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Dedicatoria

Com muito pesar, eu nao posso deixar de registrar que, no momento em que essa
tese foi escrita, centenas de milhares de familias brasileiras lamentam a perda de seus
entes queridos. Um virus que chegou ao pais como uma ameaga, logo aliou-se as praticas
fascistas daqueles que (des)governam esse pais para tornar-se uma arma de exterminio
contra as parcelas vulneraveis da populacao. Portanto, como uma tentativa singela de
demonstracao de solidariedade, eu gostaria de dedicar esse trabalho a todas as vitimas
de um periodo que resulta nao apenas de uma crise de saide, mas, principalmente, de

uma das maiores crises civilizatérias que ja acometeram esse pais.
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Abstract

In this thesis we investigate the asymptotic safety approach for quantum grav-
ity. This approach relies on the possibility of a UV completion induced by means of
fixed points in the renormalization group flow. In its standard version, asymptoti-
cally safe quantum gravity is constructed as a quantum theory for general relativity.
In the present thesis we consider a different scenario, where the underlying classical
theory corresponds to unimodular gravity, which is defined by a restriction on the de-
terminant of the space-time metric. Under the appropriated assumptions, unimodular
gravity and general relativity give rise to equivalent classical dynamics, however, the
(in)equivalence at the quantum level remains unsettled. Using functional renormaliza-
tion group techniques, we provide new results concerning the fixed point structure in
the unimodular setting. Also, we discuss the impact of regulator induced contributions
on the renormalization group flow obtained within the unimodular theory space. Based
on the analysis of n-point connected correlation function, we provide strong arguments
in favor of the equivalence between unimodular gravity and unimodular gauge, which
is a particular gauge choice in the quantization of general relativity. Finally, by ex-
ploring the interplay between gravity and matter systems, we discuss the possibility of
imposing phenomenologically motivated constraints in the unimodular theory space.
Our results indicate that, due to the absence of the cosmological constant, the unimod-
ular setting leads to more severe constraints in comparison the standard formulation

of asymptotically safe quantum gravity.

Keywords: Quantum Gravity; Asymptotic Safety; Functional Renormalization

Group; Unimodular Gravity; UV Fixed Points.
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Resumo

Nesse trabalho investigamos o cenario de seguranga assintética para gravidade quan-
tica. Essa abordagem esta baseada na possibilidade de completude no regime UV por
meio de pontos fixos no fluxo do grupo de renormalizagao. Na sua versao padrao, o
cenario de gravidade quantica assintoticamente segura é construido a partir da quanti-
zacao da relatividade geral. Nessa tese, consideramos uma versao alternativa com ponto
de partida correspondente a uma teoria unimodular de gravitacao, a qual é definida a
partir de uma restrigao sobre o determinante da métrica espaco-temporal. Partindo de
hipéteses apropriadas, pode-se mostrar que gravidade unimodular e a relatividade geral
descrevem classicamente a mesma fisica. No entanto, a (in)equivaléncia quantica entre
as duas teorias permanece como uma questao em aberto. Utilizando métodos do grupo
de renormalizacao funcional, apresentamos novos resultados em relagao a estrutura de
pontos fixos no cenario unimodular. Além disso, discutimos o impacto de contribuicoes
induzidas por um efeito de regulador sobre o fluxo do grupo de renormalizacao na
teoria unimodular. Com base em uma analise sobre de funcoes de correlacao, apresen-
tamos argumentos fortes em favor da equivaléncia entre gravitacao unimodular e calibre
unimodular, que corresponde a uma escolha de fixacao de calibre na quantizacao da
relatividade geral. Por fim, explorando a relagao entre gravitacao e setores de matéria,
discutimos a possibilidade de se estabelecer vinculos fenomenoldgicos sobre o “espago
das teorias” unimodular. Os resultados apresentados aqui indicam que, devido a ausén-
cia da constante cosmoldgicas, o cenario unimodular produz vinculos mais severos em

comparacgao com a formulacao padrao de gravidade quantica assintoticamente segura.

Palavras-Chave: Gravidade Quantica; Seguranga Assintotica; Grupo de Renor-

malizacao Funcional; Gravidade Unimodular; Pontos Fixos UV.
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Notations and Conventions

List of abbreviations: List of symbols:
AS | Asymptotic Safety 9w | Space-time metric
ASQG | Asymptotically Safe N | Minkowski metric
Quantum Gravity 0, | Euclidean metric
EAA | Effective Average Action R,vap | Riemann tensor
EFT | Effective field theory R, | Ricci tensor
EH | Einstein-Hilbert R | Ricci Scalar
FP | Fixed Points Civap | Weyl tensor
FRG | Functional Renormalization Mp; | Planck mass
Group GN | Newton coupling
GR | General Relativity Ace | Cosmological constant
IR | Infrared d | Space-time dimension
QCD | Quantum chromodynamics hyuw | Fluctuation field
QFT | Quantum Field Theory h¥ | Trace of the fluctuation field
QG | Quantum Gravity 635 Symmetrical identity
QGR | Quantum General Relativity ~#* | Gamma matrices
UQG | Unimodular Quantum Gravity 1 | Physical RG scale
RG | Renormalization Group k | FRG cutoff scale
SM | Standard Model
UG | Unimodular Gravity
UV | Ultraviolet
1PI | One-Particle Irreducible

We work with natural units such that ¢ = h = 1. In Sect. 1.1 we use Lorentzian
conventions with signature (—,+,+,---). In the rest of this thesis we consider Eu-
clidean signature. The Riemann tensor was defined according to R" v = 8af‘ffﬁ +

Ity — (o < (). Geometrical objects with an over-bar (Rap, R -) are com-

s
puted in terms of the background metric g,,. Once we decompose the full metric g, in

terms of g,, and h,,, the operations of raising and lowering indices are done with the

2
background metric. For space-time integrals, we use the compact notation fl, = [d'z.
For the original results presented in this thesis we set our calculations to the four-
dimensional case (d = 4). In some discussions we kept the dimension parameter d

arbitrary. Finally, the symmetrical identity is defined as (535 = %(5555 + (55(53)‘

14
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Introduction

According to our current understanding, nature organizes itself in terms of four
fundamental interactions: strong, electromagnetic, weak, and gravitational. Quantum
field theory (QFT) provides a very successful description of the first three ones. In
special, the standard model (SM) of particle physics shows a remarkable, and even
surprising, agreement with the experimental data collected in modern accelerators such
as the LHC [1]. The SM, on the other hand, do not incorporate gravity, indicating that
there is at least one missing piece in the understanding of fundamental interactions.

At the classical level, gravity has a very satisfactory description in terms of the
theory of general relativity (GR). According to GR, gravity is nothing but a manifes-
tation of the dynamics of space-time itself. In this setting, free particles move through
geodesics in a space-time deformed by matter /energy content. Since its conception, GR
was successfully confronted with many experiments [2], including the recent detection
of gravitational waves and black-hole shadows [3,4], providing the notable non-trivial
tests of this theory in the strong-field regime. The presence of singularities in the solu-
tions of Einstein’s field equations in GR [5], however, indicates that this theory also has
its limitations and fails to describe gravity at very small distance scales. This might
suggest that quantum fluctuations could play an important role in the understanding
of gravity, and the space-time itself, at the fundamental level.

The quest for a complete and consistent theory of quantum gravity remains as one
of the major open problems in theoretical physics. In particular, the complete lack of
direct experiments probing the quantum nature of gravity makes this task especially
challenging [6]. The energy scale where quantum gravitational effects are expected to
become important is of the order of the Planck mass (~ 10* GeV), while the current
technology allows us to probe physics up to the electroweak scale (~ 10? — 10° GeV).
Despite these limitations, in the past few decades, several attempts to quantize gravity
were made, starting from multiple different premises and leading to a great variety of
approaches [7,8]. Despite all the progress in various directions, none of the alternatives
can be considered a full theory for quantum gravity (QG) so far.

Having in mind our experience with the other fundamental interactions, we might
expect that QFT methods applied to GR should provide a natural framework for QG.

For example, taking into account the “sum over histories” approach in QFT, our goal



is to define a “functional integral over space-times” (geometries)!. A concrete (but not
unique) realization of this task is achieved by a path integral over metric fluctuations
around a fixed (non-dynamical) background [11]. This approach, sometimes referred
to as covariant QG, defines a QFT where the metric fluctuation field plays the role of
mediator of the gravitational interaction, namely, the graviton.

The naive application of the QFT toolbox in the covariant QG approach, however,
is not completely satisfactory. In particular, the quantization of GR based in pertur-
bative methods leads to non-renormalizable interactions due to the presence of vertices
scaling with two derivatives [12-19]. In this case, the elimination of all possible ul-
traviolet (UV) divergences requires an infinite number of counter-terms, resulting in a
lack of predictivity. A possible way to circumvent the problem of perturbative non-
renormalizability is the introduction of higher-derivative (HD) terms in the action. In
this case, there is an improved UV behavior of the graviton propagator, making the
theory renormalizable at all orders in a perturbative expansion [20]. However, the price
to be paid for renormalizability, in the perturbative level, is the appearance of an extra
pole in the tree-level graviton propagator with negative residue, indicating unitarity
violation?.

As an alternative, covariant QG can be interpreted as an effective field theory
(EFT) [29-31]. The ideas of EFT’s have been extensively explored in particle physics
and allow us to perform consistent computations, based on standard perturbative meth-
ods in QFT, even in the case of non-renormalizable theories [32]. Nevertheless, EFT’s
exhibit a limited range of validity and, therefore, allow us to answer only those physical
questions characterized by energies below a cutoff scale. Theories involving such cutoff
scales are said to be UV incomplete. In the case of QG, the cutoff scale is usually
identified as the Planck mass. This framework allows us to compute QG contribu-
tions to physical processes with a typical energy scale below ~ 10! GeV. One of the
most successful examples of the EFT approach to QG is the one-loop correction to the
Newtonian potential first reported in the seminal papers by Donoghue [33,34]. Further-
more, during the last three decades, the EFT approach has been used to investigate
QG contributions in several scattering processes (see, e.g., [35-37]).

The limitations of the covariant approach to QG built on top of standard pertur-
bative methods suggest that, if we aim at constructing a fundamental theory within a
QFT framework, some change of paradigm might be necessary. In the present thesis,
we follow a route based on the concept of asymptotic safety (AS) [38,39]. The basic
idea of AS is to define a non-perturbative notion of renormalizability formulated in

terms of a non-Gaussian UV fixed points (FPs) in the renormalization group (RG)

! Alternatively, we could also consider the canonical quantization of geometrical objects. This
approach leads, for example, to the original formulation of loop quantum gravity [9,10].
2For recent proposals to circumvent the unitarity problem in HD theories of QG, see [21-28].



flow [40-42]. In this approach, perturbative renormalizability is no longer considered a
guiding principle in the definition of a meaningful QFT.

The notion of AS can be explored in parallel with the well-known concept of asymp-
totic freedom (AF). The latter one, first discovered in the context of Yang-Mills (YM)
theories, describe interactions characterized by couplings that run towards a UV at-
tractive Gaussian FP, i.e., a FP characterized by vanishing couplings. In this case, we
say that theory becomes asymptotically free in the high-energy regime. The neighbor-
hood of a Gaussian FP is the ideal regime to apply perturbation theory. In fact, the
UV FP in the RG flow of YM theories is the key point for a consistent perturbative
treatment of quantum chromodynamics (QCD) in the UV regime [43-45].

AS generalizes the concept of AF to the non-perturbative regime. An asymptotically
safe theory is characterized by couplings running according to an RG trajectory ending
in a non-Gaussian FP in the UV [42]. In this case, the theory remains interacting at
the FP and UV completion is achieved by scale invariance in the high-energy regime.
In order to ensure predictivity, we further demand a finite-dimensional critical surface
associated to the UV FP. As a consequence, only a finite number of free parameters
are necessary to parameterize UV complete trajectories. Furthermore, it is interesting
to emphasize that any fundamental QFT has to admit a characterization in terms of
asymptotically safe (or asymptotically free) RG trajectories.

The asymptotically safe quantum gravity (ASQG) approach puts together the con-
cepts above discussed as a promising attempt to define a consistent, and UV complete,
QFT describing the gravitational interaction. The existence of a non-Gaussian UV
FP for gravity was first conjectured in a seminal work by Weinberg [42]. The earlier
attempts to probe this conjecture was based on calculations done in 2 + € space-time
dimensions [46-49], pointing towards the existence of a non-Gaussian FP for the grav-
itational interaction. Nevertheless, it is not clear if these results can be analytic con-
tinued to four dimensions. As a consequence, this research area was left aside until the
development of more sophisticated techniques.

The current research on ASQG has been mostly done in terms of the functional
renormalization group (FRG) techniques [50]. In general lines, the FRG provides an
implementation of the Wilsonian picture of integrating field configurations in a “step-
by-step way” [51] (see [52] for a recent review). It is achieved by the introduction of
an infrared (IR) cutoff scale that suppresses the field configurations characterized by
low-momentum. The central object in the FRG formulation is the effective average
action (EAA) defined as a scale-dependent functional that interpolates between the
bare action and the usual effective action (1PI generating functional) from quantum
field theory. The most attractive feature of the FRG lies on the fact that the EAA
satisfies an exact flow equation, the Wetterich equation [51]. Even though the use of

approximations is necessary to extract quantitative information from the Wetterich



equation, the FRG still provides an alternative framework to perform systematic QFT
calculations beyond the usual perturbative methods.

Since the seminal paper by Reuter [50], the FRG has been systematically applied to
the study and characterization of the RG flow in QG. Within a first approximation, a
truncated EAA with the same functional form of the Einstein-Hilbert (EH) action has
been used as an approximated solution for the Wetterich equation. This strategy allows
for the computation of beta function for the Newton coupling and the cosmological
constant. The resulting flow equation provides the first indication for a UV attractive
fixed point in a legitimate four-dimensional setting. In the last two decades, a great
number of investigations were done based within the FRG approach, and, by now, there
are several indications pointing towards the consistency of the ASQG framework [53-94]
(for recent reviews, see [38,39,52,95]).

The RG approaches to QG, such as ASQG, not only provide a possible UV com-
plete scenario within the QFT framework but also give a perspective on how to connect
quantum aspects of gravity with low-energy phenomena accessible with current exper-
imental technologies [96]. The RG works as a theoretical microscope that allows us
to zoom in and out to probe different physical scales. In this sense, we can use RG
trajectories to connect phenomena at the Planck scale down to the electroweak regime.
This idea has been explored within the ASQG approach, providing indications that
the existence of a gravitational UV FP might lead to interesting consequences on the
running of SM-couplings. The most highlighted example is the prediction (within ap-
proximations) of the Higgs mass [97] close to the actual measured value two years
before its observation in the LHC? [98,99]. Investigations in the last few years also
indicate the possibility of a post-diction for the top quark mass and also the top-quark
mass difference [95,96]. Furthermore, the AS scenario for QG might also help with a
solution to the triviality problem in the Abelian gauge sector of the SM [100,101].

From the RG perspective a theory is characterized by RG-trajectories in the space
of all couplings compatible all the symmetries and degrees of freedom associated with
the physical problem under investigation. Such a space is usually referred to as the-
ory space. Within the standard formulation of ASQG, based on the quantization of
GR, the theory space is constructed by the (infinite) set of operators compatible with
diffeomorphism (Diff ) symmetry, with the fundamental field being the space-time met-
ric. In the thesis we explore a different choice, namely, the theory space defined by
the quantization of unimodular gravity (UG) [102-109]. In this case, the space-time
metric still plays the role of fundamental variable, however, with a configuration space

restricted by a condition of fixed metric determinants. As a consequence of this re-

3We should emphasize that the “predicted” value for the Higgs from AS actually depends on the
approximations under assumption. By now there are multiple calculations indicating that this value
might vary in a range of a few GeV. Most importantly, a reliable method to estimate the errors
resulting from these approximations is still missing.



striction, the underlying symmetry characterizing this theory space is reduced to the
group of transverse diffeomorphism transformations ( TDiff )*.

UG is closely related to an observation made by Einstein in the early years of GR,
namely, that by a convenient choice of coordinates we can set the metric determinant
to one, leading to simplifications in the field equations of GR [110]. In such a case, we
can simply view UG as a particular gauge in GR. In its modern formulation, UG is
interpreted as an alternative theory where the determinant of the metric is fixed a prior:
and, therefore, not subject to any variation. One of the most attractive features of UG
is the role played by the cosmological term. Since the determinant of the metric is not
subject to any variation, the cosmological constant term in the unimodular version of
the EH (uEH) action decouples from the dynamical field equations. On the other hand,
it is possible to verify that a cosmological term re-appears at the level of the classical
field equations as an integration constant. Nevertheless, this integration constant is not
related to the usual cosmological term in the uEH action. This feature has attracted
some attention to UG as a possible solution (or reinterpretation) of the cosmological
constant problem?® [103,105,107-109,111-115]. The basic idea is that the cosmological
term (an integration constant) in the dynamical field equation of UG does not receive
quantum corrections from vacuum fluctuations®.

At the classical level, UG turns out to be dynamically equivalent to GR. In fact,
starting from the field equations derived from the uEH action we can reconstruct the
usual Einstein’s field equation for GR and, therefore, showing that both theories share
the same classical solutions. In this sense, the only difference between UG and GR
is the status of the cosmological term, an integration constant in the former, and a
dynamical term in the latter. The (in-)equivalence at the quantum level turns out
to be more subtle [115,116,118-127]. On the one hand, some calculations based on
perturbative techniques indicate tree-level and 1-loop equivalent results [115,121]. On
the other hand, the inequivalence of both theories has been discussed in terms of formal
manipulations at the level of path integrals [123].

The dispute regarding the quantum equivalence of GR and UG triggers the question
on whether the AS program could be built on top of UG. While ASQG based as a
quantum theory for GR has been extensively explored in the literature, only a few

investigations were done in the unimodular counterpart. A few studies based on FRG

4Different versions of UG may be formulated in terms of different symmetry groups. For example,
depending on how the unimodularity condition is imposed, the underlying symmetry might be char-
acterized by one of the following choices: TDiff, Weyl-TDiff (WTDiff) or Diff. Along this thesis we
focus in the TDiff formulation.

5Tt important to emphasize that the term “cosmological constant problem” is used to indicate more
than one problem associated with the cosmological term in GR. In the present case, we are referring
to the fine-tuning of the cosmological term in order to absorb quantum corrections proportional to
the forth-power of a cutoff scale.

6See also [116,117] for a different point of view concerning the possibility of resolve the cosmological
constant problem in the unimodular setting.



methods point towards the existence of asymptotically safe solutions in UG [125,126,
128,129]. Nevertheless, this area deserves further investigations.

In the present thesis, we further explore the theory space defined by UG. In this
sense, we perform a systematic investigation based on FRG methods as a way to
characterize the RG properties of UG beyond the standard perturbative regime. The
analysis performed here was done in terms of two different approximation methods for
the FRG, namely, the background approximation and the vertex expansion approach.
In both cases, we present indications for UV FPs in the unimodular version of ASQG.
Furthermore, by exploring the impact of graviton fluctuations in the running of SM-like
couplings, we discuss the phenomenological viability of the unimodular ASQG scenario.

The present thesis is organized as follows: In chapter 1 we revise the basic theo-
retical aspects underlying the development of this thesis. In this sense, we discuss the
concept of AS and the application of the FRG as a method to explore the RG flow in
QG. In Chapter 2, we provide an introduction to unimodular (classical and quantum)
gravity. Chapter 2 is also devoted to a systematic search for UV FPs in UG based
on the background approximation for the FRG. In chapter 3, we investigate the RG
flow of unimodular quantum gravity based in the vertex expansion approach for the
FRG. We discuss some comparative aspects of the unimodular and the standard ASQG
scenario. In chapter 4, we study the impact of graviton fluctuations in SM-like cou-
plings. We explain how QG fluctuations might induce UV completion of SM couplings
and we explore possible constraints on the unimodular theory space based on tests of
phenomenological viability. In what follows, we draw our conclusion and present some
further perspectives. A list of appendices collects some technical points that were not

covered in the main text.



Chapter

Theoretical Foundations

1.1 Asymptotically Safe Quantum Gravity

1.1.1 Pushing the limits of fundamental physics

GR and QFT constitute the two main pillars supporting our understanding of na-
ture at fundamental level. On the one hand, GR provides a very satisfactory description
of the gravitational phenomena at large scales. In the context of GR, gravity is un-
derstood as a dynamical effect of space-time. In this sense, the gravitational field of
a given object (e.g. a star or a planet) is nothing but the deformation caused by this
object in the space-time. The interplay between geometry and matter/energy appears

at the level of the Einstein’s field equation,
1
RNV — §gNVR+ACC Guv = 87TGN T,U,l/' (11)

In this framework, the fundamental dynamical variable is the space-time metric g, .
The energy-momentum tensor 7}, acts as a source term and encodes the relevant in-
formation on how matter/energy impacts the geometry of space-time. The geometrical
nature of gravity implies a universal behavior since the dynamical evolution of any
physical (massive or not) object should be affected by deformations in the underly-
ing space-time geometry. One of the consequences of this universal behavior was the
prediction of the gravitational light-bending effect, considered as a benchmark in the
experimental validation of GR [2].

Despite being a very successful description of gravity at large scale, GR also has
its limitations. If we consider as an example the Schwarzschild metric, i.e., the outer

solution of a spherically symmetric matter distribution (with mass M), the line element



takes the form

r r

-1
ds® = g, datdr” = — (1 — E) dt* + (1 — E) dr? + r2dS, (1.2)

where d) = d6? + r?sin?0d¢? is the solid angle element and rg = 2MGy is the
Schwarzschild radius. This solution indicates two potential singularity problems. The
first one, at r = rg, does not characterize a physical problem, since the singularity
can be removed by an appropriate choice of coordinates. The singularity at » = 0, on
the other hand, turns out to be critical once it cannot be avoided by any change of
coordinates. The most direct indication of the physical nature of this problem is the
observation of a divergent Kretschmann scalar at r = 0,

12 T% r—0
53

Ruvap R = (1.3)

76
The ubiquitous presence of physical singularities in the solutions of the Einstein’s field
equation indicates that GR might breakdown at small scales (or, equivalently, large
energies) [5,130].

One of the most important changes of paradigms in the development of physics was
the understanding that the rules describing nature at small scales are very different
from our macroscopic experience, leading to the advent of quantum mechanics (QM).
Furthermore, the combination of ideas from QM with the concepts from special rela-
tivity culminate in the foundation of QFT. In this framework, the central objects are
fluctuating fields encoding the probabilistic nature of QM, while the relevant physical
questions should be answered in terms of expectation values and correlation functions.
QFT has been very successfully applied to the description of microscopic phenomena.
In particular, QFT is the conceptual as well as technical basis for the SM of particle
physics, showing an astonishing agreement between theoretical results and the experi-
ments performed in modern colliders [1].

Nevertheless, the SM of particle physics also has its limitations. Possibly, the most
evident limitation of the SM lies on the fact that it does not say anything about
gravity. The probabilistic nature of QFT makes it hard to place the SM along with a
geometrical description of gravity. In a semi-classical approach, we might consider the
r.h.s. of the Einstein’s field equation as the expectation value of the energy-momentum

tensor associated with SM-fields, namely

1
Ry = 59 R+ Aee g = 87Gx (Toh . (1.4)

However, this approach leads to some difficulties. In particular, it is not clear how to

take all the back-reactions into account since, in this approximation, the space-time
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Figure 1.1: Running of the strong (left) and the hypercharge (right) gauge couplings,
both evaluated at the 1-loop approximation. The vertical-dashed lines indicate the
Laudau poles. We have used initial conditions gqcp (o) = 1.17 [134] and gy (po) = 0.35
[135], with reference scale g = 173 GeV.

geometry is only affected by the average of states in quantum superposition. This
suggests that a consistent treatment of gravitating SM fields should also take into
account the quantization of the gravitational degrees of freedom (see [131] for more
details concerning this point).

