, 1973. 15

J. Zinn-Justin. Quantum Field Theory and Critical Phenomena. International series

of monographs on physics. Clarendon Press, 1996. 4



81

Appendix A

Jacobians for the T'T

decomposition

Here we will compute the correct functional integral according to [68, 65, 64]. The result
here assumes that Minkowski spacetime is the true vacuum of quantum gravity. The
analysis starts from a lorentzian formulation to determine the correct euclidean action by
analytic continuation.

Classical general relativity is invariant under infinitesimal general coordinate trans-

formations (diffeomorphisms group Dif f(M))
=t + €'(x). (A.1)

These symmetry is something we want to preserve in the quantum theory as well, and
for that purpose we start defining the inner product in the space of infinitesimal metrics
69w = hyw by

(h,h)p = / A%/~ ghyu (2)GPP7 (), (A.2)

where the subscript T indicates that the product is for tensors. (A.1) on the spacetime
manifold corresponds to

hyuw — hyw + D&y + D&, (A.3)

With this in mind, the measure on the space of metrics must be invariant under (A.1)
and (A.3),i.e. G in (A.2) must be a purely local function of the coordinates of the space of
metrics M (without derivatives). The most general metric on M with this characteristics
is of the form

1
G = (99" +¢"7g" + Cgg"), (A4)

where C'is a constant to determine [25].
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Now, we will define the measure of M by a Gaussian normalisation condition:

/ Dh,we:vp(—é (hyhY)p = 1. (A.5)

To understand the meaning of the constant C, let us decompose the tensor h,, into

its trace-free and trace parts
1

79w (A.6)

huw = bk +

with i = hf;. Operating each part with the super metric (A.4), we see first that for the
trace-free part G””p"hff = hTFr7 is mapped into itself independently of C. While for the
scalar trace mode we have

cd g

WW%Zl
(Gre) b = (14 )%

h
d )

and hence it has an eigenvalue dependent on C. This means that for C' > —d/2, the
signature of G in the scalar trace tensor is positive, and negative for C < —d/2. If
C = —d/2, the metric is basically the projector onto the trace-free subspace.

Once the measure for M is defined, we still have to subtract the infinite gauge orbit
volume from it. Let us start with a change of coordinates in the tangent space of M at
Juv'

2
B = ity + (L€ + (20 + D3N gy, (A7)

where L maps vectors into traceless symmetric tensors,

(Lf),uz/ = Dpfy + Dug,u - gD)\nguu- (AS)

hTF

uv 5 1.e. the traceless

L¢ spans all symmetric tensors which are gauge transformations of
part of h,,. o and hf;l, are the gauge invariant pieces of the trace part and the trace-free
part h,iff respectively. From here, we choose hlf,/ to be an orthogonal part to L, with
requires (LTh') = —2D”hﬁy = 0. Also, h' may be required to satisfy an arbitrary gauge

condition

(F-h*)y=Fh;;, =0, (A.9)

the only condition we require for (A.9) is for the operator F o L to be locally invertible in
order to find uniquely a solution for &.
The scalar part o is a gauge invariant quantity since we have subtracted from the trace

part of h,, the piece generated by infinitesimal coordinate transformations according to

h 2
5= 20 + gDuf" (A.10)
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In order to subtract the infinite gauge orbit volume generated by ,, we need to find
the Jacobian of the transformation to the new field coordinates (hL, € 0),ie.

Dhyy = J1Dh,,, DE, Do (A.11)

First, we substitute (A.7) into (A.2) to get

2+dC
2d

(hy )y = <hL, hL>T n <§, LTL§>V n (h, R, (A.12)

where we have defined the inner product for vectors and scalars as

(v,v) = /ddxﬁv“guyv”, (h,h)g = /d‘%ﬂh? (A.13)

It is easy to prove the mixing terms in (A.12) vanish simply by using the transverse and
traceless properties of h'.
The vector operator acting on vector modes appearing in (A.12) is

2
1-2

(Alf)u = (LTLO“ = _2(5MVD2 + ( d

VD, D" + R, )&, (A.14)

moreover, since Ay is the product of an operator and its adjoint then the Euclidean
continuation has no negative modes, and its only zero modes come purely from L itself.
These zero modes are conformal Killing vectors (CKV), which span a finite dimensional
subspace of Dif f(M). For the sphere S? there are d(d+1)/2 Killing vectors corresponding
to the infinitesimal generators of SO(d + 1).

We will subtract explicitly this finite dimensional subspace from the definition of o,
hence, these scalar gauged modes are by definition not included in the gauge-independent
space of fluctuations o.