Even disregarding gravity, the SM of particle physics seems to breakdown in extreme
regimes. The incomplete nature of the SM can be observed by taking into account one
of the most important lessons from QFT, namely, the running of coupling constants.
As an example, consider the (1-loop) RG flow of the strong (gqcp) and hypercharge
(g9y) gauge couplings [132,133],

92 (/l) _ géCD(Mo) (1 5a)
aeb 1+ 1920 (o) log (12 /1i2) '
2
gy \ b
gv(p) = — v(po) (1.5b)

9672 9%/(:“0) 10%(,“2/#%) ’

where g indicate some reference energy scale. The running of the gauge couplings
gqep and gy exhibit the failure of the SM, due to the appearance of Landau poles', at
different regimes (see Fig. 1.1).

In the case of the strong gauge coupling, gqcp, we first observe that at very high
energy scales (i — 00) the coupling tends to zero. This is the phenomenon of asymp-

totic freedom [43-45], which indicates that quantum chromodynamics (QCD) can be

1A Landau pole correspond to a scale where the running of a given coupling diverges.



extended (as a perturbative theory) up to arbitrarily high energies. On the other hand,
the running of the strong coupling hits a Landau pole when flowing towards the infrared
regime (IR), indicating the breakdown of perturbative QCD at low energy scales [136].
The failure of perturbative methods to describe QCD in the IR constitute one of the
main obstacles concerning our understanding from first principles of the confinement
problem. The scale of breakdown of perturbative QCD (the Landau pole) is known
as Aqcp and, at 1-loop approximation, it takes the form Aqep = o ¢~ maw2 940 (o),
Results from non-perturbative methods in QCD, however, seems to indicate that the
Landau pole does not persist beyond perturbation theory [136]. Since in the present
thesis we are mainly interested in the UV features of QFTs, we shall not come back to
this point along the text.

The running of the hypercharge coupling indicates a problem in the other extreme of
the RG-flow, i.e., in the UV regime. In this case, as one can observe from Fig. 1.1, the
hypercharge coupling cannot be pushed to arbitrarily high energies since it would hit a
Landau pole? at a finite energy scale (Apole = o 619;12%9\2((”0)) [137]. At first sight, this
pathological behavior only indicates the breakdown of perturbative methods applied to
the hypercharge sector. Nevertheless, there are indications that the Landau pole would
persist even when non-perturbative methods are taken into account [138-140]. From
an alternative perspective, the Landau pole can be avoided by tuning the hypercharge
coupling at a reference energy scale to zero (gy(po) = 0). In this case, however, the
running of gy(u) (Eq. (1.5b)) enforce the hypercharge coupling to be zero along all
the flow. This is known as the triviality problem [141]. For discussions concerning
the Landau pole/triviality problem in the Higgs-Yukawa and quartic scalar sectors, see
Refs. [142-152]

The arguments presented in this section provide (some) indications that the two
main theories describing the known fundamental interactions in nature are not as fun-
damental as we would expect. Both GR and the SM of particle physics exhibit patho-
logical features when confronted with extreme regimes. In special, the existence of
singularities appears as a common problem and might suggest the existence of some
missing ingredient shared both by gravity and the other microscopic interactions. In
the present thesis we explore the point of view that a quantum treatment of the grav-
itational interaction is the missing piece (or, at least, one of the missing pieces) to our

understanding of nature at a fundamental level.

1.1.2 Gravity from a QFT perspective

Taking into account our experience with the other microscopic interactions, a “natu-

ral” attempt to quantize gravity would be the application of QFT techniques to GR. In

2The Landau pole is already present in quantum electrodynamics (QED).
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this sense, our goal is to promote the space-time metric, g,,, from a classical dynamical
variable to a quantum field. From a path integral perspective, the usual target is to
compute expectation values based on the functional integral over field configurations,

namely

(Olgyu]) ~ / Dy Olgy] €519, (1.6)

where O[g,,] denotes an (idealized) observable and Sgulg] is the EH action. This

approach, however, is far from being straightforward. A quick look at the EH action

Senls] =~ {g | V3 (2 = Rl) (1.7)

revels very intricate non-linear terms involving non-polynomial combinations of the
space-time metric. As a consequence, we observe that, in spite of being a classical
field theory, GR exhibits a very different structure in comparison with the other known
fundamental interactions. Therefore, we might expect that a quantization procedure
directly in terms of the full metric tensor would require non-standard methods in QFT.

Rather than proceeding to a more radical approach, we can try to get some insight
from a simplified regime of GR, namely, the linearized approximation (see, e.g., [8,11,
153]). In this sense, let us consider metric fluctuations around a fixed (Minkowiskian)

background

G = N + v 327TCTVN h,uu ) (18)

where /327Gy is just a convenient normalization factor. Note that, in this conven-
tion, the fluctuation field h,, has canonical mass dimension one. Expanding the EH
according to (1.8) and keeping only those terms contributing to the linearized dynamics

(O(h*)-terms at the level of action), leads to the following expression
lin 1 e N2 1 « v o Qv
Seylh] = — éaahw@ h* — éaaha h + 0,h0,h"" — 0,0 hyq | . (1.9)
This action is symmetric under linearized Diff transformation,
dehy = 0,6, + Ove, (1.10)

where €, = €,(x) is a vector field corresponding to the generator of Diff transforma-

tions. The linearized field equations obtained by varying (1.9) w.r.t. the fluctuation
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field take the form (in the de-Donder gauge?),
Ohy, = 0. (1.11)

As one can see, the classical dynamics of the fluctuation field is governed by a standard
wave equation. This is one of the most celebrated results from GR since it predicts
the existence of gravitational waves, experimentally confirmed a few years ago by the
LIGO-collaboration [3].

At the linearized level, GR resembles more similarities with field theories describing
the other microscopic interactions. That is, the metric fluctuation field has a dynamical
description in terms of a gauge-invariant action and, at first approximation, h,,, satisfies
a usual relativistic wave equation. This observation suggests that a possible QFT
formulation of GR should treat the fluctuation field as the fundamental degree of
freedom (8, 11,38, 154], instead of the full space-time metric g,,. From a path-integral
perspective, we replace the formal expression (1.6) by a more treatable version in terms
of the fluctuation field

Dh,,
Vg

(Olgw]) ~ O[g] €S il (1.12)
where? Siuct[h; g] denote the EH action written in terms of the fluctuation field hy,
and a background metric g, and Vp;g (the volume of the symmetry group associated
with Diff transformations) was introduced to factor out physically equivalent field
configurations. The QFT approach based on the quantization of the fluctuation field
around a fixed background is usually referred to as covariant QG. In this framework, h,,,
is typically called the graviton field. Furthermore, it is interesting to observe that the
background metric used in the split (1.8) does not necessarily need to be the Minkowski
one.

The covariant approach for QG is supported by some interesting results. As it
was noticed by Weinberg, the unitary representation of the Poincaré group associated
with massless spin-2 particles® naturally leads to a symmetric rank-2 tensor field trans-
forming according to Eq. (1.10) [158]. This result was taken seriously by Deser, who

showed the possibility of reconstructing the EH action from a “bottom-up” approach,

3Since the action is symmetric under a local field transformation, we can use this freedom to fix a
gauge condition. In the present case, we consider the de-Donder gauge choice 9,h", — %@Lh =0.

41t is important to emphasize that SHEct[h; g] should not be confused with the linearized action
Shn [h)]. The former includes all orders in the fluctuation field, while the latter is truncated at O(h?).
This is an important difference since the functional integral should take into account all possible field
configurations h,, and not only small fluctuations as in the linearized approximation.

5More precisely, the inhomogeneous transformation arising from the unitary representation of the
Poincaré group involves a transversality constraint on the vector field. In this sense, the most “natural”
symmetry transformation for massless spin-2 particles correspond to TDiff transformations [103,155—
157].
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that is, starting from the linearized version of the EH action and including interactions
according to an iterative procedure [159].

The QFT approach based on covariant QG allows us to extract some interesting
physical results from tree-level scattering processes. The most usual example is the
Newtonian gravitational energy (for two static bodies with masses m; and my) ob-
tained by a simple Fourier integral over the non-relativistic (NR) limit of a scattering
amplitude, M, associated with a process of the type 1 +2 — 1’ + 2/ namely

UNewton (1) = — / ﬁthRM@ e’ (1.13)
(2m)
In this case, a standard calculation leads to limygM(q) = 4nGxmimsa/q? (see, for
instance [160]), resulting in the typical Newtonian potential

Gnmime

UNewton(T) = — (1.14)

r

Another interesting example is the possibility of recover the gravitational light bending
angle from a tree-level scattering process in QFT [161,162].

While tree-level calculations based on the covariant approach for QG lead to a
consistent physical result, the situation turns out to be more complicate once we take
into account radiative corrections. In particular, the QFT treatment for GR based
on standard perturbative methods leads to an undesirable UV behavior due to the
appearance of non-renormalizable interactions. This issue can be easily observed by

exploring the structure of the interactions in Shuct6
Gfuct _ / (ah Oh + GY? hohoh + Gy h20hoh + G h3ohoh + - - ) L (115)

From this schematic representation it is not difficult to see that the graviton propagator
and the self-interaction vertices (in momentum space) exhibit UV scaling k=2 and £?,
respectively. As a consequence, a diagram containing L-loops (with I,-graviton internal

lines and Vj,-vertices) involves integrals with UV behavior”

]UV ~ /(ddk‘)L (k2)1h , (]_]_6)
leading to the superficial degree of divergence

wovy =dL+2V, — 2, = (d—2)L+2, (1.17)

6Since the complicated tensorial structure of graviton self-interactions is not relevant for the present
discussion, we consider a simplified schematic notation without showing the explicit indices.

"For the sake of this argument, it is interesting to keep the number of space-time dimensions
arbitrary.
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where we have used the topological relation L —1 = I, — V},. In the physical dimension
d = 4, wyy increases with L. In this case, we can conclude that at every order in
the loop expansion new types of divergent terms will appear and, therefore, it is not
possible to absorb all the UV divergences by a finite number of counter-terms. It is also
interesting to observe that in the critical dimension d = 2(= d..), the superficial degree
of divergence does not depend on the number of loops, meaning that 2-dimensional
covariant QG is a perturbatively renormalizable QFT.

The power-counting argument indicates the qualitative behavior of UV divergences.
In this sense, a precise statement concerning the failure of perturbative renormalizabil-
ity requires a concrete calculation showing that the ill-desired UV divergences do not
cancel by some mysterious fine-tuning. In this sense, a surprising result was obtained
by 't Hooft and Veltman [12] by showing that the divergent part of the 1-loop effective

action in QG is proportional to curvature squared invariants, namely

. 1
T oop ~ . / V9 (1 R? 4+ ¢ Ry R™Y) (1.18)

where ¢ = 4 — d is the usual parameter from dimensional regularization and c¢; and ¢y
denote (finite) numerical coefficients. In the case of pure gravity (without cosmological
constant) both R? and R, R* vanish on-shell, therefore, the 1-loop effective action for
QG (without matter and cosmological constant) turns out to be finite for on-shell field
configurations. This situation, however, is not sustained by the inclusion of matter
and the cosmological constant, since, in this case, the Einstein’s field equation gives
non-vanishing values for the curvature-squared terms [13-16]. Even in the case of pure
gravity, the explicit calculation at 2-loops, first done by Goroff and Sagnotti [17, 18]

(see also [19]), shows the existence of a divergent contribution like

. 1 o o
My ~ £ [ VIR, R,R,. (119

which does not vanish for on-shell field configurations and cannot be absorbed by the

renormalization of couplings present in the bare action.

1.1.3 Safety beyond perturbation theory

Before introducing the concept of AS and explore its promising consequences to
QG, it is useful to further explore the actual problems of the perturbatively non-
renormalizable QFTs. The typical speech concerning non-renormalizable theories at-
tribute the lack of physical meaning to the impossibility of eliminating the UV diver-
gences by a suitable counter-term. Although this point of view is not wrong, it also not
complete. As it was observed by Weinberg: “... mon-renormalizable theories are just

as renormalizable as renormalizable theories, as long as we include all possible terms
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i the Lagrangian.”. In this sense, in a perturbative non-renormalizable theory we can
still remove all the UV divergences provided that we start from a bare action of the

form®
Sbare[QDB] = ZQB,i Oz[SOB] ) (120)
=1

where {gp,;} denotes the set of bare couplings and the sum is taken over the (infinite)
set of all possible operators O;[¢p] compatible with the symmetries characterizing the
physical system under investigation. While UV divergences can be removed by express-
ing gp; and pp in terms of renormalized quantities gr; and pg, predictivity is spoiled”
since physical results depend on an infinite set of free parameters gr = {gr;}. The lack
of predictivity can be better understood by observing that each renormalized coupling
requires a renormalization condition, ultimately fixed by an experiment.

It is interesting to re-analyze the discussion of the previous paragraph translated
to the RG-language'®. As it is well known, the renormalized couplings run according

to RG-flow equations, first introduced by Gell-Mann and Low [137], namely

10ugr.i (1) = Bi(Jr) ; (i=1,2,---), (1.21)

where p represents the RG scale and we have defined dimensionless couplings by
IR = ,u’AigRﬂ- (A; denotes the canonical mass dimension of gr;). The RG-flow is
an autonomous dynamical system and its solutions describe trajectories, parameter-
ized by p, in the theory space!! (see, e.g. [38,39]). In the case of non-renormalizable
theories we have to deal with an infinite set of first-order differential equations and,
therefore, an infinity set of initial conditions (determined by experiments) is required.

Perturbative renormalizability, however, should not be taken as a fundamental as-
pect of nature, it is just a practical guiding principle to define “acceptable” QFT’s
according to our technical limitations. The AS program replaces this guiding principle
to a more general concept of renormalizability. As we have discussed in the previous
paragraph, the crucial problem of (perturbatively) non-renormalizable is not the im-
possibility of extract finite physical results, but the lack of predictivity. In RG-language

it translates to the need of infinitely many initial conditions to integrate the RG-flow

8Since the discussion performed here is not restricted to QG, we consider a generic field ¢. The
subscript “B” indicate bare quantities.

9Tt is important to emphasize that we are interested in theories that remains predictivity up to arbi-
trarily high-energies. Within the setting of EFTs, non-renormalizable theories are just as predictivity
as the renormalizable ones [34].

10See Ref. [163] for a seminal review on RG. For comprehensive discussions on standard QFT
textbooks see, e.g., [164-166].

Tn this context, the theory space is defined by the set of operators {O;[¢]} compatible with the
underlying symmetries of the system. At the practical level it is useful to adopt the set of dimensionless

systems gr = {gg”} as coordinates of the theory space.
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equations. The idea of AS is to avoid this problem by demanding an additional physical
principle, namely, scale invariance in the deep UV regime. More precisely, scale invari-
ance in the UV regime is manifested by RG-trajectories flowing towards a FP [40-42].

A FP in the RG-flow is defined by a set of couplings gi = {gx,;} in which all the

beta functions, 8;(gr), vanish simultaneously, i.e.

ﬁz(gﬁ) =0, (Z = 1727"')' (122>

QFTs characterized by a RG-trajectories that reach a FP in the UV regime are said to
be UV-complete (or, safe). As it was argued by Weinberg [42], a physical process (with
characteristic (single) energy scale E) can be quantified in terms of physical quantities

(e.g. decay rates, cross-sections, etc), denoted as P, of the form

P(E, gr(); X) = BN F ({gri(n)/ B>} X)) (1.23)

where [P] denotes the canonical mass dimension of P and X represents a set of dimen-
sionless kinematic variables (such as angles and energy ratios). The function F encodes
non-trivial dependencies on the couplings and on the kinematic variables. Expressing
the renormalized couplings gr;(p) in terms of the corresponding dimensionless version

gr.i(p), we find
P(E, gr(p); X) = BV F ({(/E) gra(n) }; X) - (1.24)

Identifying the RG-scale p with the characteristic energy scale F, the explicit depen-

dence w.r.t. F becomes a scaling factor, namely
P(E,gr(E); X) = BV T ({gr(E)}; X) . (1.25)

As a consequence, the non-trivial part of P is completely encoded in the function
F({gri(E)};X). If the set of dimensionless couplings {gr;(E)} runs according to
a safe trajectory, then the function J approaches a finite value in the UV regime!?,
namely, F, = F (g5; X). In this sense, physical quantities defined on top of safe trajec-
tories remain physically meaningful up to arbitrarily high energies.

Besides UV completion, a non-perturbative notion of renormalizability requires a
solution to the problem of predictivity. Depending on the properties of the RG-flow,
it can also be achieved by the requirement of a FP in the UV regime. The argument
that leads to this conclusion can be better understood by analyzing the linearized flow

around a FP. In this case, expanding the RG-flow in (1.21) around a FP solution g5,

12Note that it requires the implicit assumption that the FP value gj; should not be a pole in the
function F.
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we find (for i =1,2,--)

,ua,u,ng Z Mzg gR,j gl*{,j) + V) ((gR - .61*{)2) ) (126)

where we have defined the stability matrix

~% aﬁz(éR)
Mij(r) = —57— (1.27)
IR lgr=gs,
The linearized flow admits the following solution
ng ng+ZCl [L/,U) ) (7’:1727) (128)

Here, pg is a reference scale, the C)’s denote integration constants and the pair {Vi(l), 0}
is defined in terms of the eigenvalue equation »_; M;;(g )V(l 0;1/;([). The param-
eters 0;’s are known as critical exponents associated with the FP gi. The integration

constants are determined in terms of initial conditions at the reference scale py, namely

Gra(uo) = G, + Y GVY L (i=1,2,0). (1.29)

=1
At this point, the eventual lack of predictivity is encoded in the infinity set of initial
conditions {gr,(f0)}. Nevertheless, the arbitrariness of the initial conditions is subject
to some properties of the eigenvalues of the stability matrix. In fact, if there a finite

number of critical exponents such that Re(f;) > 0, here denoted by'® {61, ...,0y}, the
linearized flow (Eq. 1.28) becomes'

ra(u ng+ZOl " (/o)™ + Z Vi (/o)™ (1.30)

I=N+1

In the UV limit, the first sum automatically vanishes since Re(6;) > 0. On the other
hand, the second sum pushes gg ; (1) away from the FP once we approach the UV limit,
unless we set C; = 0 for [ > N+1. This constraint on the integration constant feedback
n (1.29), restricting the set of allowed initial conditions {gri(0)}. In this sense, only
a finite number of couplings need to be fixed by experiments, while the remaining ones

become predictions of the RG-flow.

13Since we have the freedom to re-label the couplings and critical exponents, we can always assume
that this subset involve the firsts eigenvalues. Moreover, in the complementary set of critical exponents
{ON+1,0N+2,...} we assume Re(6;) < 0.

“The eigenvectors V(1) associated with critical exponents such that Re(6;) > 0 (Re(6;) < 0) are
usually called relevant (irrelevant) directions.
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Figure 1.2: Tlustration of an UV FP (yellow) with the associated UV critical surface. Trajectories
starting from a point (orange) that does not belong the critical surface are repelled by the FP towards
the IR. RG-trajectories connected to the FP (green) are completely embedded in the critical surface.
The red arrows indicate the 2-relevant directions associated with the analysis of the linearized flow
around the FP.

The conclusion of the above discussion can be extended beyond the regime of lin-
earized flows. More generally, we define the concept of UV critical hyper-surface as the
set of points in the theory space that can be connected to a UV FP through an RG-
trajectory. Trajectories that do not belong to the critical hyper-surface are repelled by
the FP in the UV. If the critical hyper-surface has finite dimension, then, UV complete
RG-trajectories turn out to be characterized only by a finite number of free parameters.
In this sense, safe RG-trajectories provide both UV-complete and predictive physical
results (irrespective of any requirement regarding perturbative renormalizability). The
situation described here is represented in Fig. 1.2

Given the elements discussed in this section, we can define an asymptotically safe

theory in terms of the following requirements [42]:
i) the underlying RG-flow admits trajectories connected to a FP in the UV regime;
ii) there is a finite dimensional critical hyper-surface associated to this FP.

The concept of AS generalizes the usual property of AF appearing in the RG-flow asso-
ciated with non-Abelian gauge theories. AF correspond to the special case of Gaussian
FP’s, namely, a FP characterized by vanishing couplings in the UV regime. AS, on
the other hand, includes the possibility of non-Gaussian FP’s, where at least one cou-
pling remains interacting (non-vanishing) in the UV limit. Since the components of a
non-Gaussian FP are not necessarily small, the study of AS usually requires techniques
beyond perturbation theory.

The idea of AS has a special appeal for QG, since it might provide a UV complete

and predictive framework for a QFT approach for gravity. The existence of a grav-
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itational UV FP was conjectured by Weinberg [42]. The mechanism for such a FP
was first discussed within a setup close to the critical dimension d. = 2, namely, using
d = 2 + € expansion. In this setting, the 1-loop beta function for the (dimensionless'®)

Newton coupling takes the form [42]
Lo — (1 —2)G+ BG* =€¢G + BG?, (1.31)

At the critical dimension (e = 0) the beta function exhibit a Gaussian FP (G* = 0)
that might be either attractive (B < 0) or repulsive (B > 0) in the UV. The first case
corresponds to an asymptotically free theory, while the second gives rise to a Landau
pole. Away from the critical dimension (assuming ¢ > 0), the Gaussian FP becomes
UV repulsive irrespective of the sign of B. However, if B < 0! the RG-flow also
exhibit a UV attractive non-Gaussian FP at G* = —e/B with corresponding critical
exponent 6 = ¢ > 0. Calculations performed using e-expansion!'” approach, at least
for pure gravity, point towards B < 0, providing an indication for AS in QG near the
critical dimension d, = 2 [42].

The program of ASQG attempts at applying the ideas discussed along this section to
the physical dimension d = 4. Unfortunately, in this case, a simple analytical extension
based on the e-expansion is not reliable and, therefore, more sophisticated methods are
necessary to investigate the RG-flow in QG. In special, due to the non-renormalizability
(in the perturbative sense) of the QFT approach for GR, the bare action in this setting
should involve all possible operators compatible with the underlying Diff symmetry,

namely!®

SeRls] = —— F — 5 [ Vi (AP - Rig))
Oé(B .
+Zl6 R /\/g W(ViR), (1.32)

where 0,,(V;R) indicate higher-order operators constructed by appropriated contrac-
tions of curvature tensors (generically represented by R) and covariant derivatives. In
this case, the theory space for QGR is characterized by infinitely many couplings and,
therefore, the search for a gravitational FP demand the investigation of the RG-flow

involving more than just the Newton coupling.

15Tn d-dimensions the Newton coupling has canonical mass dimension 2 — d, therefore, its corre-
sponding dimensionless version is defined as G = p42Gx

16The case B > 0 also lead to a non-Gaussian FP, however, with G* < 0. This case is considered
physically unacceptable.

I"The value of B depends on the scheme of calculation. However, in all cases, the coefficient B
turns out to be negative. See, e.g., Refs. [46-49].

18Tn this thesis, we adopt the nomenclature “quantum general relativity” (QGR) to designate a QFT
approach for gravity involving all the operators compatible with Diff symmetry.
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1.2 Functional Renormalization Group

1.2.1 The effective average action

From the Wilsonian point of view!®, the RG works as a theoretical microscope that
allows us to resolve physics at different scales, by looking at effective descriptions char-
acterized by effective parameters. In general, these parameters depend on the scale of
resolution we are interested to deal with and the connection between different scales
occurs via a RG transformation. From the perspective of the path integral quanti-
zation, this idea translates to a step-by-step integration procedure, where, instead of
performing a functional integral over all field configurations, one integrates only modes
characterized by some energy scale in a prescribed interval (usually referred as “mo-
mentum shell”). The successive integration of momentum shells defines the RG flow.

The functional renormalization group (FRG) is a practical realization of the Wilso-
nian ideas on renormalization [51], see also [172,173]?°. In this framework, the central
idea is the introduction of a regulator term to the Euclidean?! path integral that sup-
presses modes with momenta?? smaller than a cutoff scale k. The FRG regulator is

defined in terms of the cutoff function®
1
ASo] = 5 [ 0@V RalB) o). (1.33)

with A representing a differential operator used to set a “momentum” scale. The

regulator kernel, denoted as Ry(A), is defined according to the following properties®!

e For a fixed k, Ry(z) has to be monotonically decreasing in z.

e For a fixed z, Ri(2) has to be monotonically increasing with k.

e lim; o Ry(2) =0, for all values of z.

e For z > k?, 0,Ri(z) has to approach zero faster than 2= (with a > 0).

e R,(0) = k2.

9By no means the intention of this section is to provide a self-contained discussion on the Wilsonian
RG. For more elaborated discussions, see, e.g., [163,164,167-171].

20For comprehensive reviews on FRG, see Refs. [52,171,174-176].

21Starting from this point we move our discussion to the Euclidean setting. The use of Euclidean
signature is a technical requirement of the FRG, since the appropriated definition of a “momentum
shell” is only viable in the Euclidean setting. For a discussion concerning the analytical continuation
(from Euclidean to Lorentzian signature) of FRG methods, see, e.g., Ref. [177].

22Despite we are using the term “momentum” as a label to field configurations, it does not correspond
to a physical momentum scale in the usual sense. More generally, we use the term momentum in
connection with the eigenvalue of some differential operator (e.g., the Bochner-Laplacian A = —V?
in curved spaces) used to define a coarse-graining procedure.

ZFor the sake of simplicity, we consider an scalar field ¢ = ¢(z) as a working example. However,
the discussion presented here can easily extended to other fields. See, e.g., [178-180].

24See, e.g., Ref. [38] for a discussion concerning these properties.
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Except for this list of properties, the regular kernel can be chosen in an arbitrary
way. Usually, we take the regulator kernel to be of the form Ry (z) = ZyRk(2), where
Zy, denotes a generalized wave-function renormalization factor that might carry some
tensorial structure and Ry(z) denotes the regulator function. For all the calculations

presented in this thesis we have used the Litim’s regulator defined as [181, 182]
Ri(2) = (kK* — 2)0(k* — 2), (1.34)

with § = 6(z) being the Heaviside function. In some cases, we use the notation Ry(z) =
zrk(2), where 74 (2) is referred as shape-function.

Within the functional formalism, the FRG regulator is introduced by replacing the
bare action S[¢| according to S[¢] — S[¢] + ASk[¢]. In this case, we define the

scale-dependent functional generator in the following way
7] = / Dp e~ SI=ASKII+], -0 (1.35)

Due to the properties of the regulator kernel, the usual functional generator is recovered
setting k = 0. In general, we define coarse-grained n-point correlation functions (in the

presence of an external source J) as follows

D (1) - - - Py,) e S-S+, -0
G(a) - b)) = L fzqu Hoo s

(1.36)

Since the cutoff function is defined as a quadratic form on the field ¢, the introduction
of such type of regulator basically affects the behavior the propagator. As an example,
the propagator a free scalar field is modified according to

1 1

ol o GO R

3 (1.37)

As one can see, the FRG regulator acts as an effective (scale-dependent) mass term
and, therefore, plays the role of an infrared regulator. At the level of the functional
integral (1.35) the FRG regulator does not regularize the UV sector. As a consequence,
the evaluation of the path integral (1.35) requires a supplementary UV regularization
method. As we are going to see in the following, such a problem can be avoided by a
proper definition of a coarse-grained effective action.

The main object in the FRG is the Effective Average Action (EAA) [51,183] de-
fined as a modified Legendre transform of the scale-dependent generating functional of

connected correlation functions Wy [J]| (= In Z,[J]), namely

Tule] = sup (

/ J-so—Wk[J]) A, (1.38)

x
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where ¢ = (¢); denotes the mean-field. The definition of I'y is accompanied by the

conjugation relations

SWi[J]
0J ()

S(Lrleo] + ASk[e])
dp(z)

= J(z). (1.39)

= () and

The EAA is a coarse-grained version of the usual effective action I' in QFT, i.e., the gen-
erating functional of 1PI correlation functions. Due to the properties of the FRG regula-
tor, the EAA interpolates between the microscopic (bare) action I'y_[¢] = Sa[¢] (with
A being a UV cutoff scale) and the effective action I'y_o[p] = I[p] (see, e.g., [184]).
For intermediate scales (finite k), the EAA provides an effective description of physics
including quantum corrections originating from field configurations characterized by

momentum larger than k.

1.2.2 The FRG equation

The most attractive feature concerning the definition of the EAA is the possibility
of deriving an exact flow equation describing how I';, changes w.r.t. to the cutoff scale
k. In this sense, we can translate the problem of solving a functional integral into a
functional differential equation, the Wetterich equation® [51].

Since we are interested in a “differential equation” for 'y, let us start by acting with
a scale derivative on both sides of Eq. (1.38). In this case, taking into account all

possible sources of k-dependence we obtain?®

Ol k[p] = sgp (/atj - — O Wy [J] ) — Oy (ASk[¢]) - (1.40)

Note that we are taking the mean-field ¢ as an independent variable. In this case,
the external source J has to carry some k-dependence in order to compensate the

k-independence of . The scale derivative acting on Wy[J] can be written in the form

SWi[J]
dJ(x)

Wi J] = W] + / 0,J(x), (1.41)

where 9, denotes a scale derivative, but acting only on direct contributions from the

regulator (i.e. keeping J fixed). Replacing the last expression in (1.40), we find

_ ‘WM) — AWl - 0(ASKg]).  (142)

iyl = [ato) (vle) - 503

- 7

—0 , due to (1.39).

J=Jp]

25 Also known as flow equation or FRG equation or exact RG equation (ERGE).
26We define the “RG-time” according to t = log(k/ko) (where kg is a reference scale). The scale
derivative is defined as 9; = k0.
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The second term, 9,W;[J], can be computed by taking into account Wy[.J] = In Z;[J]
along with the path integral representation (1.35), namely

[ D O (ASy[g]) @S- A8+, T
: D¢ e~ SIl-ASk[el+ [, J-¢

OWi[J] =

=~ | [BRuday (@], (1.43)

where [OR]y . = 0(y — ) O Rk (A,) (with A, acting only on fields with argument y).
The last term in (1.42) can be written as

1 1

OASe) = 5 [ 10Rula o) 0) =5 [ OB (BN G (149

Putting together (1.42), (1.43) and (1.44), we find

orulel = 5 [ 1OR,e Galo.y), (1.45)

where

Ga(2,9) = (D)W — (N (6 = 5y

e

represents the dressed propagator. The integral in the r.h.s. can be conveniently recast

as a functional trace, namely
/ ORu), Gulz,y) = Tr[GLOR,] (1.47)
z,Y

The conjugation relations (1.39) allow us to express the propagator Gy in terms of the
1PI 2-point function I''?) (= 62T /8pde),

1

Gr= (TP +Ry) . (1.48)

This equation is a coarse-grained version of the usual inversion relation G - I'® = 1
from standard functional methods in QFT. Finally, putting all these elements together

we arrive at the flow equation describing the evolution of T'y,
_1 (2) -1
OLwle] = 5T [(Fk +Ry) 8tRk] , (1.49)

which is the central element in the FRG.

The flow equation exhibits some important features that deserve further attention:

e A solution of the flow equation defines a trajectory, parameterized by k, in the
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Figure 1.3: Sketch of the theory space. The trajectory represent the flow of the EAA.

theory space. In general terms, the theory space is an abstract functional space
defined by the symmetries associated with the physical system we are interested
to describe. The notion of theory space becomes more tangible by introducing a
basis of operators {O,[¢]}n=12,... compatible with the underlying symmetries. In

this case, we expand I'j, according to
Tele] =D k" grn Onler] (1.50)

with {gn }n=12,.. denoting a set of dimensionless couplings and A,, represents the
canonical dimension of the operator O,.. Within this basis, the dimensionless
couplings play the role of coordinates in the theory space. Fig. 1.3 shows a
pictorial representation of the theory space and an RG trajectory corresponding
to the flow of I'y.

Despite being introduced as an infrared regulator, at the level of the flow equation
R, also regularizes the UV sector. This follows as a consequence of the regulator
insertion of the form 0;Rj;. Due to the requirement that 0;R, should approach
zero in a sufficiently fast way (for z > k?), the regulator insertion suppresses UV

modes in the functional trace appearing in the flow equation.

The FRG equation exhibits a type of 1-loop structure. This can be realized
by using the saddle point method to evaluate I'y, within the perturbative 1-loop

approximation. In this case, it is possible to show that (see, e.g., [38])

PILoop[) — §[g] + %Tr[ln (s + Ry) | (151)
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where S = §25/5pdyp. By taking the scale derivative, we find
1 _
Oy Ple) = ST (5@ +Re) T R | - (1.52)

As one can observe, the 1-loop approximation for the EAA leads to a very similar
flow equation in comparison with the FRG equation (1.49). The basic difference
is the replacement of S@ by F,(f). The 1-loop structure of the flow equation (1.49)

is usually represented in terms of the diagrammatic notation

1
O P ] = 3 . (1.53)

It is important to emphasize that this diagrammatic representation should not
be confused with the usual Feynman diagrams in perturbation theory. In the
present case, the line correspond to the dressed Gy (not the tree-level one) and

the cross indicates the regulator insertion of 0;Ry.

e The FRG equation defines a local coarse-graining procedure. This notion of local-
ity is associated with the fact that the scale derivative 9,1’y *°"[¢] is determined
in terms of the EAA at the same scale k, without reference to the microscopic
(bare) action. In this framework, the bare action only appears as a boundary

condition at k = A.

1.2.3 Truncations methods

Despite being exact, we cannot count on any method to find exact solutions of the
flow equation (2.38). In fact, finding a exact solution to the flow equation corresponds
to resolve a QFT, a task that is not possible (with only a few exceptions of exactly
solvable models). In this sense, to extract some relevant information from the FRG
equation we have to adopt some kind of systematic expansion. Usually, the basic idea
is to consider a truncation for the EAA, which is defined as an expansion in terms of

a subset of operators compatible with the underlying symmetries, namely

Trle] = Y k2 g Onle], (1.54)

neT

where T denotes a truncated set of labels. Typically, truncations involve only a finite
number of terms, however, in some cases, it is also possible to extract relevant infor-
mation from an infinite subset of operators compatible with the symmetries. The set
of operators {O,, },e defines a truncated theory space, with coordinates {gxn }ne -

At the practical level, we use the truncation method to compute approximated
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solutions to the flow equation. On the one hand, by acting with a scale derivative on
(1.54), we find

neTJ

On the other hand, we can also use the truncation (1.54) to evaluate the trace in the
r.h.s. of the flow equation. The crucial point is to project the result of this calculation

in the same basis of operators defining the truncated theory space, namely

LR [0+ R T OR) = 3 E A, 00 0,06, (156

neTJ

where the coefficients A, (gx) can be computed in terms of the set of dimensionless
couplings g = {gkn}fnes. In general, the trace computation generates all possible
terms compatible with the underlying symmetries, including operators that do not
belong to the truncated theory space. In this sense, by projecting on the truncated
theory space we simply remove all the contributions that are not part of the original
truncation. By matching the coefficient of (1.55) and (1.56) we arrive at the following

system of RG equations
Otk = Ap Gk + An(gk) s (withn € 7). (1.57)

In principle, this system of RG equations can be integrated, which allow us to recon-
struct the RG trajectories describing the flow of the (truncated) EAA.

Even though the use of truncations is part of an approximation method, it is not
associated with a perturbative expansion in the usual sense. Therefore, this strategy
allows us to access non-perturbative aspects of QFTs. One of the difficulties concerning
the use of truncation is the lack of a reliable method to control the systematic errors.
Within the methods available in the literature, the best we can do is to check the
self-consistency of a truncation by testing the stability of quantitative results against
the inclusion of new operators. Although this idea does not provide a rigorous control
of systematic errors, for a collection of physical systems where other non-perturbative
techniques (e.g., lattice simulations, conformal bootstrap and so on) are applicable, the

use of truncation methods indicates some level of reliability [185-187].
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1.3 ASQG in the FRG framework

1.3.1 FRG equation in quantum gravity

The current research in ASQG is mostly based on the FRG as a tool to explore the
RG-flow beyond standard perturbative calculations [50] (see also [38,39]). As it was
discussed in the previous section, the FRG provides a practical implementation of a
coarse-graining procedure for Wilsonian renormalization. The basic idea is to modify
the path integral over metric fluctuations by adding a cutoff function ASy to the bare
action, where the momentum scale k denotes an infrared regulator. In this context, we

can define a scale-dependent generating functional of correlation functions,

Zi[J.m, 7, 9] = /@h,w@d@cu exp (— Saarlh; g] — Sgelh, ¢, ¢ 7]

— ASilh, ¢, ¢ g] + / VG (" hy + et — cun“)) . (1.58)

where the fluctuation (bare) action Sqar[h; g] is obtained by expanding (the Euclidean
version of ) Sg&&[g] around a fixed background metric g,,. As usually done in gauge-
theories, we use the Faddeev-Popov method to perform the gauge-fixing procedure,
resulting in additional functional integral over anti-commuting ghosts®” (here denoted
as ¢, and ¢,). The cutoff function involving both graviton and ghost fields is defined

as a quadratic form
J— 1 = ro - = v
ASk[h, ¢, & g] = 5/\/§h,w [RY"(A)]* Bhawr/\/ﬁcu R (A, ¢, (1.59)

where R}"(A) and RE*(A) represent the regulator kernels. The argument of regulator
kernels correspond to Laplacian operators defined on the background space.
The central object in the FRG is the effective average action, I'y, defined as a

modified Legendre transform?®
Tylh,c, 9] = / VG (I by + e = ") = Wil ;9] — ASi[h, e, ¢ 9], (1.60)

where Wy[J,n,7; g|(= log Z[J,n,7; g]) denotes a scale-dependent version of the usual

Schwinger’s generating functional. The most attractive feature of the FRG is that 'y

2"For more details regarding the Faddeev-Popov method in QG, see App. A.

281t is important to emphasize that the argument of I';, correspond to the mean field obtained by
taking derivatives of the Schwinger function w.r.t. the external sources. Nevertheless, we use the same
notation both for the mean fields and the fluctuating fields appearing in the functional integral.
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satisfies an exact flow equation with 1-loop structure 2

1 — _
Oy = 5Tr< (r®+Ry) | N athh) - Tr( (T® + Ry) 1}@ &Rih) . (1.61)

1.3.2 A brief overview on the ASQG research program

Since the seminal work by Reuter, the FRG has been systematically used as a tool
to investigate and characterize the RG-flow in QG. By now, there are many results in
the literature pointing towards the existence of a UV FP in QG, providing indications
that gravity might be consistently quantized as an asymptotically safe theory. In this

section we present an overview of the current status of this research program?.

The EH truncation:

The FRG was first applied to study the RG-flow in QG in a seminal paper by
Reuter [50]. The basic idea was to adopt a simple truncation for I'y as a tentative
solution for the FRG equation (Eq. (1.61)). At the practical level, Reuter used the EH-

truncation (or EH-approximation) defined as a scale-dependent version of the (gauge-
fixed) EH-action, i.e.

1
L8010 = o [ V8 @Ak~ RO + Suclhocesal, (162)

where G, and A denote, respectively, scale-dependent Newton’s and cosmological
constants. In this approximation, the gauge-fixing sector is assumed to have the same
form as in the bare action. Plugging the EH-truncation as an ansatz in (1.61) and
projecting both sides of the flow equation in the truncated subspace involving only

the operators appearing in F};‘ﬁf, we can extract the RG-flow of the dimensionless
couplings Gy (= k4 2Gx ) and Ay, (= k™ ?Acer),

Al + 281 Ak -+ Gk(AlBQ — AgBl)
2(1 + ByGy)

O\, = =20, + G = PBa(Ar, Gr) , (1.63a)

B,

0,Gj, = (d — Q)Gk + H—BQGk

G} = Ba(My, Gi) . (1.63b)

The coefficients Ay, Ay, B; and By are computable quantities and depend on the di-

mensionless cosmological constant A, and the space-time dimension d. It is important

29For more details on the derivation of the flow equation in QG, see, for instance, [38,39].

30Tt should be emphasized that by no means the goal of this section is to provide a complete and
self-contained overview of the literature. In this sense, we are going to cover only the results that are
closely related to the content developed in the next chapters of this thesis. For updated reviews in
ASQG, see e.g. [52,95]. See also [38,39,188,189] for pedagogical discussions.

28



to emphasize that these coefficients carry several scheme-dependencies (e.g., choice
gauge, regulator, background, etc). Nevertheless, there are indications, based on ex-
plicit computations exploring various schemes in the EH-truncation, that the relevant
qualitative properties are not severely affected by scheme variations. As an example,
we show the explicit expressions computed in the Landau gauge, with Litim’s-regulator
(using type-Ib cutoff3!) and employing the 4-sphere as the background. In this scheme,

the coefficients A;’s and B;’s are given by

3+ 7TA; — 16A2

A = 1.64

DT 3r(1 = 2A0)(1 — 4A,/3) (1.64a)
9 — 13A;
Ay = 1.64b
27 18m(1 — 2A,)(1 — 4A,/3)° (1.64b)
—237 + 680A; — 7T56A2 + 368A3

B, = 1.64

! 7om(1 — 270 )2(1 — 4A,/3) (1.64c)
—48 + 97N, — 42A%
= , 1.64d
271087 (1 — 2A5)2(1 — 4A,,/3) (1.64d)
With these expressions we can look for numerical solutions of the system??

Ba(AL,Gy) =0 and Bg(Ar,Gr) =0, (1.65)

resulting in a non-Gaussian FP at (A}, G}) = (0.1307,0.9786) with critical exponents
0. = 2.3923+1.4221 4. Since Re(f4) > 0, such a FP is UV attractive for RG-trajectories
lying in the Ay X Gy plane. In Fig. 1.4 we exhibit the portrait of the flow diagram
obtained in the EH-truncation and containing UV complete trajectories for a variety

of initial conditions®3.

Further evidences from extended truncations:

The EH-truncation provides a first hint, based on FRG techniques, towards a le-
gitimate 4-dimensional FP in QG. However, it is natural to doubt whether this FP
is a physical property of the RG-flow or just an artifact of a simple approximation.
This questions have been investigated by several authors and, by now, there is a vast

collection of results indicating that this FP is not a simple artifact of the EH-truncation.

31Gee Chap. 6 of Ref. [38] for the nomenclature of different cutoff choices.

32Tt interesting to mention that the fixed point solutions associated with the beta-function computed
by Reuter [50] were first computed in Ref. [53].

33Gee Ref. [54] for a detailed discussion concerning the flow diagram in ASQG.
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Figure 1.4: RG-flow obtained in the EH-truncation. The lines represent UV complete
RG-trajectories for various IR initial conditions. In this plot, the arrows points towards
the IR. The (black) dot indicate the UV FP at (A}, G) = (0.1307,0.9786). We note
that the spiraling behavior around the FP is a consequence of critical exponents with
non-vanishing imaginary part.

Most of the search for suitable UV FPs beyond the EH-approximation consist in the
use of extended truncation including higher-order curvature operators in the ansatz for
['x. In this sense, one direction that has been systematically investigated is the f(R)-

approximation, defined by the following truncation*

pinme, / Vi fu(R), (1.6)

where fi(R) represent a scale-dependent function of the curvature scalar. In the case
of polynomial truncations of the form fi(R) = Zg;“g" kK*2"g o R", Eq. (1.61) allow us
to extract the RG-flow of the dimensionless couplings {gin n=0. Nu... Calculations
performed in terms of the Litim’s regulator and using a maximally symmetric back-
ground (e.g. a 4-sphere), allows us to derive analytical beta functions for an arbitrary?®
Nax [58-60,73,90]. The structure of the beta function in the polynomial truncation al-
lows us to search for UV FP within approximations involving several operators beyond
the EH sector. In table 1.1, we summarize the progress on the investigation of FPs
in the polynomial f(R)-truncation. In particular, the most remarkable result is the
stabilization of the number of relevant directions against the inclusion of higher-order

operators. As it was pointed out in Ref. [73,90], the critical exponents exhibit a “near-

34Tn most of the investigations of extended truncations the gauge-fixing is considered to be the same
as in the EH-approximation, therefore, in these cases, we simply omit the gauge-fixing sector.

35Despite being analytical, the derivation of beta function in a polynomial f(R)-truncation requires
the use of computer algebra systems (such as Mathematica). Therefore, arbitrariness of Npax is
subject to computer limitations.
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Ref. | Operators beyond EH | FP | # rel. dir. | (Re(61), Re(6s), Re(63))
[55] JIR? v 3 (2.15,2.15, 28.8)
60 | VGR?, -+, \/gR" v 3 (2.39,2.39,1.51)
59 | V9R?, -+, \/gR® v 3 (2.41,2.41,1.40)
73] | 9R?, .-, \/gR* v 3 (2.50,2.50, 1.59)
90] | gR?, ---,\/gR™ v 3 (2.53,2.53,1.66)

Table 1.1: Summary of results in the polynomial f(R)-truncation. The check-mark
indicates the existence of suitable FPs within the truncation under investigation. These
results point towards the existence of 3-dimensional critical surfaces. In the last column,
we show the critical exponents associated with the relevant directions, exhibiting certain
stability in the numerical values.

canonical” behavior, indicating that the critical exponents associated with higher-order
operators are essentially determined in terms of the canonical mass dimension of these
operators.

It is interesting to mention that the f(R)-approximation also has been investigated
beyond the polynomial truncation. In particular, within the f(R)-truncation, it is
possible to derive a flow equation for the dimensionless function fi(R) = k~*fi(k2R)

(where R = k~2R). In this case, the flow equation takes the form

0fr(R) = F(fu(R), fi(R), i (R)). (1.67)

In this context, the basic idea is to search for “fixed functions”, f*(R), defined as

solutions of an ordinary differential equation of the form

F(f.(R), fL(R), f(R)) =0. (1.68)

This approach has been explored by some authors and provides further indications for
AS beyond the polynomial truncation [68,69,79,80].

Although the f(R)-truncation permits important tests regarding the existence of
a gravitational FP, this approximation involve some issue that motivates other direc-
tions of investigation. In particular, the f(R)-truncation does not include operators
constructed with more sophisticated contractions of geometrical objects. Assuming
canonical power counting as a good guiding principle to define a truncation, we might
expect that curvature squared operators like R?, R, R* and RHVQQR"”QB play an im-
portant role in the RG-flow of QG3%. At the practical level, computations involving

curvature squared terms are rather complicated, in special, due to the impossibility

36Tn d = 4, the Gauss-Bonnet theorem allows express the invariant Rm,agR“”"B as a combination
of R? and R, R*.
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of disentangle the running of the multiple coupling in a maximally-symmetric back-
ground. Despite this complication, some effort has been done concerning the search of

UV FP based in a truncation of the type [57,60,62,63,72,94]

Ftrunc t]:grlﬁlg + / \/_ OékR + BkR“y + ’YkR,ul/aﬂ) (169)

Recent investigations based on calculations performed around an arbitrary background
corroborate the results from f(R)-truncation pointing towards the existence of a suit-
able UV FP featuring a 3-dimensional critical surface [72,94].

Further studies involving operators beyond the Ricci scalar were done [89], for

example, by means of a truncation analogous to the f(R)-approximation, namely
rirne — /\/' (Fu(R2,) + RZK(R2,)) - (1.70)

In this case, investigations involving polynomial truncations for Fj and Z; provide
further indications for a UV FP with 3-relevant directions. Moreover, a highly non-
trivial test for AS includes the Goroff-Sagnotti counter term as part of the truncation

and gives further support to the aforementioned results [85].