Now, we are ready to compute the Jacobian appearing in (A.11). From (A.12) we note

that there are no derivatives of h* and o, then in the same fashion as (A.5) we are free

to choose
/Do— exp(—% (0,0)) = 1, /thw exp(—é (hhnty) =1, (A.15)
and by choosing
[ Peuess(—5 6.) =1, (4.16)
we finally can write (A.11) as
Dhyw = J1[Vol(CKV)| "' DaDE, Dhy,, (A.17)

with the Jacobian being

Ji = [det’ (LTL)]Y? = [det' (A1)]/2. (A.18)
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The prime in the determinant denotes that zero modes of A; have to be excluded (these
modes simply give rise to the volume factor Vol(CKV)).
In order to evaluate the Jacobian (A.18) we decompose the space of vectors into trans-

verse and longitudinal vectors according to

& =& + Db, (A.19)

Operating A into this decomposition and commuting covariant derivatives gives
(Aigh) =20, - RLE)) (A.20)

- 1 1
with these expressions we now can rewrite the Jacobian for a maximally symmetric space
as [64]

1/2
i )} , (A.22)

B R Y2
i = [deti, Ay]Y? = [detlv<A - d>] [detgm Tdi-1
where A = —D?, and the primes indicate that we need to remove the negative mode and
zero mode of A — R/(d — 1), and the zero mode of A — R/d. The subscripts means that

the operators act either on transverse vectors or scalars respectively.
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Appendix B

Het Kernel techniques

From (3.32) we have

1 O R i
Z Si=5Tr |5 2 -2
* %Tr” E-d(-1 B @Rof =
TZk[A - + ﬂ(wR — Ak)] + Ra,k (B 1)
. lTr// 8tR0,]€
2 W2 A — 5]+ Ro
- lTr’ OBk 1 [atR_vk]
2 27 [A — 8] + Ry, 2 | Zka— + R_ |’
with a_ = d—lfl — d%'ll(dg—:fR — Ag), A = —V? and the index i taking the values 0, 10, 2.

We will choose R;;, such that the denominator of each term has the form A 4 --- + 7,
where 7; 1 is defined by
Ruk(z) = Zkrw(z) (B.2)

Each of the traces in (B.1) are functions of the modified laplacian A;, f(A; = —V? +
Ui(R, Ag)), with each “potential” term as follow
2 d—2 R R
U =——R-2(At— ——R U =—= Uy= ———
1 d(d _ 1) < k 2d > ) 1 d’ 0

1 d d—2
S L (A’“_ 2d R)

We can express the traces in terms of the heat kernel anti-Laplace transform with respect

to A; and expand in the early time s. Hence
_ 1 [e'S)
_ — —As ~
S =Tr[W(A)] = /dsTr[e W (s) =~ ()02 E_OQg”[W]A"(R’ Ag) (B.4)

The Seeley-DeWitt coefficients coming from the expansion of the heat kernel are A; ,, =



86

[ d?z\/ga; , with [51]

ap,0 = ag,p = 1, a0 =d—1, ayo= W
d+5 d+5 d d—2
= G e = ey s (M R
A d? + 5d — 12+ 6342
1,1 — 6d )
d(d+1)(d+2)(d — 5+ 3842) — 12(d — 2)(d + 1) d—2
= ’ —2 (A — —2R).
R 12d(d — 1) R+ (d=2)(d+1) | A= == R
(B.5)
Also, we have the terms giving rise to R?-terms
oo —6+133d 4 48d° + 5d° .,
0.2 = —360d(d — 1)2 ’
—6+ 133d + 4842 + 5d® _, d—2 d+5 1 d—2
— Ay — Sl O P
o2 S60d(d—1)7 +< S Y R) (6(d—1)R+ 2 ( kT g R>>’
(d — 3)(—240 + d(202 + d(63 + 5d))) + 360(204,a + 62.4) »
a2 = ’ — R
’ 360d2(d — 1)
o= @D =2)(d = 1)(=720 +d(~234 + d(=T + 5d))) + 324008,4) s
B2 720d%(d — 1)2
d—2 N\ ((d+1)(12+d(-16+ (=3 + d)d)) _  (d+1)(d—2) d—2
+<A’“ 2d R)( 6d(d—1) R+ 2 A== 8) )
(B.6)
And the functionals @,,[W] for m > 0 are given by the Mellin transform
W= —— dzz"" YW (), B.7
QW] = s [ d=m W) (B.7)

where we have to identify z to the corresponding Laplacians for the different spin fields.