Background approzimation and the fluctuation approach:

The list of results above discussed were obtained by a specific approach usually
referred as background approximation. In this case, the flow equation (Eq. 1.61) is

explored in the regime of vanishing fluctuation fields, that is
_ 1 _
Oy = §Tr( (T®+Ry) | atth)
hh

—Tr( [(r@) + Rk)_l] atR§h>

h,c,c=0

, (1.71)
h,c,c=0
where T';[g] = T'x[0,0,0; 5] denotes the background EAA (bEAA). Nevertheless, the
background approximation for the FRG exhibits some issues related with symmetry
identities. In particular, in the background field approximations we typically use trun-

cations that satisfy (the schematic equation)

52T, T
6h2 h,c,E=0— 6§2

+ g.f. terms. (1.72)

However, this relation is known to be incompatible with the appropriate split Ward
identities (or Nielsen identities) in the FRG (see, e.g., [190] for a recent discussion). This
problem motivates complementary investigations with approaches beyond background

approximation.
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An alternative method of systematic investigation, usually called fluctuation ap-
proach, uses a vertex expansion as a way to extract approximated solutions from the
FRG equation [190]. In this context, the basic idea is to derive flow equations for

proper vertices

5n+2mrk

F(n;2m) =1 '
9]~ Shngemgem -

( (1.73)

Although less explored than the background approximation, in the last few years there
was some important progress in the study of ASQG based in the fluctuation approach.
Most of the computations in this direction make use of the (desired) property of back-
ground independence in order to set g, as the flat (Euclidean) metric 6,,,. The updated
results based on the fluctuation approach include the RG-flow of 2-, 3- and 4-point ver-
tices associated with the graviton fluctuation fields [67,75,78,83,87,190]. These results
provide further non-trivial evidence for a suitable gravitational FP with the same qual-

itative features obtained through the background approximation.

Quantum gravity-matter systems:

Up to now we have discussed evidence for a FP in pure gravity systems. Never-
theless, matter®” exists and, therefore, a complete quantum theory for gravity should
also be consistent with such degrees of freedom. The ASQG approach exhibits the
attractive feature of being formulated in the same setting as we use to describe particle
physics, namely, using QFT techniques. In this sense, the inclusion of matter in the
ASQG scenario turns out to be straightforward and there are several works investi-
gating the RG-flow within truncations involving gravitational and matter degrees of
freedom [191-201].

The inclusion of matter is not only necessary, but, it could also provide consistency
tests for QG candidates. In the ASQG framework, the first test to be considered
concerns the impact of matter fields in the FP structure for gravity. In particular, do
the indications for a gravitational FP, obtained for pure gravity, remain stable after
the inclusion of matter? This question has a strong motivation from the beta function
for YM theories. In the case of QCD, for example, the 1-loop beta function depends

on the number of colored fermions (/Vy) and scalars (/) in the following way [132,133]

N, 2N¢\ g
Bocn’ = — (11 -2 - —f> Jqop (1.74)

As we can observe, fermions and scalars contribute with the opposite sign in comparison

with the pure YM contribution. As a consequence, if the number of fermions and/or

37Here, by “matter” we meant all the non-gravitational degrees of freedom, i.e. including gauge
fields as part of the matter sector.

33



scalars is large enough, it can flip the overall sign of 5(5'5813, destroying the property of

asymptotic freedom.
The possibility of such a mechanism in QG can be easily understood from the 1-loop
beta function for the (dimensionless) Newton coupling in a setting of gravity minimally

coupled to matter. Based on the scheme of calculation discussed in [193], we have
1-loop G2

5% = 2G), — 6—;(46 + 4N, — N, — 2]Ny) (1.75)
with N,, Ny and N; representing the number of vectors, scalar and fermions, respec-
tively, coupled to gravity. The existence of a non-Gaussian UV FP G* imposes the
following constraint on the number of matter fields: 46 + 4N, — Ny — 2N; > 0. This in-
equality indicates that too many fermions and/or scalars can destroy the gravitational
FP. The impact of matter in the ASQG scenario has been systematically explored (be-
yond the 1-loop approximation) in Ref. [193], testing the compatibility of several types
of matter content with the existence of a gravitational UV FP. As an example, the
results reported in Ref. [193] indicate that the matter content corresponding to the SM
of particle physics is consistent with ASQG.

Investigations based in the fluctuation approach, on the other hand, leads to a
different conclusion. As it has been argued in [195,196], graviton fluctuations dominate
in the high-energy regime in such a way that the existence of a gravitational UV FP
remains stable after the introduction of arbitrarily many matter fields, provided that
the latter is sufficient weakly (self-)coupled in the UV.

The interplay gravity-matter also exhibits attractive features when explored in the
other direction, i.e., concerning the impact of gravity in the matter sector [97,100,
101, 202-226]. In this case, the impact of graviton fluctuations on the RG flow of
matter couplings might help to impose phenomenological constraints on the gravita-
tional theory. As we are going to discuss in mode detail in Chap. 4, this interplay
potentially might help to bridge the gap between QG effects and experimental obser-
vations [97,101,210,211,215] (see [95,96]for reviews).

Current challenges in ASQG:

Despite the considerable progress in the last two decades, mainly due to the use of
FRG techniques, the AS program for QG still exhibits several intriguing questions. In
the following, we present some of the challenges that deserve further attention. For a

recent critical analysis of the ASQG research program, see [227,228].

e Euclidean versus Lorentzian signatures: One of the most important prob-
lems in the research of ASQG is the use of Euclidean methods. In fact, the Wilso-

nian coarse-graining procedure embedded in the FRG is intrinsically related to
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the Euclidean notion of momentum shell. In non-gravitational relativistic QFT's
one can usually proceed with Euclidean calculations and move to the Lorentzian
setting through a Wick rotation. In QG this question is much more subtle since
the Wick rotation is not a well-defined procedure in curved manifolds. In the
gravitational setting, the causal structure inherited from the Lorentzian signa-
ture leads to important physical consequences, such as the existence of event
horizons, which has no counterpart in the Euclidean case. Some steps towards
the inclusion of causal structures in the AS program were done [66, 86, 197] by
means of the Arnowitt-Deser-Misner (ADM) formalism, however, this is still far

way from conclusive results.

e Background independence: In contrast with ordinary QFT, where the back-
ground field method is introduced as a convenient tool to perform gauge invariant
calculations, in the QFT approach for QG the use of the background field method
seems to be unavoidable. In fact, to define a coarse-graining procedure one has
to introduce a non-dynamical covariant derivative (defined w.r.t. a background
metric) used to distinguish slow modes and fast modes. This approach naturally
raises the question of background independence in QG, which states that physical
quantities should not depend on the choice of a particular background. Within the
FRG framework, background independence is encoded in non-trivial split Ward
identities emerging from the fact that the starting point for a functional quantiza-
tion is a gravitational action depending on a single metric g, [174,190,229-231].
For recent investigations taking into account the split Ward identities in QG
see [65,200,232-238].

e Propagating modes, unitarity and instabilities: One important open issue
in the AS program is the determination of propagating degrees of freedom in
QG. As it is usually known from perturbative approaches, this question is not
settled by simply fixing the field content of the theory. As an example, curvature
squared gravity carries the same field content as in the EH action, however, it gen-
erates additional propagating modes due to higher-derivative contributions [20].
This point is deeply connected with the unitarity problem in perturbative cur-
vature squared models®®. Depending on the structure of the propagating modes,
the unitarity problems is replaced by tachyonic instabilities. Within the non-
perturbative setting this questions become much more complicated, since the
analysis demands the knowledge of the full propagator (see [92,239] for recent
discussions). Up to this point, the AS program for QG does not provide any

satisfactory answer to these questions.

38See [21-28] for recent proposals in this topic.
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e Controlled results and alternative methods: As it was discussed in Sect.
1.2.3, the use of truncations is a practical way to access non-perturbative infor-
mation from FRG equation. Nevertheless, the lack of control on the systematic
errors involved in FRG truncations raises the question on how reliable are the re-
sults obtained with such a method. In non-gravitational theories the use of FRG
truncations is usually confronted with other methods, providing further reliabil-
ity [185-187]. In the QG framework, this strategy is not evident. The multiple
approaches for QG are constructed on top of very different premises, making
the comparison among them a very challenging task. In lattice approaches like
causal/Euclidean dynamical triangulation (CDT/EDT) the search for a contin-
uum limit, manifested as a second order phase transition, is a promising road
for complementary evidence for AS in QG based on alternative non-perturbative
methods [240-243]. Currently there is some effort to bridge the gap between these
approaches based on the search of FP solutions in tensor models for QG [244]

(usually interpreted as a dual representation of dynamical triangulation meth-

ods).

e Physical observables in ASQG: Even if one manages to solve the aforemen-
tioned theoretical problems (which are crucial for a self-consistent description),
ultimately, a quantum theory for the gravitational interaction needs to be con-
fronted with experimental tests. In QG, the search for direct observations is
an extremely challenging task, since QG-effects are expected to be suppressed by
positive powers of ' /Mp; (where E denotes the characteristic energy of a physical
process and Mp; denotes the Planck mass). In Chap. 4 we return to this point in
more detail, where we discuss a possible link to observation based on the gravity-
matter interplay. Furthermore, even the definition of a physical observable in
QG is quite subtle. Actually, the difficulty appears already at the classical level,
since the underlying Diff symmetry makes the notion of space-time point un-
physical and implies that one cannot contruct local (gauge invariant) observable

quantities®”.

39Gee [245-247] for more details concerning this point.
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Chapter

Flowing in the Unimodular Theory Space

2.1 Unimodular Gravity

2.1.1 What is and why unimodular gravity?

GR has been established as a paradigm concerning the classical description of grav-
ity. However, this is not the only viable classical theory. Starting from a slightly
different premise, unimodular gravity (UG) also define a consistent setting to describe
the gravitational interaction at the classical level. The difference between GR and UG
lies in the definition of the configuration space associated with these theories. In UG,
the space-time metric g,,, the fundamental dynamical variable, is defined on top of a

configuration space subject to the restriction! [102-108]
det g, (7) = w(z)?, (2.1)
where w = w(x) is a non-dynamical function that defines a fixed volume form
Volg = w(z) dz® A -~ Ada® . (2.2)

UG is closely related to the unimodular gauge in GR. In the later, a convenient choice

of coordinates allows us, locally, to fix the metric’s determinant to be one [110]. In

UG, however, the restriction to the metric’s determinant is assumed a priori.
Classically, the dynamics of UG is encoded in the unimodular version of the EH

action, i.e.

Suclom) = ~ g | @ @) 23

1Recall that we using Euclidean conventions. In this case, the metric’s determinant is positive.
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Taking the variation of Syg|[gu.] w.r.t. to the dynamical metric g, we find

. 1 -
0S U =— w R" §q,, . 2.4

el 167G /ﬁ Iu (2.4)
Note that we have dropped out a boundary term of the form g, dR" . The notation “5”
indicates that we are taking into account only variations that preserve the unimodular-
ity condition (2.1). In general, the (unrestricted) variation of the metric’s determinant
gives d(det g,,) = (det gu) §*?0gap. Therefore, the unimodular-preserving functional

variation is subject to the tracelessness condition
9" 89, = 0. (2.5)

In this sense, we can express 8 guv as the traceless part of dg,,, namely

~ 1
5g,w - (535 - C_lg;wgaﬁ) 59045 . (26)

Plugging this expression in (2.4), the functional variation of the UG action can be

recast in the following way

~ 1 1
dSuclgw] = _167TGN /w <RW _ C_igwR) 3G - (2.7)

The dynamical field equations for UG, in the absence of matter, can be readily obtained
by equating the contribution inside the parenthesis to zero, resulting in the traceless

part of the Einstein’s field equation (in vacuum)

1
Ruu — c_ZgWR =0. (28)

An important difference between the formulations of GR and UG lies on the cor-
responding symmetry groups. As it is well known, GR is constructed using covariance
under general coordinate transformations as a guiding principle. In such a case, GR
is said to be symmetric under Diff transformations acting on the space-time metric

according to
Oe9uw = 9ua V™ + gua V", (2.9)

In the case of UG, however, the situation is slightly different. Acting with d. on the

metric’s determinant we have

dc(det g) = 2 (det g,) V€t (2.10)
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The fixed determinant condition used to define UG requires V, e = 0, i.e., the gen-
erators of Diff are subject to a transversality condition. In this sense, the symmetry
group of UG gravity is characterized by a subset of Diff transformations generated by
transverse vectors. This subset of transformations defines the TDiff group. In order

to distinguish the notation, we represent TDiff transformations as

55Tg,u1/ - gyavz/e% + guavue% ) (211>

where e}, = €[.(z) denotes a transverse vector field subject to the condition V e} = 0.

It is important to emphasize that UG should not be confused with the so-called
TDiff -gravity [248]. Although both settings exhibit symmetry under transformations
belonging to the T'Diff group, the latter does not impose any restriction on the metric’s
determinant. As a consequence, in the case of TDiff-gravity there is an additional
propagating degree of freedom in comparison with UG. Typically, TDiff-gravity is
considered to be equivalent to scalar-tensor theories [248,249].

There are various ways of implementing the unimodularity condition at the practical
level and, depending on the choice, the underlying symmetry might be another one
[122,250]. A frequently used formulation is based on the change of variable g,, — .
according to [120]

G = (@)™ (2.12)

where 7, correspond to a tensorial density (a “densitized” metric) and we have defined
|v| = det v,,. Insuch a case, it is not difficult to verify that the unimodularity condition
det g, = w? is satisfied irrespective of any restriction to the new dynamical variable

Y- Expressing the unimodular action in terms of v, we find

1
167TGN

Svalw] = /w(d_z)/d [y~ <R(7>+Xd (W7 iyl =207 VOJ)Q) , (2.13)
where x4 = (d — 1)(d — 2)/4d?. In addition to the symmetry under TDiff transfor-
mations, the UG action formulated in terms of v, also exhibit invariance w.r.t. Weyl

transformations

Yuv — 'Vllw = 92/7;11/, (214)

with Q = Q(x) denoting a local dilation parameter. Accordingly, the symmetry group
associated with this formulation of UG correspond to WTDiff (Weyl + TDiff). It is
important to emphasize that the change of variables in Eq. (2.12) is non-invertible.
Therefore, the equivalence between UG formulated in terms of g, or 7,, is not guar-

anteed by field redefinition theorems. Classical and 1-loop results indicate that these
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two versions of UG are equivalent [122], however, we cannot say anything beyond such
approximations.

The inclusion of matter follows the usual recipe, i.e., by adding a contribution
Shatter|P; 9] (we denote by ® a generic matter field multiplet) to the unimodular action.

Taking the functional variation of Spager[P; g, we find

< 1 S 1 ~ 1 -
I Smatter[P; 9] = 5 /wT“”(SgW =3 /w (T”” — Eg“”Taa) 0Guw (2.15)

T x

where we have defined the energy-momentum tensor

T 2 6Srna er
T = Zmater (2.16)
W 0Guw
The resulting field equation for UG in the presence of matter takes the form
1 - 1 g
R‘u,, — ng/R = 87TGN T;w — C—lg/“, T o . (217)

The underlying symmetry w.r.t. TDiff transformations, however, does not guarantee
covariant conservation of the energy-momentum tensor TW. In general, TDiff symme-

try allows us to derive the weaker condition
vV, " = V'S, (2.18)

with ¥ = ¥(z) denoting some scalar field [115]. In principle, this condition is inter-
preted as an energy diffusion process. Nevertheless, it is possible to restore the usual
condition for energy-momentum conservation by observing that the field equation (2.17)
remains invariant under the redefinition

T;u/ — Tl/“/ - Tul/ + .g,ul/ ’QZ) ) (219)

where 1) = ¥ (z) denote an arbitrary scalar function. We can use this arbitrariness in

our favor to define an “improved” energy-momentum,
T =Ty — g 2, (2.20)
such that it satisfies the usual equation energy-momentum conservation
vV, " =0. (2.21)

In this sense, the energy-momentum conservation in UG appears as a subsidiary con-
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dition. In terms of 7, the field equation for UG reads

1 1
R, — EgWR = 871Gy <Tuv — Zlgw Taa) ) (2.22)

Despite of being defined over different configuration spaces, at the classical level,
UG and GR are dynamically equivalent theories. Dynamical equivalence translates to
the possibility of mapping the classical field equations from one theory to the other.
On the one hand, starting from GR we can directly achieve Eq. (2.22) by projecting
the Einstein’s equation on its traceless part. On the other hand, starting from UG the
situation is slightly more subtle. In such a case, it is convenient to recast (2.22) in the

following way (for d > 2)

d—2 167TGN o
GMV — 87TGNTI_U, + ng, (R —+ d—29 T a) = 0, (223)
where G, = R, — % g R denotes the Einstein tensor. Acting with V# and using the

contracted Bianchi V#G,, = 0 along with the energy-momentum conservation (Eq.
(2.21)), we find

1
v, <R + SW_GQN Taa) ~0. (2.24)

This equation can be easily integrated, resulting in

1Oy 24 ) (2.25)

o Ta= 73

where Ay denotes an integration constant (the multiplicative factor 2d/(d —2) has been
introduced for convenience). Plugging this result back into Eq. (2.23), we recover the

Einstein’s field equations for GR,
1
RMV — égWR + Aggm, = SWGNTMV . (226)

It is interesting to observe that the reconstruction of the Einstein’s field equations
starting from UG makes explicit use of the subsidiary condition encoded in (2.21). If
this condition was not taken into account, there would be an extra (diffusive) term in
(2.26) [251-254], spoiling the dynamical equivalence between UG and GR.

One of the most interesting features of UG is the origin of the cosmological term
in (2.26). In the case of GR, the cosmological constant appears as the vacuum energy
contribution in the EH action. Since this term has a dynamical nature, due to the
coupling with the metric’s determinant, it appears in the Einstein’s field equations. In

UG the situation is quite different. In such a case, even if we include the vacuum energy
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contribution to the unimodular action, this term will not contribute to the dynamical
field equation since the metric’s determinant is fixed. In this sense, we usually say that
the vacuum energy does not gravitate in UG. The “cosmological constant” Ay appearing
in (2.26), however, arises as a simple (arbitrary) integration constant and has nothing to
do with any possible vacuum energy contribution eventually included in the unimodular
action. The status of the cosmological constant in UG has been one of most important
motivation for this formulation, since it could provide a natural solution to the “first
cosmological constant problem™ [103,105,107-109, 111-115]. In the context of GR,
such a problem appears as a fine-tuning in the cosmological constant term in order
to match its observed value and, at the same time, compensate quantum correction
proportional to the fourth-power of a cutoff scale. The “unimodular solution” simply
lies on the decoupling of the vacuum energy. In such a case, the cosmological term
appearing in (2.26) is unrelated to the vacuum energy and, therefore, no fine-tuning

mechanism is required.

2.1.2 Unimodular quantum gravity

As it was discussed in the previous section, although UG features a different con-
figuration space in comparison to GR, these theories are dynamically equivalent at the
classical level. The quantum (in)equivalence between UG and RG, however, has not
been established in a conclusive way [115,116,118-127]. At a first sight, the dynamical
interaction terms appearing in UG exhibit a very different structure with respect to
GR. As an example, if we consider a scalar field coupled to gravity, in the unimodu-
lar version, the (momentum independent) scalar potential does not couple directly to
gravity. Based on this observation, there is no strong reason to believe that both set-
tings describe equivalent quantum theories. In this sense, these theories might describe
different quantum regimes, but with the same classical limit.

The computation of tree-level (on-shell) amplitudes involving the scattering of 3-,
4- and 5- gravitons indicates that UG and GR produce the same results, despite of
the considerable differences in the structure of vertices and propagators [121]. More-
over, as it was pointed out in Ref. [115], the 1-loop effective action of UG takes the
same functional form (up to an arbitrary constant term) as the 1-loop effective action
of GR evaluated at unimodular metrics. As it was argued in Ref. [115], this result
is sufficient to establish the equivalence between UG and RG at the level of 1-loop
quantum equations of motion. These results, however, are not completely conclusive.
Investigations based on the derivation of the path integral of UG starting from the
Hamiltonian formalism indicates that those theories present different features at the

quantum level [123].

2 Actually, it is possible to argue that the “first cosmological constant problem” is more an aesthetic
issue than a physical problem.
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The lack of consensus concerning the quantum equivalence between UG and GR
triggers the question on whether would be possible to construct an asymptotically safe
theory starting from UG. Moreover, if viable, it is intriguing to explore whether the
unimodular version of ASQG shares the same (physical) properties with the standard
scenario constructed on top of GR. Conceptually, the unimodular and standard?® ver-
sions of ASQG differ at the level of theory spaces, since they are defined in terms of
different symmetry groups. A particularly important example is associated to the cos-
mological constant term. In the theory space defined by Diff-invariant operators, the
“volume operator” which is associated with the cosmological constant corresponds to a
direction in the theory space. Meanwhile, in the unimodular case, the volume operator
is non-dynamical and, therefore, decouples from the underlying theory space.

A natural question concerning the quantization of UG is how to implement the
unimodularity condition in the formulation of a quantum theory. In the framework of
path integral quantization, the basic idea is to define a functional measure Dg,, (or
Dh,w, for the fluctuation field A, ) restricted to unimodular metrics. At the practical
level, there are multiple ways of implementing such a restriction. One possibility,
commonly employed in the perturbative setting [120-122], relies on the use of v, (see
Eq. (2.12)) as the fundamental “integration variable”. Other possibilities include the
use of Lagrange multipliers and Stiickelberg (auxiliary) fields [116,123]. In the present
thesis we follow the same strategy as in [125,126], which combines the background field
method with the exponential parameterization for the metric. This parameterization,
first introduced in the context of 2 + € expansion [255-257], and later applied in the
FRG framework [80,81,84,91,125,126,128,194,198,199,223,258-262], is defined in the

following way*
_ . a — - K™ Qpy—
G = Gua [exP(K N )]%, = Gu + Khyw + Z Fh'/‘«al R S (2.27)
n=2

where g, represents a background metric and we have defined x = (32rGx)"/2. The
main advantage of using the exponential parameterization is the fact that one can ex-
press the metric determinant as det g, = det g,,, e (with A™ = g*h,,,) and, therefore,
the unimodularity condition can be easily implemented by combining det g, = w? with
the tracelessness condition h'" = 0. From this perspective the functional quantization
of UG translates into a path integral over traceless fluctuations.

While the standard ASQG scenario has been extensively explored in the literature,

only a few number of works are dedicated to the unimodular theory space [125,126,128,

3To make clear distinction, we use the nomenclature “standard ASQG” as a reference to the usual
AS scenario based in the quantization of Diff-invariant theories.
4See appendix B for more details concerning the exponential parameterization in QG.
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129]. In Refs. [125,128], the unimodular version of the EH (uEH) truncation, namely,

1
[ubEH — ——/ R 2.28

was employed to extract the flow of the Newton coupling. The results obtained within
the uEH truncation provide indications for UV FPs in the unimodular theory space.
Later on, the unimodular version of the f(R)-truncation was investigated in Ref. [126],
providing further indications for FP solutions in unimodular QG. In all these inves-
tigations, the unimodularity condition was implemented by means of the exponential
parameterization above discussed. An alternative approach was adopted in [129], with
a different formulation for UG involving a Stiickelberg field®, also showing indication
for suitable FPs in UG.

An additional subtlety concerning the functional quantization of UG was pointed
out in [115,122]. In fact, when applying the Faddeev-Popov quantization procedure
one usually identify the functional integral over the generators of a given gauge group
as the volume factor of such a group. For example, in the usual QG gravity formulation
based on the quantization of GR, the volume associated with the Diff group is usually

expressed as

Vpig = / De*, (2.29)

where € denotes the generator of infinitesimal Diff transformations. In analogy, the
naive expectation for the TDiff case is that one should identify Vpp;z with the func-

tional integral

/ Dei (2.30)

where €4 is the generator of infinitesimal TDiff transformations, which is defined ac-
cording to the transversality condition V, e} = 0. Nevertheless, as it was pointed out
in [115,122], the integral (2.30) does not correspond to the volume factor of the T'Diff
group. The reason for that lies on the fact Defl cannot be treated as a metric inde-
pendent object (due to the constraint V, e} = 0) and, as a consequence, cannot be
factored out in the Faddeev-Popov procedure. In Ref. [115,122], it was proposed that

the appropriated definition of Vp,z should include a functional determinant®, namely

VTDiﬁ == /‘DGIIL‘ Detil/Q(A> s (231)

°It is interesting to mention that the formulation used in [129] makes UG compatible with full Diff
invariance.

5We use “Det” to distinguish functional determinants from the ordinary matrix determinants rep-
resented as “det”.
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where A = —V?2. This definition is justified by noticing that volume of TDiff can
be obtained by integrating over e* with a functional Dirac delta 6(V ,e*). Combing
this observation with the decomposition of a vector field in terms of its transverse and

longitudinal components,
e = e + VH'y, (2.32)

where y = x(z) denotes a scalar field, we can express the volume of the TDiff group

according to

Vipy = /Deué(vue“) = /@6“ §(V,et) = /De’f@x Det'/2(A)6(Ay).  (2.33)
Note that we have used Ve = V", which follows from the unimodularity condition.
In the last equality we used De* = Dek Dy Det/?(A), where the determinant arises as
a Jacobian accounting for the change of variable " — (ef, x). Recalling the property
§(Ax) = Det ' (A) 6(x), we find

Vg = /De%@x Det_1/2(A) (x) s (2.34)

Integrating the variable x, with normalization [Dy d(x) = 1, we recover the volume
factor defined in (2.31).
Taking into account the volume factor (2.31) into the construction of a gauge-fixed

(Euclidean) functional generator, one can express’

ZuclJ,n, 1 9] = /9%:/@0“@0# Detl/Q(A) exp (— Svqalh; g]

— Sgtlh, ¢, ¢ gl +/ w (J*hyy + nuct — E,m“)) . (2.35)
@
where Suqc[h; g] is the unimodular version of Sqar[h; ] defined in the previous sections
(see the discussion after Eq. (1.58)). Note that, in the present case, the (traceless)
fluctuation field is defined according to the exponential parameterization in Eq. (2.27).
For more detail concerning the gauge-fixing procedure in UG, see the App. A. Within
the FRG framework, in addition to the cutoff function ASy[h, ¢, ¢; g|, the determinant
Det!/ (A) coming from Vrpig also requires regularization. Here, we adopt the following

prescription
Det'2(A) — Det'2(A + Ri(A)), (2.36)

where Ri(A) is the FRG regulator. Using this prescription, we can define the scale-

"We use “UQG” as an abbreviation to unimodular quantum gravity.
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dependent functional generator for UG according to

Zk7Ug[J, n, 77; g] = /'DhMV@CMQCM Detl/Q(A + Rk(A)) exp (— SUQG [h, g]

— Sgilh,c, ¢ gl — ASilh,c, ¢ g] + / w (J" by 4 Gt — cun“)) . (2.37)
Defining the EAA in the usual way (see Eq. 1.60), the standard derivation of the flow

equation leads to
Oy, = %STr((P@) +Re) Ry ) - %Tr([A + R ORNA)) . (238)

The first term encode the usual traces (here represented with a condensed notation
involving the super-trace®) composing the FRG equation in QG (see Eq. (1.61)).
The second term in the r.h.s. correspond to an extra trace arising as a consequence
of the determinant Det'/?(A + Ry (A)). Therefore, the flow equation in the case of
UG picks up a contribution from the path integral measure. The consistency of such
an extra trace can be checked by confronting the 1-loop approximation of the FRG
equation® with calculations via other methods. In fact, if one neglects the extra trace
in (2.38), the 1-loop determinants reported in [115,122] are not properly matched by
FRG calculations. It is important to remark that, due to the unimodularity condition,
the extra trace does not contain any dependence on the fluctuation field h,,. As a
consequence, in the so-called background approximation calculations, such a term will
contribute and quantitatively affects the results regarding the FP structure. However,
for the computation of the flow of n-point functions, this term automatically drops

since functional derivatives with respect to fluctuations give a vanishing result.

2.2 Novel Indications for Asymptotic Safety in the
Unimodular Theory Space

2.2.1 Setting the stage

The possibility of AS formulated in terms of the unimodular theory space has been
considerably less explored than the standard formulation as a quantum theory for GR.
By now, most of the indications for UV FPs in the unimodular theory space comes
from simple EH truncations [125,128,129], with exception of the unimodular version

of the f(R)-approximation investigated in [126]. In this section, we explore further

8The super-trace, denoted as STr, is introduced as a way to account for the appropriate pre-factors
that appear when we are tracing over fermionic fields.

9The 1-loop approximation of the FRG equation is obtained by replacing I'®) by S in the r.h.s.
of the flow equation.
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indications for the existence of suitable FP solutions in the unimodular theory space.
The novel aspects investigated in the remaining of this chapter can be summarized in

the following way:

e In general, we have considered an extended truncation defined in terms of the ar-
bitrary function fi(R, wa). In principle, we have derived flow equations (using a
spherical background) for generic function fi(R, R,,). Nevertheless, for practical
calculations, including the search of FP solutions, we have considered particu-
lar projections on truncations of the type fi(R) and Fp(R’,) + R Zy(R?,). In
both cases we explore polynomial approximations, enlarging the truncated theory

space previously considered in the literature of unimodular ASQG.

e In contrast with previous results presented in the literature, the investigation
performed here includes the extra functional trace in the flow equation for UQG
(see Eq. (2.38)), resulting from the appropriated treatment of the volume factor,
Vrpisy, in the Faddeev-Popov procedure. Despite being formally necessary, the
inclusion of the extra functional trace seems to keep the qualitative properties of

the FP structure unchanged in comparison with previous results.

2.2.2 Defining a truncation, computing traces and all that

The starting point for any practical calculation based in the FRG technology is the
definition of a truncation for the EAA. In what follows, we are going to explore the

following truncation in the unimodular theory space

Fg,gunc - Pk,f[g] + Sg.f. [hv ¢, G g] ) (239)
where
r = 2 2.4
el = g [ R ), (2.0

where f is an RG scale-dependent arbitrary function of the Ricci scalar and the
square of the Ricci tensor, B2, = Ry, R (see [263] for 1-loop computation involving
fr(R, Riy)—term). For the analysis presented in this chapter, we take the gauge-fixing

sector to be

= = 1 —uv — — = -1 v
Seilh .6 9] = 5 /wg“ Flh; g1k [h; gl + /w cu MM, [ gl e, (2.41)
where gauge condition F| [h; g] has been defined in (A.6), with Faddeev-Popov operator
M#,[h; g] defined according to (A.15). Moreover, following the discussion of the previ-

ous section, we use a combination of the exponential parameterization (see Eq. (2.27))
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along with A" = 0 as a practical way of implementing the unimodularity condition.

The results presented in this chapter were obtained within the background approx-
imation for the FRG equation (see the discussion in Sect. 1.3.2). In this context,
the basic idea is to use the truncation (2.39) as an approximated solution for the flow
equation evaluated at vanishing fluctuation fields (see Eq. (1.71)). For the truncation
that we are considering, the Lh.s. of Eq. (1.71) leads to

— 1
8,5FUG

o trunc = m/w (=~ fr(R,R2,) + Oufi(R,R.)) (2.42)

where we have defined the “background anomalous dimension” 7y = —Zy 19, Zx, with
Zx = (167G )t

To extract relevant information from the FRG equation we still need to compute
the functional traces in the r.h.s. of Eq. (1.71). This computation, however, is rather
long and technical, but follows standard techniques used in the literature of covariant
QG. For this reason, in the present thesis we shall only report few intermediary steps.
For the reader interested in more details, we refer to similar calculations (in simpler
examples) discussed in [38,39,264]. The first step towards the evaluation of the r.h.s.
of Eq. (1.71) is to extract the Hessian matrix. In general lines, in order to compute

FUG

kiranc UP 0 second order in the fluctuation field and

FE) we expand the truncation

organize the resulting expression according to

e = e + [ 0@ T 090
1 _
43 [ w@wl) e @ hsleyig ")+ 00, 243
T,y

where we have defined the “super-field” notation ¢ = (h, ¢, ¢,). The elements of the
Hessian matrix can be identified as I' ,(31 glz,y; g]. ldeally, we would like to compute
the Hessian in terms of an arbitrary background metric g,,, however, in such a case,
the situation becomes extremely complicated. In particular, the inversion of the “reg-
ularized Hessian” F,(f) + Ry (which is necessary to compute the r.h.s. in (2.38)) is a
very challenging task in the case of arbitrary background. To circumvent this problem,
we restrict the background space to be a 4-sphere (S*). In this case, the background
Riemann’s and Ricci’s curvature tensors collapses to

_ 1 _ _ 1 —

Rvop = E(gwgw — GuGva) R and R, = Zg“”R' (2.44)

A direct consequence of this choice is that the action of background covariant derivatives
on RWQB, RW and R leads to vanishing results.

Even though the choice of the 4-sphere as a background considerably simplifies the
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structure of the Hessian, the presence of off-diagonal contributions involving covariant

)

derivatives makes the inversion of F,(f + Ry complicated. The situation can be further

simplified by taking into account the York decomposition [265],

_ _ o 1
hw =l + V& + Vo€ + V, V0 — Zng% , (2.45)
TT Tup TT _ S p TT :
where h,, denotes a transverse (V/h,, = 9) and traceless (g"”h,, = 0) symmetric
tensor, &, represents a transverse vector (V#¢, = 0) and o is a scalar field. We
note the absence of the trace mode due the unimodularity condition. After the York
decomposition, we include wave function renormalization factors by refining the fields

according to
Wi e Zle Y & 2026, om Z)2 o, (2.46a)
and

s Z2en, e 2028, (2.46b)
As a consequence of this redefinition, the prescription that we use to define the regulator
“kernels” produces anomalous dimensions 7; = —Z,; }atzk,i coming from the regulator
insertion 0;Ry. Within the background approximation, the anomalous dimensions are

fixed by the “RG-improved” prescription [74], namely

mT =10, =nx and  me=mn.=0. (2.47)

The Hessian in the “York basis” can be directly obtained from the quadratic form

0 (1) ng% sl y;9] 0P (y), where “super-field” is rewritten in the new basis according

to p = (hEVT ,€4,0,¢4,¢,). For the truncation adopted in the present chapter (Eq.

(2.39)), the Hessian matrix takes the form

r% o 0 0 0
o ¥ 0o 0 o0
=10 o 1 0o o], (2.48)
o 0o o o 1%
o 0o o0 T® o0
with components!®
F(2) _ 7 (0,1) — (1,0) 279 — 1
1 = Zkrr | f (AZ + (72 — 1)R> — I Ay + 5 R, (2.49a)

10The Hessians reported here can also be extracted from [263].
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27 29 — 1 -\?
Qe = 2ok (A1+ n R) , (2.49b)

Zio —1- —1_ _
1) = 3o KAD+ o R) Pf+Qf} (Ao e R) (Do +20R)?, (2.49)

2vi — 1 =
r?—_r®-_\2z, <A1 + 1 R) , (2.49d)
where we have defined

1 _ 2
Pr= [0+ (R A ARG 4 SR (2.50a)

1 2
Qf = gf,gl’o) + §R f]g()’l) . (250b)
Moreover, we adopt the compact notation

(m,n) _ am—i—nf(R’ X)

_ 2.51

with X = wa. The operators A, A; and A, were introduced as “interpolating”

Laplacians, namely
AQZALQ—’YQR, AleLl—’le, AOZALO_’YOR- (252)

where Ay, A, and Ay, correspond to the Lichnerowicz-Laplacian operators, defined
(on spherical backgrounds) according to
Ap, = A+

R, A, =A+-R, A, = A, (2.53)

Wl o
] =

where A = —V? = —g" V,V, (referred as Bochner-Laplacian). We note that A,
A and Ay were defined w.r.t. their action on transverse-traceless tensors, transverse
vectors and scalars, respectively. The interpolating parameters were introduced such
that 79 = 71 = 70 = 0 results in the Lichnerowicz-Laplacian and vy, = 2/3, v = 1/4
and 79 = 0 leads to the Bochner-Laplacian. In what follows, we are going explore both
types of Laplacians as coarse-graining operators.

The use of the York decomposition requires the introduction of regulator “kernels”

for each one of the York modes. In this case, we adopt the following prescription to
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the define the regulators [264]

Rirr = F(T2%|A2—>A2+Rk(A2) - F(TQ%, (2.54a)
Rie = F?)|AﬁA1+Rk(A1) — T?), (2.54Db)
Rio =P |apmapcmi (a0 — I, (2.54c)

Riec = Pl(ng|A1—>A1+Rk(A1) - F;(jié. (2.54d)

Within the background approximation, the flow equation written in terms of York

variables takes the form

_ 1 -1 1 -1
0= 10 [ (1514 ) "] 30, (12 m0c)

1 _ -1
+ 5T [(rg?) +Ry.,) 1a,ka,(,} — Tr) {(Pﬁ? + Rm) atRm}

1 .
— 5Tl [(Bo+ Fa(B0) " 0Ru(D0) | + T + Tt (2.55)

The first term in the third line corresponds to the extra functional traces arising from
the appropriated treatment of the volume factor Vrp;rs. The other two terms in the
third line, ‘TE]{“)COb‘ and ‘J'(Joa)“b‘, denote additional contributions coming from the Jacobian

associated with the change of variables hy, — {hlr ¢, o} [38]. These contributions

uyv
manifest themselves as the additional traces
Jacob 1 ’ 2,}/1 — 13 -
(‘T(l) = —§TI' Al + Rk(Al) + R 6tRk(A1) R (256&)
Jlacob. 1T” Ay + Rp(A 11?3 7183 A
0 =T gir o + R 0)+§ L Ri,(Ao)
1 _
-5 [(AO + Ri(A)) 18tRk(AO)] . (2.56b)

Finally, the “prime notation” Tr’ (Tr”) indicates that we have to eliminate from the
traces those contributions associated with the first (first and second) eigenvalues of the

coarse-graining operator. The reason for that is the existence of field configurations &,
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and o satisfying (see, e.g., [38,60])

Vil +V,6,=0  and  V,V,0— ~gu V3o =0, (2.57)

which, therefore, do not contribute to the original fluctuation field h,,. To remove

these modes, at the practical level we define the “primed” trace according to

TI"/(.s“)/ [W(AS)] = Tr(S) [W(As)] - Z DZ(S)W</\Z(3))> (2'58)

leMs

where My = {s,s+1,--- ,m—1+s} (m denotes the number of “primes”). In addition,
Ai(s) represents the [-th eigenvalue of the “interpolating” Laplacian A, defined on the
4-sphere and D;(s) denotes the degree of degeneracy associated with \;(s). For the
calculation presented here, the relevant expressions are given by

[+3)l—s =

_ 1 _
)\l(5> = ( 19 R—")/O 50,5R+ (Z —’}/1) (5175R, (259&)

(20 +3) (1 +2)!
61!

L(I+3)20+3)(1+1)

Dy(s) = TS b1 (2.59b)

60,5 +

for s = 0,1, which can be obtained by shifting the eigenvalues of the usual Bochner-
Laplacian operators [38].

To compute the functional traces we use standard heat kernel techniques [266]. In
general lines, a functional trace can be expanded in terms of heat kernel coefficients,
namely (see, e.g. [38,267-269)])

Teg W] = 155 2 [ Vi QeealW] b (2], (2.60)

= 1672 =

with @,-functional defined according to

Qu[W] = % /OOO dz 2" %, (2.61)

where k denotes some (arbitrary) positive integer satisfying the following restriction
n+k > 0. Moreover, tr[by,(A,)] denotes the trace of the (non-integrated) heat
kernel coefficient bs,(A;) associated with the coarse-graining operator A. For (4-

dimensional) spherical backgrounds we can express
tr[ba,(As)] = ¢ R, (2.62)

where ¢, denote a numerical coefficient depending on the choice of coarse-graining
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operator. In table 2.1 and 2.2 we report the relevant c,-coefficients for the analysis
presented here!!.

n=0 n=2 n=4 n=2=6 n=2~8 n =10 n =12
1 1 29 37 149 179 . 1387
6 2160 54432 6531840 131101440 201755473920
3 1 7 541 157 4019 141853
4 1440 362880 2488320 2299207680 430411677696
9 5 5 1 311 109 317 6631
6 432 54432 1306368 12317184 1483454976

Table 2.1: c,-coefficients associated with the Bochner-Laplacian as the coarse-graining operator. All
the coefficients were computed within the 4-sphere background.

S n=0 n=2 n=4 n==6 n=2~8 n =10 n=12
0 1 1 29 37 149 179 . 1387
6 2160 54432 6531840 431101440 201755473920
1 3 1 19 5 1 19 B 347
2 720 18144 2177280 143700480 67251824640
9 5 25 719 23125 101981 952135 50728409
6 432 54432 1306368 86220288 40351094784

Table 2.2: c,-coefficients associated with the Lichnerowicz-Laplacian as the coarse-graining operator.
All the coefficients were computed within the 4-sphere background.

For the Litim’s cutoff [181,182] (see (1.34)), the @,-functionals can be computed
analytically even for arbitrary form of the function f(R, Riy). Due to specific proper-
ties of this choice of regulator, only a finite number of @),,-functionals (with negative n)
leads to non-vanishing results. As a consequence, the heat kernel expansion in (2.60)
involves only a finite number of terms. In general, the result of the trace computation
leads to very long expressions and, therefore, we shall not report explicit results here.
In the next sections we discuss how to extract beta functions from two different types

of polynomial projections.

See, e.g., Ref. [38] for a discussion on how to compute the heat-kernel coefficients in a spherical
manifold.
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2.2.3 f(R) — polynomial projection

In general, the result of the calculation described in the previous section leads to a

flow equation of the form

1

Torae, i SR RL) + Oufi(RRy,)) = F( s £ 0 O ST . (2.63)

We note that the dependence on 7y, O.f, and 9, f,gm’”), in the r.h.s., come from the
regulator insertion 0;Ry. At the practical level, we are going to use polynomial trun-
cations. Ideally, if we had performed all the calculations in a generic background, the
most interesting choice of polynomial truncation (within the class of fr(R, R?,)) would

have the form

fe(RR2) =" o™ R™ (R, R™)™ . (2.64)

ni,n2

(n1,n2

where the o )’ denote scale-dependent couplings. By expanding both sides of Eq.
(2.63) in powers of R and R, we should be able to extract the running of the couplings
a,(gm’n”’s by comparing both sides of (2.63) order by order in the curvature invariants.
Unfortunately, this task is not possible for a spherical background. In such a case,
the invariant Riy collapses to }Lfiz and, therefore, we can no longer disentangle the
running of couplings a,(fm’"” and a,(cml’m), for all pairs (n1,n2) and (my, my) satisfying
N1+ 2ns = my + 2meo.

To circumvent this problem, without resorting to a generic background, one has to
adopt a subclass of truncation. In this section, we consider the case corresponding to the
f(R)-approximation, which can be directly obtained by neglecting the Riy dependence
in our calculation. In particular, for practical computations we focus in the polynomial

approximation

N
fo(R) = =R+ K™ ay, R", (2.65)
n=2

where the oy, ’s denote scale-dependent dimensionless couplings. The parameter N
denotes a positive integer number that fixes the maximal order of the polynomial
truncation. Note that we normalize the coefficient of the first term as —1 so that we
recover the uEH truncation once we neglect higher-order powers of the curvature scalar.
Moreover, we emphasize that the absence of a zeroth-order contribution is attributed

to the fact that we are dealing with a unimodular truncation.
To extract the beta functions associated with the set of dimensionless couplings
ar = {Qgntn=2.. N, we plug (2.65) into Eq. (2.63) and expand both sides of the flow
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equation up to order RY. In this case, Eq. (2.63) leads to the following structure

N
"IN 25 4o oy
k 2-2 n T R" =
167G 167Gy ; (( n TIN) A, Ba )

=> <An(ak) + Ba(ar) N + > My m(o) ﬁgm>> 2R (2.66)

m=2

where we have defined Bé{m) = Opa . At least for the Litim’s cutoff, the coeflicients A,,
B,, and M,, ,,, can be computed analytically. By matching the contributions according

to the power of the curvature scalar, we arrive at the RG equations

87TGk N (m)
M T 167G, B () (Al(o‘k) F 2 Mo A7 )| (267

Ba = 2G},

B = (nx +2n — 2)

N
+ 167G, (An(ak) + Ba(ar) N+ > M m(on) ﬁgn)) , (2.67D)

m=2

withn =2, --- , N. Note that we have used ny = G}, ' Bg—2 in (2.67a). We observe that
the system of RG equations defined by (2.67a) and (2.67b) provides only an implicit
results for the beta functions S4 and ﬁén)’s. In principle, we can solve (analytically) the

system of equations in order to extract the explicit results for Ss and B&n)’

s, however,
this leads to very lengthy expressions and we shall not report them here.

Our primary interest in this chapter is the search of indications for UV FPs. Within
the system of RG equations (2.67a) and (2.67b), we can look for FP solutions (denoted

as G* and «) that can be obtained from the following equations

8rG*
2G| 1 Ai(a*) ] =0 2.68
( T 16mG By 0y 1 @ )) ’ (2.682)
(2n — 4) o + 167G* (A, (o) — 2B, (o)) =0, (2.68b)
withn =2, --- | N. In Sect. (2.2.5), we report numerical FP solutions associated with

various choices of V.

2.2.4 F(R:,)+ RZ(R;,) — polynomial projection

The f(R)-approximation was introduced in the previous section as a way to avoid a

technical problem related to the used of a spherical background, namely, the fact that

5}



in such a background we can not distinguish the invariants RZV and R?. In this section,

we consider an alternative class of truncation characterized by the decomposition!?

fo(R, R,) = Fi(R},) + RZy(R,,) (2.69)

where Fy.(R>,) and Z(R?,,) denote scale-dependent functions of the invariant R ,. This
class of truncation was first introduced in [89] as an approach to include effects beyond
the Ricci scalar. At a first sight one might suspect that, in the spherical background,
the F'Z-truncation would lead to the same result as in the f(R)-approximation, since
both Fi.(R?%,) and Z,(R?,) collapses to functions of R. However, this is not the case
as one can see from the Hessians corresponding to the f(R)- and F'Z-truncations. As
an explicit example, we consider here the Hessian associated with the transverse and

traceless fluctuations, namely

299 — 1 5
LA o = —Zerr £ <A2 + 2 R> , (2.70a)

_ _ _ vy — 1 —
T3y = Zenr (F + RZD) (Dot (0 — DR) - Z) (A2+ = R) . (2.70b)

where we denote f,gl) = df;—gﬂ, Fk(l) = M§—§;{)7 Z;il) dZ(fX and Z, = Zy(R,).