Also, for Q_,,[W] with m <0
—m |=o- (B.8)

Since all the W (z) terms contain the derivative in the regulator, and z depends on Ay
, for a regulator of the form Ry (z) = Gikrk(z), we can brake down (B.7) in three parts by

considering

@MAazggwmmw+nA@+¢@mx (B.9)

where the anomalous dimension is 7y = 0,Gy /Gy, and dot means derivative respect t.
Hence, (B.7) for m > 0 can be written in a dimensionless way as

Qm,i = 5 F(m) (Gm[rei) — NN Gm[rei] + Us(Ry Ak) b [rr i), (B.10)
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the index [i] is defined as [2] = [0] = 0, and [1] = [0] = 1, and the threshold functions are
defined as

o] o _ o] . R o] 7“/ (z
¢m —_ / dZZm71 T.k,l(z) , ¢m —_ / dZZm71 Tkﬂ(z) = / dZZm71 kﬂ( )
0 z) 0 0

24 g PR e) z+ri(z)
(B.11)
For m = 0 we have
(D) (7(2) r.q(2)Ui
(W] = W(2)|:=0= =N B.12
Q=W Ek== = e "™ e )| P

In four dimensions, using the exponential shape function (3.37), V = k* J ddx\/g, and
the dimensionless quantities R — k*R, A = k~2A;, the different traces of the RHS of the

flow equation are

~ —2160¢(3) + 540n¢ + 90(3ne — 7)) R + 269(ng — 2)R? _

So 1728072 v,
_ 8A(67(BA+2X) + BA(BA 42X +3) 4 37%) 4+ 6 (72 — 6) BN — 3n(4A(BA+3) +9)
So/V = 86472
—T72X + 108¢(3) R4(8/\ +37)(BX + 2X) — 3n(16)\ + 3) + 96\ + 372
86472 172872
29(28\ — 3n + 4\ + 6)
2
R 5184072
_ =21 4 — 72 1 - 2)R? _
SV = 60¢(3) + 5401 + 60(3ng — 7°) R+ 109(ne — 2)R 7.
576072
507 54X (BEA+7)(BA+2X) + 12X + 72) + (72 — 6) BA — 3n (8AZ + 21 + 1))
2 =
9672
5(=12A +12¢(3)) R25 (6((4X + ) (BA + 2X) + 8X) — 3n(8A + 1) + 72)
9672 57672
e 7T19(—=BA+n—2(A+1))
345672

(B.13)
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Appendix C
f(R) theory
The functions and functionals appearing on (4.7)

Of —2Rf' +4Af = Llf] + L[f] - Ouf + La[f] - 0uf",

are

Pgl'f/+sz'R'f//+Pgl'f/+P692'f//+P(3g3'R'f///

ILlf] = [POS + P+ o7 ik (C.1)
pl Py
L[f] = L;T + DIS} (C.2)
PS
Llf] = 53 (C.3)
The f-dependent denominators of I;[f] are
DT[f]=3f - (R-3)f (C.4)

D3[fl=2f+ (3—2R)f' + (3— R)*f". (C.5)



The numerators are

3360 30 20

89

29701 R? - 12R —12

191R2 — 24R — 36

607}22 — 24R — 144,

511R2 — 12R — 36,

i; R? — gR? — 90R + 240,
i;éRS + 6R2 + 30R — 60,

;’5761%3 + 9R2 + 18R + 48,
S ng %R 1240

1168810 R+ 15 SR 1 R2

%R?* — %R — 15R + 30,

12;1%3 + 60R2 + 3R +6,

181 29 . 1
83—333 9R2+27
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Appendix D

RG Flows in Einstein-Hilbert
gravity

The coefficients appearing in (5.6) and (5.7)

a1(A) = fiog/a(=2X0)) + fadgn(—20N) + f3dy5(0), (D.1)
() = 5 {1322 + b p(—200) ) (D.2)
bi(N) = f16lss 1 (—20) + folys 1 (—200) + fodd5(—20) + fr6d5(~20))  (D.3)
+ Fadhyaa(0) + od3a(0) + Fubaa (5~ 1=5a )
ba(N) = 3 Fidlya 1 (~20) + 5 Fsblya 1 (~200) + L foda(~23) (D.4)
;fmsd/? T 5 /1002 <1 12)\ 1 —12a>\>

where the threshold functions are

n _L > m+1 —T/(y)
) = iy | 0

A T D)
0= 5 |, G T

in this work we use the optimised cutoff r = (k? — ¢%)0(k* — ¢?) [53, 54]. With this choice

the threshold functions are:

1 N 1
Tz w = Tmryarer

P (w) = (D.6)
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the coefficients f; which only depends on the gauge fixing parameter o and the dimension

of the space-time are
d® —2d? —11d — 12
d f07
d>—6 d® —4d® +7d -8 d+1—ad(d—2
5y Jo Jo=-2 11 fo,  fr=4 7 ( )f07 (D.7)

fo= () fy=2fs Jo=-S@d+ Do, fio=12f0

fi=d(d—1)fo, fo=2dfo, [3=—4dfo, [fi=

J5=2
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