For practical computations we are going to restrict our attention to the case of a

polynomial truncation defined by

Np
(wa) - Z k2_4n PEk,2n (R,uuR'uV>n ; (271&)
n=1
Z ( =—1 + Zk Pk,2n+1 R/.LVR ) (271b)

where Np = |[N/2] and Ny = |[(N —1)/2| (with |--- | representing the floor func-
tion). Here we are going to denote as py = {pkn}fnez.. n the set of scale-dependent
couplings associated with the F'Z-truncation. To extract the system of RG equations
associated with the dimensionless couplings Gy and pr = {pk.n}n2.. v Wwe follow the

same procedure discussed in the f(R)-approximation. In such a case, replacing (2.71a)
and (2.71b) into the Lh.s. and r.h.s. of Eq. (2.63), we find, respectively, the following

12We refer to such decomposition as F'Z-truncation.
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results

1
167'I'G'N71€

(_nN fk(R7 Riy) + atfk(R7 wa)) ‘34 =

IN ;25 1 I fA—an (2n) _
- KR 2 —4n — IR
167Gy, * 167Gy, ; An (5,0 + ( n —NN)Pk,2 )
1 Nz k274n

T 16n Gy &

(6£2n+1) — (4n + 77N)/)k,2n+1) R2HL (2.72a)

(fk)fkmn 777N78tfk78t (mn) }54 =

- Z( (pr) + Brlpr) nn + ZMnm (o) B )kA R™. (2.72Db)

m=2

The notation (---)|ss indicates the projections on spherical background. Once again,
the basic idea is to match order by order in the curvature scalar R, in this case, leading

to system of RG equations

Ba = 2G

87TGk N )
167G By (o) <A1(pk) + D Min(or) 55 )] : (2.73a)

m=2

B = (i + 2n — 2) iy

N

m=2

where 6,, = n/4 for n even and §,, = (n — 1)/4 for n odd. We note that despite of the
similarities observed when we compare (2.67a) and (2.67b) with (2.73a) and (2.73b), the
explicit expressions for the coefficients A, B and M obtained within the F'Z-truncation
are considerably different from the ones obtained via f(R)-approximation. Finally, the

FP solutions associated with the F'Z-truncation satisfy the following equations

. 8rG* o)
2G <1 + 1620 Bl(p*)Al('O )) =0, (2.74a)

(2n — 4) p, + 160w G* (An(p*) — 2B,(p)) =0, (2.74b)

wheren =2, --- , N.
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2.2.5 Results and discussion

In this section, we present our results concerning the FP structure obtained within
truncations previously defined. In general, the FP equations discussed in the previous
sections (Eqgs. (2.68a)-(2.68b) for the f(R)-approximation and Eqs. (2.74a)-(2.74b)
for the F'Z-truncation) are considerably complicated and requires the use of numerical
techniques. Both in the case of f(R)- and F'Z-approximations, we have employed the
bootstrap method developed in Refs. [70,73] as a systematic way to search numerical
FP solutions. In this sense, we have developed and implemented a Mathematica routine
to perform the numerical calculations within the truncations investigated here.

For the f(R)-approximation we have performed the search of FP solutions for poly-
nomial truncations (see Eq. (2.65)) with /N ranging from 1 to 20. The idea of computing

FPs for a variety of values for N is motivated by two main reasons:

i) Firstly, it appears as a practical requirement related to the way the bootstrap
method is implemented. Typically, search of numerical solutions within a trun-
cation characterized by N requires inputs from the FP solutions associated with
the case N — 1.

ii) Secondly, the main goal of this analysis is not only to search for indications of
FP solutions, but also to check their stability against the inclusion of further
operators. In this sense, we can explore how the FP solutions (as well as the

corresponding critical exponents) behave as a function of N.

In principle, the analysis performed here can be extended to N > 20, however, in
this case, the implementation of the bootstrap strategy requires more sophisticated
numerical methods and additional computational power. For the analysis performed
here, N < 20 is sufficient to capture various qualitative features. It is interesting to
mention that, in the case of standard ASQG, this analysis has been carried out within
polynomial truncations involving terms up to R™ [90].

In Fig. 2.1, we exhibit our results for the FP values for some of the couplings
(up to of) defined in the polynomial f(R)-truncation, as functions of N. For higher-
order couplings, we find FP values characterized by |af| < 107* (n = 7,8,--- ,20).
In each one of the plots, we exhibit FPs evaluated by two different types of coarse-
graining operators, namely, Bochner-Laplacian (blue/circle markers) and Lichnerowicz-
Laplacian (red/square markers). The most notable feature in the plots exhibited in Fig.
2.1 lies on the stabilization of the FP values against the inclusion of new operators.
As one can observe, after some oscillation for small truncations (N < 7), the FP
coordinates for higher truncations stabilize around some specific values. In particular,
we observe that, despite of the quantitative differences, the same qualitative picture

is obtained for both types of coarse-graining operators. To complement our analysis
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concerning the FP structure for the f(R)-truncation, in Fig. 2.2 we exhibit FPs values
normalized in a convenient way. For the “normalized FPs”, here denoted as \,,, we use

a similar definition the one adopted in Ref. [73,90], namely

G*(N) a,,(N)
S = Tnl) 9.
A\ G (N + and An o (Nons) +n, (2.75)

where G*(N) and o (N) denote the FP values calculated within a truncation of order
N, while G*(Npax) and o (Npax) stand for the FP values associated with the largest
truncation under investigation (in the present case, Npya.x = 20). The introduction
of such normalized quantities is particularly useful to make clear the stabilization FP
values against the truncation extensions.

The critical exponents exhibited in Fig. 2.3 indicate that the number of relevant
directions (characterized by positive critical exponents) does not increase indefinitely,
which is a crucial feature for ASQG. By looking at the critical exponents associated
with the case of type I coarse-graining operator (Bochner-Laplacian), we observe two
relevant directions for all the truncations under consideration (except for N = 1). For
type II coarse-graining operator (Lichnerowicz-Laplacian), the situation is a bit more
subtle. In this case, we note a variation on the number of positive critical exponents
for small truncations (N < 6). However, with the inclusion of additional operators, the
number of relevant directions seems to stabilize at two.

A remarkable feature of the results exhibited in Fig. 2.3 is the near-canonical
behavior of the critical exponents. More precisely, the critical exponents obtained
within the f(R) truncation behave like 6,, ~ A,,, where A, = 4 — 2n is the canonical
scaling of an operator of the form R"™. The exception occurs for the two positive
critical exponents, that are shifted away from the canonical scaling by a larger gap.
The near-canonical behavior was already observed in the context of UQG based in
the f(R)-approximation involving operators up to R [126]. Our findings not only
indicate the stabilization of such results for higher-order truncations, but also include
the extra trace mode in the flow equation (2.38), which was not considered in the
previous analysis performed in the literature. Furthermore, it is interesting to mention
that the near-canonical behavior of the critical exponents has been explored in great
detail in the context of the standard formulation of ASQG [73,90].

Now we turn our attention to the class of polynomial FZ-truncations. In such
a case, the RG equations lead to larger expressions in comparison with the f(R)-
approximation, and, as a consequence, it requires additional computational power than
the previous case. For this reason, in the present case we explore the FP equations
only up to a truncation where the highest-order operator correspond to R(R,, R")7
(i.e., Npax = 15). Generally speaking, the search for FPs in the F'Z-truncation follows

the same strategy used in the f(R)-approximation. In this sense, we use the solutions
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Figure 2.1: Fixed-point values for the couplings Gy, k.2, k3, Qka, ags and age in the f(R)-
truncation. The blue line (circle markers) indicates the Type I regularization (Bochner-Laplacian),
whereas the red square indicates the Type II regularization (Lichnerowicz-Laplacian).
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Figure 2.2: Normalized FPs in the f(R)-truncation. We use the normalization \; = % +1

and )\, = af‘(%\(,N) y+n (for n > 1). From bottom to top we show A1, Ag, ..., A15. The left panel

corresponds to results obtained via Bochner-Laplacian operator (type I), while the right panel shows
the normalized FPs associated with the Lichnerowicz-Laplacian operator (type II).
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Figure 2.3: Critical exponents associated with the FP structure in the f(R)-approximation. The
left panel corresponds to results obtained via Bochner-Laplacian operator (type I), while the right
panel shows the results associated with the Lichnerowicz-Laplacian operator (type II).

obtained within a (N — 1)-th truncation as the input for an algorithm to bootstrap FPs
in a truncation of order N. It is interesting to emphasize that, even in the standard
ASQG setting, the F'Z-truncation has been considerably less explored than the f(R)
counterpart [89].

In Fig. 2.4, we report our findings for the FP values for some of the couplings
(up to p§) obtained within the F'Z-truncation. As in the previous case, we exhibit
the results for both types of coarse-graining operators. In addition, in Fig. 2.5 we
exhibit the “normalized FP values”. As one can observe, for Lichnerowicz-Laplacian

operator (red/squared markers) our analysis leads to FP solutions for all the polynomial
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truncations up to Ny, = 15. In contrast, in the case of the Bochner-Laplacian coarse-
graining operators, we only find suitable FP solutions up to the truncation characterized
by N = 9. We attribute such a feature to a limitation in the numerical method used
in the search of FPs.

Based on the critical exponents depicted in Fig. 2.6, our results for the FZ-
truncation also point towards the existence of two relevant directions, for both types
of coarse-graining operators. Despite of the stability on the number of relevant direc-
tions, the numerical values for the critical exponents suffer the same unstable behavior
observed in the FP values (see. Fig. 2.4). At least for type I coarse-graining oper-
ator, despite of difficulties to extend our analysis to truncations higher than N = 9,
the results exhibited in Fig. 2.6 (left) indicate that the critical exponents feature the
same near-canonical behavior as we have discussed in the f(R)-approximation. Such
behavior is less obvious in the case of type II coarse-graining operators. In this case,
as one can see in Fig. 2.6 (right), some critical exponents behave according to the
near-canonical scaling, however, for several choices of N we can observe points that
exhibit considerable deviations from the canonical scaling of the operators involved in
our truncation.

Our findings indicate that the unimodular F'Z-truncation leads to less stable results
in comparison with the f(R)-approximation. This result is in contrast with observa-
tions previously made in the standard ASQG setting. In particular, the systematic
analysis performed in [89] indicates that the F'Z-truncation exhibits a faster “con-
vergence”® in comparison with the f(R)-approximation. Within the approximations
considered here, our results indicate the opposite conclusion in the unimodular setting.
So far, it is not clear what is the origin of such a difference. Nevertheless, there are

some clues that could be confronted with further investigations:

e Exponential versus linear parameterization: The analysis performed here utilizes
the exponential parameterization as a convenient way of implementing the uni-
modularity condition. On the other hand, previous calculations involving the
FZ-truncation are based in the linear split [89]. The analysis performed in [91]
(within the f(R)-approximation) indicates that the use of different choices field

parameterization could lead to important differences in the FP structure.

e The use of spherical background: The choice of a spherical background in our
calculation was motivated as a way to circumvent certain technical issues due
to the presence of off-diagonal terms in the 2-point function I'®. For the f(R)-

approximation, this choice is particularly interesting since it is self-consistent!?.

13Note that we are using the word “convergence” in a heuristic way. In this sense, there is no proof
of mathematical convergence underlying such statements.

The term “self-consistent” means that the spherical background already includes all the relevant
contributions within this truncated theory space. The argument is based on the fact that we can
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Figure 2.4: Fixed-point values for the couplings Gy, Pk,2> Pk3> Pka, Pk5 and pge in the FZ-
truncation. The blue line (circle markers) indicates the Type I regularization (Bochner-Laplacian),
whereas the red square indicates the Type II regularization (Lichnerowicz-Laplacian).

express the functional traces in the r.h.s. of the flow equation in terms of polynomial contributions in
the Ricci scalar, plus contribution that vanishes @fe set the spherical background.
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Figure 2.5: Normalized FPs in the FZ-truncation. We use the normalization p; = % +1
and p, = % +n (for n > 1). From bottom to top we show p1, pa, ..., p7 (left-panel) and p;, pa,

..y p12 (right-panel). The left panel corresponds to results obtained via Bochner-Laplacian operator
(type I), while the right panel shows the normalized FPs associated with the Lichnerowicz-Laplacian
operator (type II).
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Figure 2.6: Critical exponents associated with the FP structure in the F'Z-approximation. The left
panel corresponds to results obtained via Bochner-Laplacian operator (type I), while the right panel
shows the results associated with the Lichnerowicz-Laplacian operator (type II).

Nevertheless, this “self-consistency” is not valid for the F'Z-truncation. As an

example, an invariant of the form R* R” R®, once projected on the sphere,

otV
generate spurious contributions to the beta fuunction of the coupling associated
with the operator R R, R*”. As a hypothesis, one might consider that the exis-
tence of such spurious contributions could generate certain instabilities in the FP
structure associated with the F'Z-truncation. The validation of such reasoning
requires calculations using a generic background, which goes beyond the scope of

this thesis.
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Chapter

Unimodular Quantum Gravity:

Steps Beyond Perturbation Theory

3.1 Setting the stage

3.1.1 Symmetry identities and regulator effects

The notion of theory space, which is a fundamental concept in the FRG framework,
is defined in terms of the configuration space and the underlying symmetries of the
physical system under investigation. In UG, the configuration space is defined by met-
rics satisfying the unimodularity condition. Moreover, in this setting, the underlying
symmetry is characterized by TDiff transformations, which follows from the invariance

of the classical action, namely

5€TSUG [gwj] =0. (31)

As it is well known from the standard Faddeev-Popov procedure, the underlying gauge
symmetry (TDiff ) is broken by the introduction of a gauge fixing sector. Nevertheless,
one can still keep track of original gauge symmetry by taking into account that the

gauge-fixed system remains invariant under BRST transformations,

dprst (Suc|guw] + Setle;g]) = 0. (3.2)

where ¢4 = (hyy, ¢, , ¢, b,) has been introduced as a “super-field” notation. Note that,
in the gauge-fixing sector, we also introduced the Lautrup-Nakanishi field, ", which is
necessary to make the BRST symmetry valid for off-shell field configurations.

At the quantum level, the BRST symmetry translates into a functional identity
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involving the (full) effective action I', namely, the Slavnov-Taylor identity (STT)?,

o0 o0 _
6Q dp

where () denotes an extra source term introduced by its coupling with the BRST

(3.3)

transformation of the field ¢, i.e., by including Q- as part of the generating functional.
Within the FRG framework, one can derive an analogous STI for the EAA, however,
this is not obtained by the simple replacement I' — I'y. In fact, the FRG regulator

spoils BRST invariance since

dprsTAS[p; 9] # 0. (3.4)

As a consequence the STT for 'y, involves a soft-breaking contribution, resulting in the

form [174,190]

ol ol
50 5o wle; ), (3.5)
where Ti[y; g] is regulator-dependent term (that vanishes at & = 0). This functional
identity is usually referred to as modified STT (mSTI).
Besides the BRST symmetry, the covariant approach to QG brings a second type
of local invariance, namely, split symmetry, which is associated with the use of the

background field method. Split symmetry is defined by joint transformations,
g;w = g,uu + 5splitg,u,u and h;w — h,uzx + 6splithp,l/ ) (36)

such that the full metric remains invariant

g;w — guu(g + 5Splitg 9 h + 5Splith) = g/ﬂ/(gv h) . (37)

For linear metric parameterization (¢, = Guu + & Ry ), split symmetry is manifested by
the simple transformations dsplitGuw = — X and Ssplithuw = £~ X, With X = X (2)
being a local transformation parameter. For the non-linear metric parameterization,
such as the exponential split (see Eq. (2.27)), the explicit form of dgpihy,, is more
complicated. In this case, we denote dgylihu = Nﬁf [1; G]Xap, which can be determined
in an iterative way (see App. B).

The split symmetry allows us to derive a second type of functional identity that
relates functional derivatives taken with respect to the background and fluctuation

fields. This is usually known as Nielsen identity (NI) or split Ward identity and takes

!The “dot” is a compact notation to represent all indices contractions and space-time integration,
Le, X Y = [ wXa(x)Y4().
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the form

or - oT 55, ¢ 58,
— NB[h- 7] . _ g _ By, -1 998
5 Ny [h; 9] e < s >’c <NW [; 9] Shes >k . (3.8)

The contribution on the r.h.s. encodes non-trivial information due to split symmetry-
breaking caused by the gauge-fixing sector. In the FRG setup, the inclusion of a cutoff
term ASy[e; ] introduces a second source of symmetry-breaking?, leading to a modified
NI (mNI), namely [190, 231]

ST,
.

-l i = () - (gl 5L +5den. 69
where Z[p; g] is a regulator-dependent contribution. As in the case of the mSTI, the
regulator induced term vanishes at £ = 0.

In the background approximation, as we have considered in the calculations pre-
sented in Chap. 2, we typically consider truncations that are not compatible with the
coarse-grained symmetry identities (3.5) and (3.9). In fact, the compatibility of the
EAA with the appropriated symmetry identities, including modifications due to the
FRG regulator, requires explicitly symmetry-breaking terms in I'y. In this sense, quan-
tum symmetries (at k = 0) require symmetry-breaking contributions at non-vanishing
k. In this chapter, we perform some steps in this direction by including symmetry-
breaking effects at the level of a truncation defined in the unimodular theory space.

The results presented in this chapter are based on the recent publication [270].

3.1.2 Vertex expansion in UQG

The main purpose of this chapter is to investigate the RG flow of the graviton and
Faddeev-Popov ghosts 2-point functions in UG. In this sense, we employ the strategy
put forward in [67,74] which is based on the vertex expansion approach for the FRG.
The basic idea is to expand I' in terms of its proper vertices. Schematically, the vertex

expansion takes the form?

) U [ 1
Tile; gl ZZH/FE,Q...A”[Q] prin -t (3.10)

2Again, the gauge-fixing term treats the background and the fluctuations fields in such a way that
such split symmetry is broken. Nevertheless, such a breaking comes in the form of a BRST-exact
term. For the regulator, however, the split symmetry-breaking is explicit and not BRST exact.

3Bach functional derivative “6/5p4” is associated to a space-time variable and the integral repre-
sents a collective integration over all such variables.

67



with vertices defined according to

0"y

(n) -1
Phaya,lg) = SpA - pgphn (3.11)

=0
Note that, besides the fluctuation field h,,, the functional I'; also depends on the
Faddeev-Popov ghosts ¢* and ¢, as well as on the Lautrup-Nakanishi field b,. We note
that, typically, the Lautrup-Nakanishi field is not included as part of the configuration
space in FRG truncations in QG.

In order to define the truncated vertices we follow the same recipe employed in
[194,217). The idea is to define a “seed” truncation I'$&! used to extract the tensorial
structure that enters in the vertex expansion of the flow equation. In what follows we

choose f‘%eéd to take the form
L' hy e e,0:9) = Dupnlg(h: 9)] + Daelhoc.e.b:g] + Toelhig) . (3.12)

The first term, quH, includes only contributions that are invariant under the original
TDiff symmetry. Our choice for [ygy corresponds to the unimodular version of the
Einstein-Hilbert (uEH) action in four dimensions,

Puenlg(hi9)) = ~ - [ @ Rlathi). (3.13)

xT

The argument g(h;g) indicates that the full metric g,, is decomposed in terms of a
background a g,, and the fluctuation field h,,. As we have discussed in the previous
chapter, a convenient metric decomposition in UG is the exponential parameterization
(see Eq. (2.27)).

The second term in (3.12) corresponds to the gauge-fixing sector obtained through

the Faddeev-Popov procedure,

A

=

oitlh e, E0:g) = /wg’“’bMFVT[h;g] - %/wg“”bub,,—l—/wcuj\/[“,,[h;g] &, (3.14)
@ x x

As usual, « represents a gauge parameter. We use the transverse gauge condition
defined in the App. A (see Eq. (A.6)). The Faddeev-Popov operator, M*,[h;g],
is defined according to Eq. (A.15). We refer to the App. A for comments on the
Faddeev-Popov procedure in the unimodular setting.

The last term in (3.12) extends the truncated theory space to the sector of symmetry-
breaking operators induced by the FRG regulator. As a first step in UG, we consider

a simple mass-like term for the fluctuation field,
2

r = m — =V,
Fmi[h;g] = Th/wg“ g Bhu,,hag, (3.15)
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where my;, denotes mass parameter. The inclusion of such a term is associated with a
technical aspect related to the FRG type of regularization and, therefore, it should not
be confused with a physical mass for the graviton. As we are going to see later, even if
not present in the original truncation, this term is generated by the flow of the 2-point
function %Iy, /dh?.

To extract the truncated vertices F,@Al A, from f”%egd, we expand fUG and fg.f. up
to order O(h*) and O(h?), respectively. For practical calculations we set the background
metric to be flat g,, = d,,. In this case, it is convenient to work in Fourier space. We
note that higher-order terms in the fluctuation field do not give any contribution to the

results presented in this chapter. The truncated vertices F,(:lh .4, are, then, obtained

by dressing the “seed” vertices fffl)m 4, With tensor structures [Z,,(p)'/%?,. In such a

case, we define

T oa, (P) = [Zay (00) 2P g o [Za ()25 TR (D) (3.16)
GNf—>k Gk
with p = (p1, -+ ,pn—1) (note that p, = —(p1 + -+ + p,—1) due to momentum conser-

vation). The relevant tensor structures are defined according to

Zaa ()72 = 22 PR (0) + 2 PE P (p) + 2,2 PP (p) (3.172)
[Zk,a(p)lm]/w _ [Zk,c<p>1/2]m/ _ Z/i,/f T%V(p) 7 (3.17b)
21 (p) /) = 2,7 P (p). (3.17¢)

where Zy rr, Zre, Zkos Zi,e and Zyy correspond to wave-function renormalization fac-
tors. In the graviton sector, we have used the projectors Prr(p), Pe(p) and P,(p)
defined on the York-basis (see App. C). Moreover, Pr(p) corresponds to the transverse
projector acting on vector fields. The use of different pre-factors in the expansion of
Z,M(p)l/ 2 account for possible symmetry-breaking effects induced by the FRG regula-
tor. As a further step towards the inclusion of symmetry deformation contributions,
we also redefine the mass parameter m?, appearing in the graviton 2-point function,
according to mj — mg pp, mj, = mi, and mp — —gm; , for the different tensorial
sectors defined in terms of the projectors Prr(p), Pe(p) and P,(p). The factor “—1/2”
in the definition of mj , is just a convenient normalization for the 2-point function.
In principle, the gauge-fixing parameter « is also allowed to run, therefore, we replace
o ay.

Furthermore, in the present chapter we consider the following prescription for the
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FRG regulator,

A

Rtz (0) = i ()17, R 0) 217, (05 () = T, 1)) . (318)

where we have defined pt, = (1+r;,)"/?p* and r;, = 74,(p?) denotes the shape function.
Here we consider the Litim’s regulator ry,(p?) = (k*/p? — 1)0(k*/p* — 1) [181,182].

3.2 Flow of the 2-point function

3.2.1 2-point functions, propagators and all that

The flow of the 2-point function F,(f) can be obtained by acting with two functional
derivatives w.r.t. ¢ on the FRG equation. In general, the flow equation for I‘;f)

reads [184]
1

where Gy, = (1—‘,(62) + Ry)!,—0 denotes the dressed propagator. For the truncation we

are considering here, we find the 2-point functions,

0°T'i[¢]
R (—p)Ohap(p)

=Zprr (P° + mi,TT) ?lfVTaﬁ (p)
=0

14e% 1 vo
+ Zeemi e P0) = 5200 (0° +mi ) PE0(p), (3.20a)

i [p] L 1212
= 52k Ziy WPT(0) + 7P () 3.20b
S (—p)ba () | — 20 20 Z WP R) 2" (p) (3.20b)
0°T'k[]

=~ Zyp Pr(p) 3.20c
0b,(—p)3ba(p) |, & Zio Pr (D) (3.20¢)

0°T'k[¢] /3 )
= —V2Z c ﬂ)ua . 320d
6¢u(—p)dca(p) |, ke Pr(p) ( )

Before we proceed with the main results of this chapter, let us add a brief remark
concerning the running of the gauge-fixing parameter ay. An interesting feature regard-
ing the inclusion of Lautrup-Nakanishi fields in the FRG truncation is the possibility of
extracting the flow of ay, directly in terms of the 2-point function §2T';,/6b2. In general,
thanks to (3.19), the r.h.s. of the flow equation for §°T';,/§b? involve 3- and 4-point ver-
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tices containing at least one functional derivative w.r.t. the Lautrup-Nakanishi field.
However, vertices with this feature are not present in the truncation that we are con-
sidering. In such a case, the r.h.s. of for the flow equation for §°I';/db* vanishes and,
as a consequence, the running of oy can be readily extracted from 9y (6°T'y/5b%) = 0,

resulting in
Oraug = g 1 (3.21)

where we have defined 7, = —Zl; ;&ZM,. Since Oy, is proportional to ay itself, the
Landau gauge choice oy = 0 turns out to be a partial FP. In this sense, we can set
ay = 0 along the calculation without worrying of other values being generated by the
flow. The running of a4, has been explored in Ref. [271], leading to the same conclusion
in the standard ASQG setting based in the quantization of full diff-invariant theories.

At the practical level, the Landau gauge choice simplifies the analysis performed
here. In particular, due to the choice o = 0, the mass parameter m%{ and the
wave-function renormalization factors Zj ¢ and Zj; do not feedback in the flow of the
graviton and ghost 2-point functions. This feature is a consequence of the form of the

regularized graviton propagator which is,

PLP (p) 2 Prreb(p)

ng;iﬁ(p): N\ 2 2 - 2\ 12 2
’ Zrrr (L+re(p?) P +mipr)  Zio (L+1:(07) p? + M3 ,)

, (3.22)

in the Landau gauge. For this reason, in the present chapter, we focus our attention
in the flow of mj pp, mi,, Zrrr, Zio and Zg., with a; = 0. The other relevant

propagator for the analysis performed here is the one associated with the ghost fields,

1
V2 Zhe (L4 i (p?) p?

Glee(p) = P (p) - (3.23)

For the sake of completeness, we also include the dressed propagators involving the
Lautrup-Nakanishi field

1
V2i ZE 72 (14 ri(p?) /2 p?

G (p) (PE(p) p” 4+ P (0)p") (3.24a)

- Mg PE (p) . (3.24D)
Ziy (1+ ri(p®)) p?

ng;b(p) =
It is important to emphasize, however, that the G} (p) and G}, (p) decouple from

the calculation presented here due to the Landau gauge choice.

Besides this set of propagators, the results presented in this chapter also depends
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Figure 3.1: Diagrammatic representation corresponding to the r.h.s. of Eq. (3.19). The first row
corresponds to the flow of the graviton 2-point function §2I'y /6h2. In the second row we include dia-
grams representing the flow of the ghost 2-point function 62I'y /6cde. The double-line style corresponds
to the graviton, while the Fadddeev-Popov ghosts are represented by dotted lines. The cross indicates
the regulator insertion J;Ry.

on the evaluation of the 3- and 4-point vertices

63T 54Ty, 63T 51Ty

c_k c_k — k. =k 2
Sh3 ShY ' Shécde’  Sh?dcde (3:25)

The expressions corresponding to these vertices are quite lengthy and, therefore, we

shall not report the results explicitly.

3.2.2 Anomalous dimensions and symmetry-breaking masses

In the present section we report our results for the anomalous dimensions npr =
—Z,;;Tatzk,TT, Ny = —Zk_’;&ngya and 7, = —Z,;iatZk,c as well as the running of the
mass parameters mg oo and mj ,. The basic idea is to use the flow equation (3.19)
to express the 2-point running functions 62y /dh? and §°T/dcdé in terms of traces
involving 3- and 4-point vertices extracted from our truncation for I'y. The traces
contributing to the flow of the 2-point function can be represented in terms of the
diagrams exhibited in Fig. 3.1.

To extract the anomalous dimension and the running of symmetry-breaking masses

from Eq. (3.19), we apply the following projection rules

— 1 8 uraf 526151_‘]{;[@]
nrr = 5Zk,TT ap2 (fPTT ( )5hwj(_p)5ho¢ﬁ(p) - - 3 (326&)
p —
2 |0 620, [ ]
=7 o \ 7 s , 3.26h
M ( eI | )
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The running of the corresponding dimensionless mass parameters (mj, ; = k~*mj ;) can
be obtained by the simple formula 9y, = —2m; ; + k~20ymj ;. The calculation for
the anomalous dimensions and for the running of symmetry-breaking masses can be
done by using the truncation defined in the previous section to evaluate the diagrams
represented in Fig. 3.1. The explicit results for the n;’s and Gtrhz’i’s are reported in
the App. C.

The anomalous dimensions resulting from the projection rules defined by Egs.
(3.26a), (3.26b) and (3.26¢) lead to the following structure

nrr = (Arr + Byt jer + Big s + Birne) G, (3.28a)
No = (AJ + BET nTT + Bg No + Bg nc) Gk (328b)
Ne = (AC + B;FT nrr + Bg Mo + Bg 770) Gk 5 (328C)

where the coefficients A’s and B’s can be obtained by simple comparison of these
expressions with Egs. (C.1), (C.2) and (C.3). The anomalous dimensions in the r.h.s.
appears as a consequence of the regulator insertion 9;Ry, in the diagrams contributing to
the flow of the 2-point function. The explicit expressions for the anomalous dimensions
can be easily obtained by solving the linear system (3.28a), (3.28b) and (3.28¢) for 5y,
No and 7).

Starting from the simplest situation, we first set mj op = mi, = 0 in order to
explore the behavior of the anomalous dimension in terms of the dimensionless Newton’s
coupling G. In Fig. 3.2, we plot the anomalous dimensions nrr, 7, and 7. as functions
of G based on two different schemes: full and semi-perturbative. The full result is
obtained by solving Eqs. (3.28a), (3.28b) and (3.28¢) for nrr, 7, and n. without

any further approximation. The semi-perturbative calculation, on the other hand,
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Figure 3.2: We show the anomalous dimensions 7, 7, and 7., in terms of the dimensionless
Newton’s coupling, in the case corresponding to m% T = m% - =0.

corresponds to the anomalous dimension obtained by setting the n’s to zero in the r.h.s.
of (3.28a), (3.28b) and (3.28c). As we can observe in Fig. 3.2, for mj pp = 3 , = 0, the
full and semi-perturbative results exhibit very similar qualitative behavior both in the
case of nrr and 7n.. Nevertheless, a different conclusion emerges from the calculation of
7N, In this case, the full result shows a considerable deviation from the linear behavior
obtained in the semi-perturbative approximation.

With the inclusion of the masses mj . and mj ,, we investigate the viability of UV
completion within the extended truncation. In this sense, here we look for FP solutions

of the partial system of RG equations

atmiTT = —(2—nr7) mi,TT + fTT(mi,TTa mi,ga NTTs Nos Nes Gk) (3.29a)

87&7%2,0 = _(2 - 770) mi,a + fd(mz,TTa mi,aa NTT; Nos e, Gk) : (3'29b>

The explicit form of the functions frr and f, can be identified from Eqs. (C.4) and
(C.5). Both frr and f, are non-vanishing for Gy, # 0, which confirms that even if we
set Th;TT = mi}a = 0 at some RG-scale k, symmetry-breaking mass terms would be
generated due to graviton self-interactions. The partial system corresponding to Eqgs.
(3.29a) and (3.29b) is not closed, since, at this level, the Newton’s coupling appears as
an external parameter. Within this setting, we perform the search of FPs solutions for
dyng, pp = 0 and 9y, , = 0, but treating possible FP values of the Newton’s coupling,
G*, as free parameters. This strategy allows us to explore the FP properties of mz,i’s
and 7;’s without relying in some specific expression (computed within an approximation
scheme) for the running of the Newton’s coupling.

In Fig. 3.3 we plot the FP values (m%)* and —(m?2)*/2 as functions of G*. For

the sake of comparison, we have considered three different schemes. The perturbative
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Figure 3.3: FP solutions for the partial system composed by Eqgs. (3.29a) and (3.29b). In this case,
the FP value of the dimensionless Newton’s coupling, G*, appears as an external variable.

approximation is obtained by setting the n’s to zero in Egs. (3.29a) and (3.29b). In
this case, both (m2;)* and —(m?2)*/2 exhibit the same values along the range un-
der consideration. The semi-perturbative regime is defined by setting the anomalous
dimensions to zero in the functions frr and f,, but using the semi-perturbative expres-
sions for nrr and 7, in the first term on the r.h.s. of Egs. (3.29a) and (3.29b). Within
this approximation we note that the separation between the FP values of (m25)* and
—(m?2)*/2 increases with G*. Finally, the full result correspond to FP solutions of
Egs. (3.29a) and (3.29b) without further approximations. As one can observe, the FP
value of —(m?2)*/2 hits a pole around G* = 3.2. On the other hand, (m2;)* exhibit
small variation along the range considered here. Furthermore, we note that (/may)*
and —(m?2)*/2 mostly coincide when G* is small (G* < 1.5).

In Fig. 3.4 we show the anomalous dimensions nrr, 7, and 7. evaluated at the FP
solutions of Egs. (3.29a) and (3.29b). Comparing Figs. 3.2 and 3.4, we observe some
clear differences regarding the behavior of the anomalous dimensions with and without
setting the masses to zero. In particular, we note that the absolute values of 7y
and 7} grow faster in the case where we take into account the regulator induced mass
parameters, signaling that non-perturbative effects may become relevant for smaller
values of G* in comparison with the case 7} ; = 0. In addition, one can observe that
n: becomes larger than 2 around G* ~ 3.2. In connection to this point, it has been
argued that there is a class of FRG regulators such that results with n* > 2 becomes
unreliable [195]. Since the regulator used in the present analysis belong to this class,
one can argue that internal consistency for our results (with miz # 0) requires G* to
be smaller than 3.2.
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Figure 3.4: Anomalous dimensions 1, 1, and 7. evaluated at the FP solutions depicted in Fig.
3.3.

3.3 RG-flow and fixed points

3.3.1 Running of the Newton’s coupling

Up to this point we have considered the FP values of the Newton’s coupling as a free
parameter. In this section, we explore the FP structure including explicit results for the
beta function of the dimensionless coupling Gy. The running of G can be computed in
several ways, each one corresponding to a different “avatar” of the Newton’s coupling
(see [200,201] for a detailed discussion). The relation between different avatars are
encoded in the mSTT and mNT [200,201]. Here, following the simplest route, we extract
the running of Gy from the background flow 9,I'y[¢ = 0;g]. In order to simplify
the computations, the background is considered to be a 4-sphere. In such a case,
the running of the dimensionless Newton’s coupling can be obtained by the following

expression

- 9 (0Lk[p = 0; 4]

R=0

where V(S*) stands for the volume of the 4-sphere. Using standard heat-kernel methods
in order to compute the trace in the r.h.s. of (2.38) we arrive at the following structure

for the running of Gy

2

G - - - -
0uGy = 26y + 32 (AW} .17 ) + Bra (i ) mer + B, (7} o + B ) - (3:31)

The coefficients A(mj pp, M ), Brr(mjpr), Bs(mj ) and B, are scheme-dependent
quantities that can be computed within the truncation defined in Sect. 3.1.2. In table
3.1 we present the explicit results for these coefficients in terms of two types of regular-

ization schemes distinguished by the choice of coarse-graining operators, namely, using
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‘A(mk,TTv mk,o) BTT(mk,TT) BO(mk,a) B.
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P B(+mE pp)? | Ll S(tmi g | Leag,
10 (74+10m3 p) 4 5 (4+5m2 ) 1
Type II | — e+ = 10| e | — 0
yp FmE ) ThmE, (L 1)’ LhaE

Table 3.1: Explicit coefficients A(m%p, m2), Brr(mar), Bs(m2) and B, for two types of coarse-

(e}
graining operators. Here, we use the nomenclature “type I” to designate the case where the coarse-

graining operator corresponds to the Bochner-Laplacian Agp = —V?2. The nomenclature “type II”
corresponds to the choice of Lichnerowicz-Laplacian defined as Ay, = —V? + aR (with a = 2/3,
a = 1/4 and o = 0, respectively, for transverse-traceless tensors, transverse vectors and scalars) on
spherical backgrounds.

Bochner (type I) and Lichnerowicz (type II) Laplacians (see Chap. 2). The calculation
that leads to the explicit coefficients reported in table 3.1 follows the same ideas dis-
cussed in the previous chapter and, therefore, we will not provide further details here.
It is important to remark that 9,G}, involves (via anomalous dimension contributions)
the avatars of the Newton’s coupling extracted from 3- and 4-graviton vertices and
graviton-ghost vertices. We take as an additional approximation the identification of
all these avatars with a single coupling Gy.

We should emphasize the difference between the investigation performed here and
previous results in asymptotically safe UG (see chapter 2 and references therein).
The main difference lies on the fact that previous computations in this setting were
done within the background approximation. In such a case, the 2-point function
62Ty, /0h?| =0 1s identified with 0°T';/8g%|,—0 (plus gauge-fixing contributions). Within
this approximation, the anomalous dimensions arising from the regulator insertion 0; R,

is fixed according to the prescription,
nrr =1, = =2+ G}, '0,Gy, and Ne =0, (3.32)

sometimes referred as “RG-improved” anomalous dimensions [74]. Furthermore, the
background approximation does not include regulator induced masses. In this sense,

the results presented here involve two steps beyond the background approximation:

i) we have computed the anomalous dimensions 7y, 7, and 7, using the derivative

expansion;

ii) the truncation considered here includes symmetry deformation effects parame-

- 2 2
terized by the masses mj pp and myg .

Another important difference with respect to previous investigations in the literature

of asymptotically safe UG is the inclusion of an extra trace in the flow equation (see
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G* 0 T e e

1-Loop — Type I 3.35 2 0 0 0

1-Loop — Type II 1.98 2 0 0 0

“RG-Improv.” — Type | 2.67 2.50 —2 -2 0

“RG-Improv.” — Type 11 1.32 3.00 -2 -2 0
7’s from D.E. — Type | 3.18 2.14 —0.86 | —0.23 | 0.48
n’s from D.E. — Type II 1.77 2.23 —0.46 | —0.23 | 0.26

Table 3.2: FP structure associated to the case mk T = m,C » = 0. Here we report results obtained
using both types of coarse-graining operators and for the different approximations concerning the
anomalous dimensions.

Eq. (2.38)), accounting for the appropriate treatment of the volume factor associated

with the TDiff symmetry group.

3.3.2 Fixed point structure

In what follows we explore the FP structure for UG by taking into account the
running of the Newton’s coupling discussed in the previous section. In view of a better
understanding concerning the impact of the anomalous dimensions and the symmetry-
breaking mass parameters, it is useful to consider some intermediary approximations.

Let us start with the case where the masses mj pp and mj, , are set to zero along
the flow. In this case, GG} is the only essential coupling within the truncated theory
space under investigation. As a consequence, the relevant properties concerning the

truncated RG flow is encoded in the simple equation
:Gr = Ba(Gr) (3.33)

where the beta function S (Gy) corresponds to the r.h.s. of (3.31) (using the anomalous
dimensions nrr, 1, and 7. reported in Sect. 3.2.2 and setting rhiTT = mi}a =0). In
Fig. 3.5 we show the beta function g (Gy) for the two types of regularization schemes
considered here. For the sake of comparison we also include the 1-loop and the “RG
improved” closure where, instead of using the anomalous dimensions reported in the in
Sect. 3.2.2, we use the prescriptions nrr =17, = 7. = 0 and npr =1, = -2+ G;lﬁtGk
and 7. = 0, respectively. In all cases we observe a UV attractive interacting FP for
the dimensionless Newton’s coupling. The numerical values for the FPs and critical
exponents (see table 3.2) are, as usual, scheme and approximation dependent. However,
by looking at Fig. 3.5 we observe the same qualitative features in all the approximations
under investigation.

The results presented in Sect. 3.2.2 provide indications that the approximation
mipr = M, = 0 is not self-consistent, in the sense that, even if not included in

the original truncation, the symmetry-breaking masses would be generated by the flow
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Figure 3.5: Beta function of the dimensionless Newton’s coupling in the case m4 = mZ = 0. The
plot on the left (right) corresponds to the type I (IT) coarse-graining operator. The blue (continuous)
line corresponds to the case where the anomalous dimensions were replaced by the results reported
in the Sect. 3.2.2. The red (dashed) and green (dotted) lines represent “RG improved” and 1-loop
closure, respectively. Conventionally, the arrows point towards the infrared.

equations. Here, we consider the full system describing the RG flow in truncated
theory space including Gy, mi’TT and Thiﬂ. In table (3.3), we summarize our findings
for the FP structure. The corresponding anomalous dimensions and critical exponents
are shown in tables 3.4 and 3.5, respectively. In order to understand the impact of
the anomalous dimensions, besides the full closure involving the n;’s computed via
derivative expansion, we also include results corresponding to the 1-loop approximation
(nrr = 1o = 1. = 0). The results obtained here can be summarized in the following

way:

e Confronting the results exhibited in table 3.2 and 3.3 we observe that the inclusion
of symmetry-breaking masses shifts G* towards smaller values in comparison with

=2 =2
the case where mj, .p = my,, = 0.

e At 1-loop, we observe FP values with (m%y)* ~ —1(m2)*, in agreement with the

analysis presented in Sect. 3.2.2 (see Fig. 3.3).

e Within the full closure, the FP values of (m%y)* and —3(m2)* exhibit a consid-

erable difference, in special, for the type I regularization scheme.

e We also observe substantial differences concerning the FP values for the different
avatars of the graviton anomalous dimensions, 7} and 7}. In particular, we note

that 7} change the sign according with the type of coarse-graining operators.

The critical exponents reported in table 3.5 provide indications that the three cou-

plings under investigation, Gj, m;TT and mgya, constitute UV relevant directions. At
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G (mip)” | —(mg)*/2
1-Loop & mj; # 0 — Type I 2.30 —0.30 —0.30
1-Loop & m%l # 0 — Type 11 1.75 —0.22 —0.22
Full Closure — Type I 2.23 —0.19 —0.37
Full Closure — Type I1 1.52 —0.15 —0.19

Table 3.3: FP structure in the truncated theory space defined by Gy, mj, pp and mj, ,. We report
results obtained using both types of coarse-graining operators. The “1-Loop” closure correspond to
the case where we set nrt = 1, = 1. = 0. We use the nomenclature “Full Closure” to designate FP
solutions involving anomalous dimensions computed via derivative expansion.

Ui\ o e
Full Closure — Type I —1.43 0.24 0.25
Full Closure — Type II —0.72 —0.08 0.18

Table 3.4: Anomalous dimensions evaluated at the FP solutions exhibited in table 3.3.

a first sight, this result suggests that the RG flow of the symmetry-breaking masses
would also require initial conditions determined by experimental observations. How-
ever, ﬁ”Li,TT and mz,o appear as technical artifacts related with the method used to
implement the Wilsonian renormalization. Therefore, the symmetry-breaking masses
do not present any direct physical meaning and we should not expect initial conditions
on m;TT and ﬁzz,a coming from experiments. Ideally, a consistent treatment of the
FRG equation should also take into account mSTIT’s and mNI’s controlling gauge and
split symmetries in a coarse-grained way. In this sense, we expect that those symmetry
identities should provide further constraints along the RG flow, eliminating the ne-
cessity of experiments to determine initial conditions associated with couplings arising
from regulator induced effects. A full treatment involving the mSTI and mNI, however,

goes beyond the scope of this thesis.

3.3.3 Flow diagram in unimodular gravity

The results presented in the previous section provide indications for a suitable UV
FPs in simple truncations defined in the unimodular theory space. Here, we com-
plement this analysis by exploring the RG flow diagram in UG. For simplicity, we
consider an approximated slice of truncated theory space characterized by the single

mass approximation
— e d ne o —2m?2 (3.34)
My > M py an My My, - .

The use of such an approximation is a convenient choice to avoid three dimensional

plots. Nevertheless, it is interesting to remark that the flow diagram in the theory space

80



01 02 03

1-Loop & mivi #0 - Typel 1.99 —1.37¢ | 1.99+1.374 2.0
1-Loop & mz’i # 0 — Type II 1.89 —0.657 | 1.89 4+ 0.651 2.0
Full System — Type I 3.15—1.18% | 3.15+1.184 1.75
Full System — Type II 2.56 —0.924 | 2.56 + 0.921¢ 2.07

Table 3.5: Critical exponents associated with the FP solutions reported in table 3.3.

defined by couplings Gy, ﬁziTT and mivg exhibits the same qualitative properties as
the results presented in this section. Within the single mass approximation, we define
the running of the mass parameter m%,h by projecting the flow of the graviton 2-point
(at vanishing momentum) function in the TT sector (see Eq. (3.27a)). In this case, we

arrive at the flow equation

G, (—620 — 1160703 ,, + (91 + 145703 ,) rr)
12967 (1 + 12 ;)3
Gy (100 + 880702 , + (1 — 11012 ) n,) Gy (110 — 7n,)
64807 (1 — 21 ,)® a 5407

Doy, = — (2 = 1prr) Migy, + (3.35)

In Fig. 3.6 we plot the RG flow diagram in UQG in the plane defined by Thih X G.
Notably, the flow diagram represented in Fig. 3.6 exhibits remarkable similarities in
comparison with the typical phase portrait in the standard ASQG setting, with the
identification miyh = —2A;, (see Fig. 1.4 in Chap. 1). It is important to emphasize that
the similarities between the flow diagrams for unimodular and standard ASQG do not
necessarily imply the physical equivalence between these theories. In particular, the
identification mj, , = —2A}, does not take into account the different status of mj  and
Ay. As we have discussed in the previous section, in unimodular ASQG, the symmetry-
breaking masses arise as an artifact induced by the FRG regulator. In this case, we
expect that the symmetry identities (mSTT and mNT) could provide strong constraints
such that the inclusion of symmetry-breaking terms does not require additional initial
conditions to be fixed by experiments. In contrast, in the context of standard ASQG,
the flow of the cosmological constant is not expected to be constrained by any symmetry

identity, therefore, requiring initial conditions fixed by experimental data.

3.4 Unimodular gravity versus unimodular gauge

3.4.1 Unimodular gauge

The unimodular gauge (sometimes also referred as physical gauge) has been used
in the full Diff version of ASQG as a convenient choice [81,198,259]. In the full Diff
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Figure 3.6: Flow diagram of UQG in the single mass approximation. The RG trajectories cor-
respond to numerical solutions of Egs. (3.31) and (3.35). As usual, the arrows point towards the
infrared. In the single mass approximation, we found FP solutions ((m3)*, G*)1ype 1 = (—0.19,2.25)
and ((2)*, G*)rype 1 = (—0.15,1.52), with corresponding critical exponents """ = 3.21 + 1.25
and 0P = 258 +0.941.

setting we usually work with a gauge fixing sector defined in terms of the function

_ 1 _
Fo[h:5) = VA, — %ﬁ Vbt (3.36)

where 3 is a gauge parameter. In the present section, we denote h,, as the full fluctu-
ation field without the tracelessness condition. The unimodular gauge is characterized
by a combination of the exponential parameterization (g, = Guale"" ]%,) with the
limit 8 — —oo. This limit imposes a constant trace-mode h'" = const., which, to-
gether with the exponential parameterization, implies a kind of unimodular restriction
on the full metric g,,. In this sense, it is interesting to investigate whether the RG flow
associated with the unimodular gauge produces equivalent results in comparison with
the unimodular theory space explored along this thesis. In what follows, we present
some simple arguments in favor of this equivalence. It is important to emphasize that
all the statements performed here are valid at the level of the FRG truncation that we
are considering.

To perform practical calculations in the unimodular gauge, we follow the same

strategy to define a truncation as discussed in Sect. 3.1.2. In the present case, we start
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from the “seed” truncation*

A

Iseklh,c,e,b:9] = Tenlg(h; )] + Telh,c,e,b3 7], (3.37)

We use the label “QGR” to indicated that we working in the theory space defined from
the quantization of GR. The Igy [g(h;g)] contribution is the usual Einstein-Hilbert

truncation

Penlg(hi9)) = 5~ [ V3 (20 = Rlg(039) (3.33)

In contrast to UG, in the present case, the inclusion of the cosmological constant terms
is justified by the fact that the metric determinant is not restricted a priori. For the

gauge-fixing sector, we consider the truncation

R o _ oY —
Lyt lh,c,cb;g] :/\/Eg“ b Fo[h;g] — 5/@9“ b.b, (3.39)
—l—/\/ﬁE#M“V[h;g]c”.

Since the starting point here correspond to the full Diff invariant setting, in the present
case the Faddeev-Popov ghost is not subject to the transversality condition as in the
case of UG. Following the recipe discussed in Sect. 3.2.2, the dressed vertices are

defined according to

T oan (P) = [ (0) Y217 4, R () V215 4 T8 (D) s 2y, - (3:40)

ACC_)k:2A.k
with slightly different dressing functions, namely
Zan(p) 200 = ZL2 P (p) + 2 P (p)
+ 22 PreB(p) 4 2372 et (), (3.41a)
Zaa(p) V2 = [Zao(p) V2™ = 22 P (p) + Z2 P (p), (3.41b)
v 1/2 v 2 .
[Zap(0) 21 = Zily, P (D) + Zily, P (). (3.41c)

The modification in the dressing functions account for the inclusion of the trace mode

h* and for the longitudinal sector of the Faddeev-Popov and Lautrup-Nakanishi fields.

4For simplicity, here we shall not include the regulator induced masses. In this sense, we compare
the RG flow in the unimodular gauge with the case of UG with m% = m2 = 0. The discussion and
conclusions presented here, however, can be extended to include the symmetry-breaking masses in
both settings.

83



3.4.2 On the equivalence between UG and unimodular gauge

In the present section, we focus in the equivalence between UG and unimodular
gauge at the level of n-point correlation functions around flat background®. In this
sense, the main result of this section can be summarized by the following equation
(with n > 1)

(ar(p1) -+ 04, (Pa))i™™ = (01 (1) -+ 04, (P))i™ |ve + O(B7), (3.42)
where (- -+ )5 |yq denotes the correlation function evaluated in UG. Taking Eq. (3.42)
to be valid, in the limit corresponding to the unimodular gauge (8 — —o0) we verify
that both settings lead to the same correlation functions. In the remaining of this
section we present the arguments that lead to Eq. (3.42).
The crucial point to justify Eq. (3.42) is the observation that, in the large-|3| limit,
seed

the dressed propagators associated with the truncation defined by T' oar deviate from

the propagators obtained in UG by O(87!) contributions, namely

G (p) = Gl (p)lue + O(B7Y) (3.43a)
Gi(p) = Gi2a(p)ue + 0(B7Y), (3.43D)
G () = Gl () lue +0(871), (3.43c)
Gi(0) = G (P)lue +0(871) . (3.43d)

For the sake of simplicity, we introduce the compact notation
[Gi()]) g = G ()] +0(87Y). (3.44)

As a direct consequence, in the limit corresponding to the unimodular gauge, we ob-

serve the decoupling of the trace mode h'" as well as of the longitudinal components of

ct, ¢, and b,. Notably, this result turns out to be sufficient to establish the equivalence

between UG and unimodular gauge. The basic idea is to express the connected cor-
conn.

relation functions (pa, (1) - - @, (T,))5™™ in terms of “tree-level” functional relations

involving contractions of the dressed propagators and m-point vertices F,(ﬁn)Alm 4, (P)

5More precisely, in terms of coarse-grained connected correlation functions obtained taking func-
tional derivatives of the scale-dependent Schwinger functional Wy[J].
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(with n > 3). As an example, we take the 3-point (connected) correlation function

(©a,(P1)Pay (P2)@a, (p3)) ™™ = (3.45)
=[G (p)]Py, [Gi(p2)]™, [Gi(03)) 7, T, 5 (91 P2 3)

Using Eq. (3.44) to express the dressed propagator, we find

(0a, (P1) @Ay (P2)pa, (p3)) ™ = (3.46)
= [GYC ()P, [GYC (pa)] P, [GYC (02)174, T, e (P12 D2, 13) + O(57Y).

By looking at the structure of the dressed propagators in UG, it is not difficult to

convince ourselves of the following properties

Gi”ff}iﬁ( )|UG = Gk hh ( )|UG :Pl tr )\p( ) :letr )\p( )Gzﬁlﬂ( )|UG7 (3'473)
GhaD)lue = Gl ()lua PEap) =PI, (0) Gl (0)lua (3.47b)
G%b(PNUG = GZ,/};b(p”UG iP%,,\(p) = T%,A(p> G%b(FHUG 5 (3.47¢)
Gie(Pluc = Glea(p)lue PEA(R) = P2, (0) Gle(p)luc (3.47d)

where P;_¢, denotes to the traceless projector (see App. C). More compactly, we have
[GEG (pﬂAB = [GEG(p)]AC PCB (p) = PAC(p) [GEG (P)]CB : (3.48)

The “projector” PAB (p) corresponds to Py_y, if contracted with indices associated with
the fluctuation field h,, and stands for the transverse projector Pr if contracted with
indices associated with Faddeev-Popov or Lautrup-Nakanishi fields. Thanks to Eq.

(3.48), the 3-point correlation function can be written as

(a1 (P1) P (P2)pas(p3)) ™ = (3.49)
= [GL%(p1)] %y, [GL % (p2)] 74, (G (ps)] 74,
X Pcél (pl)PCEQ (p2)PC§3 (ps) F;(c,)clcgcs (p1,p2,p3) + O(B).

By construction, the contraction of P%5(p) with n-point vertices essentially project
out the trace mode h*" and the longitudinal components of ¢*, ¢, and b,. Since the

seed

truncation defined by fQGR differs from the one discussed in Sect. 3.1.2 due to the
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presence of such modes, we can identify

P54 (p1) - PP () T, () = D% s (D) - (3.50)

In such a case, the r.h.s of (3.49) can be expressed in terms of propagators and vertices

extracted from the unimodular truncation I§$&,

(0a; (P1) Ay (P2) s (p3))i™ = (3.51)
= [GYC(p1)]P, [GYC (0217, [GYC (03)]2, TV, 5, 5, (D1 20 3) [ + O(B7Y) .

and, therefore

(P4, (P1) @ a5 (P2) 045 (P3))5™ = (P, (1) a5 (P2) P4y (P3))5™ fua + O(B7) .

Although the argument presented here was based in the particular case of the 2-point
correlation function, the same reasoning can be used to demonstrate Eq. (3.42) for
larger values of n. The case n = 2 can be easily verified since the 2-point (connected)

correlation functions correspond to the dressed propagators itself, namely

<90A1 (p1>90142 (p2>>20nn. = [Gk(p>]A1A2
= [GEG(p)]AlAz + O(B_l)
= (@, (P1) P, (p2)) " Jua + O(B7).

Up to this point, our argument is sufficient to establish the equivalence of UG and
unimodular gauge at a fixed RG scale k. To complete the discussion, we still need to
demonstrate that such equivalence is preserved along the RG flow. For the dressed
propagator, for example, it depends on the equivalence of the anomalous dimensions
computed in both settings. In such a case, explicit computations based on the trunca-

tion T3¢ lead to the following results

nrr = nrrlve + 0871, (3.52a)
e = Teluc + O(671), (3.52b)
Ner = nc‘UG + O(B_l) ) (3520)

In the limit corresponding to the unimodular gauge we obtain the same anomalous

dimensions as in the case of UG.
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A A,

Figure 3.7: Simplified diagrammatic representation of the flow equation for the n-point vertex

I‘Eﬁnqu .. 4, (p). Here we have used (---) to denote that there are other diagrams contributing to the

flow equation.

To complete the discussion, we still need to show that

PE (p1) - PP () 0L, 5, (P) = AL\ 4 (P)]ue + 087, (3.53)

is compatible with the vertex expansion of the FRG equation. In such a case, the basic

idea is to use the flow equation for the n-point vertex, schematically represented as
n 1 n
atr,g ) — —QSTr<Gk F](C 2 G, atRk> + (), (3.54)

where (---) denote additional traces involving contractions of the dressed propagator
Gy, the regulator insertion 0;R;, and vertices F,(Cm) (with 3 < m < n-+1). Diagrammat-
ically, Eq. (3.54) is represented by Fig. 3.7. Contracting the flow equation (3.54) with
pP5 +(p), in the r.h.s. we obtain projected external lines, but keeping unprojected inter-
nal legs contracted with the dressed propagator Gy. Thanks to Egs. (3.44) and (3.48),
in the limit 8 — —oo the internal lines also become projected on the subspace defined
by P%,(p). With this observation, all the diagrams contribution to the flow of the
projected vertices Pth (p1)--- PBgn (pn) F,(:gl .5, (P) can be fully expressed in terms of
propagators and vertices defined in the theory space associated with UG. In this case,
we can conclude that in the limit 8 — —oo both Pth (p1) - PBgn (Pn) Ff:gl ..p,(p)and
F;:Ll .. 4, (P)|uc satisfy the same flow equations, justifying Eq. (3.53) and completing

our argument in favor of the equivalence between unimodular gauge and UG.
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Chapter

Exploring the Gravity-Matter Interplay in
the Unimodular Setting

4.1 A link that matters: connecting quantum
gravity with particle physics

One of the greatest challenges in QG is the current impossibility of direct exper-
imental observations of its effects. From a simple dimensional analysis, one typically
expects that QG effects on physical processes with characteristic energy E are power-
law suppressed by (E/Mp))#, where Mp; is the Planck mass and # denotes some
positive number. As a consequence, direct probes of QG remain far away from the cur-
rent technology. The LHC, for example, is limited to characteristic energies of order
TeV, leading to a suppression factor Frpc/Mp; ~ 10716,

Although the requirement of internal and mathematical consistency plays an im-
portant (and necessary) role in the search for a viable quantum theory of gravity, it
is not completely satisfying from the physical point of view. In this chapter, we ex-
plore the possibility of determining phenomenological constraints on QG candidates
by means of the interplay of gravity with matter systems. A consistent description
of the microscopic d.o.f. in nature should account both for gravity and matter. In
a QFT setting, this can be achieved in a relatively simple way, since matter degrees
of freedom have a satisfactory description in terms of quantum fields. The key point
for observational tests based on the gravity-matter interplay is that the properties at
the Planck scale regime might actually determine some aspects of the matter sector at
low energies. In this sense, we can look for constraints in the Planck scale regime by
demanding consistency with observations, for example, in particle physics experiments.

Naively, the idea of connecting particle physics experiments at TeV scale with QG
effects seems to be incompatible with the principle of separation of scales in nature.

This principle basically states that an effective macroscopic description decouples from
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microscopic d.o.f.. As example, an effective description in fluid dynamics does not make
explicit reference to microscopic degree of freedom. However, macroscopic parameters,
such as the viscosity, depend on microscopic details. In this spirit, one can argue
that, despite of QG effects being suppressed in physical processes at the TeV scale, the
couplings in the SM might carry some information coming from a more fundamental
description involving d.o.f. at the Planck scale.

A particularly interesting class of SM couplings is the one associated with (canoni-
cally) marginal operators. Below the Planck scale, where QG fluctuation are highly sup-
pressed, marginal couplings exhibit a logarithmic running. As a consequence, changes
of O(1) at the Planck scale is connected with changes of O(1) at the TeV scale. Within
the AS scenario, this observation allows us to set constraints on the structure of UV
FPs based on particle physics observations. In special, the study of the impact of QG
fluctuations on the renormalization properties of canonically marginal couplings in the

SM open de possibility of two indirect observational consistency tests:

e Induced UV completion: As we have discussed in Chap. 1, the appearance of
Landau poles in the Abelian gauge sector of the SM provides an indication that
new physics might be necessary [137-140]. The problem also appears in the
Higgs-Yukawa sector [142-149] . In this sense, we hope that QG fluctuations
might resolve such problems inherent to SM of particle physics. In the ASQG
scenario, the mechanism that hopefully leads to a resolution of this problem also
dictates upper bounds in the IR values of these couplings. Ideally, if we manage
to perform precision computations in gravity-matter systems, we would be able to
test the compatibility of such theoretical results with experimental observations

in particle physics.

e Predicting (or post-dicting) SM parameters: Despite of providing a very success-
ful description of particle physics, the SM exhibits the undesired feature of a large
number of free parameters to be adjusted by experiments. Hopefully, the values
of these free parameters could emerge as predictions from a more fundamental
microscopic description, possibly including QG effects. In the ASQG program,
the requirement of a finite number of UV relevant directions could lead to predic-
tive values for (some) canonically marginal couplings in the SM [95,96]. In this
setting, there are indications, based on simple approximations, pointing out to-
wards the possibility of computing the correct values! for the Higgs mass [97] and
the Top-Botton mass difference [210,215] as a consequence of the FP structure in
ASQG. The comparison of theoretically predicted values (if computed with high
precision) with the observed ones in particle physics experiments should work as

a “smoking-gun” criterion to select phenomenologically viable QG models.

LAt least in terms of order of magnitude.
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The underlying mechanism supporting these possibilities in ASQG can be qualita-
tively understood through a simple example by looking at the 1-loop beta function for
the Yukawa coupling [209],

5

1-L _ 3
T e Y

(4.1)
where y is the coupling associated with a Yukawa interaction ~ i¢¢1). The only FP
in the RG flow of the Yukawa coupling is the Gaussian one y* = 0, which, due to the
positive coefficient of the y* term in 5;7°°?, has a UV repulsive nature. In such a case,
unless we set y = 0 along all the RG flow (triviality problem), the Yukawa coupling
hits a Landau pole at some finite RG scale.

In the case of the Higgs-Yukawa interactions in the SM, the Landau pole obtained
from usual perturbative calculations turns out to be located beyond the Planck scale
and, therefore, we might expect that QG effects could change the picture. The key
idea is that graviton fluctuations add new terms to the beta function of the Yukawa
coupling and, depending on the properties of such contributions the RG might present
different features in the UV regime. To explore such a possibility in more detail, let
us parameterize the leading order (in the Yukawa coupling) gravitation contribution to
3,77 according to [209)]

ABS™ =~ fyy, (4.2)

where f, depends on the details of the graviton propagator and gravity-matter vertices.
By adding this contribution to Eq. (4.1), we find

51—L00p+Grav _ 5
Y

= 5.2 y3 - fyy. (4.3)

The physical picture basically depends on the sign of f,. If f, <0, the situation does
not change in comparison with the case without gravity. In such a case, the only FP
is the Gaussian one, which remains UV repulsive. The situation with f, > 0 is much

more interesting. In this case, the beta function for the Yukawa coupling features two

FPs,
yr=0 and ys = /1672 f,/5, (4.4)

with the respective critical exponents,
0y =1f, >0 and 0y =—-2f, <0. (4.5)

As one can see from the critical exponents, in the case where QG fluctuations contribute
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with f, > 0, the Gaussian FP y’ becomes UV attractive, while the additional (non-
Gaussian) FP y} has UV repulsive nature. The two FPs in (4.4) provide interesting
scenarios for UV completion. Due to the positive critical exponent associated with y*,
the RG flow for the Yukawa coupling admits asymptotically free trajectories emanating
from a free FP in the UV and flowing towards a range of non-vanishing possible values in
the IR. For the non-Gaussian FP 7, there is a unique (asymptotically safe) trajectory
connecting the UV to the IR. In such a case, the IR values of the Yukawa coupling is
completely determined in terms of the fixed structure. Moreover, the IR value predicted
by the FP y; works as an upper bound for IR values associated with the asymptotically
free trajectories connected to the Gaussian FP .

The previous discussion can be easily transported to the case of couplings associated
to (non-)Abelian gauge fields® [100, 101]. Typically, the leading order gravitational

contribution to the running of (non-)Abelian gauge couplings is parameterized as
ABE™ = —foé?, (4.6)

where e is the (non-)Abelian gauge coupling and f.2 encodes the details of the graviton
propagator and gravity-matter vertices. In general, f.» has the same form both for
Abelian and non-Abelian gauge fields. Within the SM framework, the most critical
case is the one associated with the Abelian Uy (1) gauge sector due to the existence
of a Landau pole in the UV regime3. If f.» > 0, gravity acts with anti-screening
contributions, which compensate the screening effects from other matter fields and
possibly generate UV complete trajectories in the Abelian gauge sector. In this case,
the situation is quite similar to the Yukawa case, namely, gravity induces an interacting
FP with e} o /f.2, while the Gaussian one at ¢! = 0 becomes UV attractive. The
trajectory emanating from e} is unique and, therefore, yields predictive values along all
the RG flow. On the other hand, for the asymptotically free trajectories connected to
the FP e, despite of being not predictive, the IR values of the Abelian gauge coupling
become bounded by the safe trajectory associated with e} [101].

Besides the Yukawa and (non-)Abelian gauge interactions, the SM also features
quartic self-interactions in the Higgs sector. If we consider only the Higgs self-interaction,
then, the leading order contribution to the running of the quartic coupling, here de-
noted as ), is proportional to A? (with positive coefficient). In this case, the RG flow of
A features a Landau-pole/triviality problem [150-152]. The situation becomes qualita-

tively different once we switch-on the Yukawa interactions. In particular, the fermionic

2For the sake of simplicity, we use the short nomenclature “(non-)Abelian gauge coupling” to denote
the coupling associated with interactions involving (non-)Abelian gauge fields.

3The non-Abelian gauge sector do the SM already features UV completion due to anti-screening
contributions resulting from self-interactions of the gauge field. For this reason, our primary interest
is the effect of graviton fluctuations on the running of Abelian gauge couplings.
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loop induces a contribution of the form —y* to the running of A (at 1-loop). In such
a case, the negative sign in —y* pushes the quartic potential towards regions of insta-
bility [272,273], another indication that extra d.o.f. might be necessary to circumvent
the problems of the SM [274]. Within the ASQG scenario, there are indications that
the inclusion of QG effects might induce UV complete and predictive RG trajectories
for the quartic coupling A [97]. In order to understand the underlying mechanism, let
us consider a toy model involving interactions of the form %(b‘l + iy rp. Including

possible QG effects to the running of A\, the 1-loop beta function takes the form

1-Loop+Grav __ 3 2 1
! =S N2

3
2 4
1672 ﬁky - Y + A, (4.7)

where f) parameterizes the leading order graviton contributions.

The physically appealing case is the one characterized by fy > 0 (combined with
fy > 0in Eq. (4.2)). For simplicity, we first consider the class of asymptotically free RG
trajectories for the Yukawa coupling, such that y approaches the Gaussian FP y = 0
in the UV. In this case, the beta function (4.7) supports a UV repulsive Gaussian FP
A= 0. We note that despite of being UV repulsive, this FP does not imply trivial
trajectories for \, since, once one flow towards the IR, the —y* contribution drives A
to positive values. The UV repulsive nature of such FPs makes the corresponding RG
trajectories predictive along the flow. The situation described here remains basically
the same for safe trajectories in the Yukawa coupling approaching the interacting FP
ys. The main difference in this case is that the Gaussian FP )} is shifted to a non-
Gaussian one with A} ~ y:2, however, the qualitative discussion remains the same as
in the Gaussian case. Finally, it is interesting mentioning that in the case f) < 0, the
RG trajectories for A\ are no longer predictive. Yet, the beta function for A admits safe
trajectories associated with an attractive UV FP.

The mechanism discussed here has an interesting consequence to the realistic SM of
particle physics. As we know, in this case, the Higgs mass is determined by m¥ ~ A\g v?,
where v? sets the electroweak scale and Ay denotes the Higgs quartic coupling. In the
pure SM (without gravitational d.o.f.), the quartic coupling Ay is a free parameter
and has to be fixed by experiments. Within the ASQG scenario, there are indications
(based on approximations) that the mechanism discussed in the previous paragraph is
actually realized, leading to a predictive flow for Ay and, as consequence, allowing to
compute the Higgs mass from first principles [97].

In this chapter, we explore the mechanisms discussed in this section as a first step
to constrain the FP structure in the unimodular theory space from phenomenological
considerations. In particular, we focus on the viability of induced UV complete and
predictive RG trajectories for SM-like couplings. In this sense, we set out a truncation

for UG minimally coupled to matter fields, involving SM-like interactions. Within this
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setting, we evaluate the gravitational contribution to the beta functions of y, g and A.
As it will be shown, such an analysis allows us to determine constraints on possible
FP values appearing in the gravitational part of our truncation. The investigation
presented here is complemented by a comparative analysis including the corresponding
results from the standard (non-unimodular) ASQG setting. The content reported in

the remaining of this chapter is based on [223].

4.2 Gravitational contribution to the RG-flow
of SM-like couplings

4.2.1 Setting up a truncation for gravity-matter systems

As already discussed in the previous chapters, the use of FRG techniques to access
the RG flow of running couplings relies on truncation methods. In the present chapter,
our goal is to investigate the impact of graviton fluctuations in the RG flow of SM-like
couplings, in the unimodular setting. In this sense, the truncated EAA is supposed
to include both gravitational and matter degrees of field. The starting point for our

analysis is a truncation of the form
T, =DYC 4+ TM et (4.8)

where TV denotes the pure-gravity sector, T3™ encodes gravity-matter interactions
and Fi'f' stands for the gauge-fixing contributions. For the gravitational sector, I'}¢,
we include a complete basis of canonically relevant and marginal operators in the

unimodular theory space, namely

e = 167T1GN /Zw (—R+dR2 +u70WaﬂC“”o‘ﬁ) ) (4.9)
where a and w represent dimensionful couplings. The corresponding dimensionless
couplings are defined as a, = ak? and b, = bk?. In principle, we can also include an
additional curvature squared operator composed by appropriated contractions of the
Riemann tensor, however, in d = 4 such contribution can be cast as a surface term due
to the Gauss-Bonnet theorem. In the gravity-matter sector, I'syp, we consider a scalar

field (¢), an Abelian gauge field (A4,) and a Dirac spinor* (¢). Our truncation includes

4Tn this thesis, the Dirac spinor is coupled to gravity by means of the vielbein formalism. Here,
we take as assumption the absence of torsion. In such a case, the spin-connection appearing in the
fermionic covariant derivative can be expressed in terms of the vielbein. For a discussion on discussion
on how to relate the vielbein fluctuation with metric fluctuation, see the App. B.
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SM-like interactions minimally coupled to (unimodular) gravity,

FEM = /W (%guy 90, ¢ + V(¢2) + %egguagyﬂFuuFaﬂ + MMW + Zyﬁb&@b) , (4.10)
where V(¢?) denotes a scalar potential and F,, = 9,4, — 9, A, is the field strength
associated with the Abelian gauge sector. Since our analysis is not constrained by
the requirement of perturbative renormalizability, we shall keep an arbitrary scalar
potential V(¢?) (invariant under ¢ — —@). An explicit mass term for the fermion
is incompatible with the discrete “chiral” symmetry transformation 1) — €™/2) and
¥ — ™5/ combined with ¢ — —¢. It is interesting to observe that, due to
the unimodularity condition, both the scalar potential and the Yukawa sector do not
interact directly with QG fluctuations.

Finally, the gauge-fixing part of our truncation is chosen according to

M= 5o e BiaF i + 5 (0@ AR, @)
where a and ¢ denote gauge parameters. In both cases we consider the Landau gauge
limit & — 0 and ¢ — 0. The gauge-fixing function F) [h; g] was defined in (A.6). We
observe the absence of Faddeev-Popov ghosts and Lautrup-Nakanishi fields, which are
not necessary for the investigation performed here.

Despite the fact that we are dealing with perturbatively non-renormalizable theo-
ries, in setting up our truncation we follow the power-counting criteria as a guiding
principle. This strategy relies on the assumption of near-canonical scaling (see the
discussion in Sect. 2.2.5). If such behavior is actually realized, we might expect that
canonically irrelevant operator would remain as UV irrelevant direction at in interact-
ing FP. In additional, there are indications based on FRG calculations showing that
the backreaction of irrelavant operators is subleading with respect to relevant ones at
the FP [73,89,90]. Ultimately, such an assumption has to be confronted with further
calculations based on more sophisticated truncations.

A class of higher-order (canonically irrelevant) operators, selected according to
their global symmetries as discussed in [100,204-207,209,212,217,219], features non-
vanishing values at an interacting gravitational FP. Such a property appears as a
consequence of QG-induced effects. This class of induced interactions includes the
(F F*)? for (non-)Abelian gauge fields [100,219], the derivative scalar-fermion in-
teractions 1 [P 9,60 ¢ [207,209] and non-minimal operators involving gravity-matter
interactions [212,217].. This class of operators has been systematically explored in the
framework of standard ASQG. An important outcome of such an investigation is that
higher-order operators produce sub-leading impact on the FP values of couplings as-

sociated with canonically relevant/marginal operators [100,209,219]. This result holds

94



as long as gravity remains sufficiently weakly coupled such that the induced FP stay
at real values [100,207,209,212,217]. While a similar analysis is not currently available
for UG, it opens an interesting avenue for future investigations. In fact, a systematic
study concerning the fate of induced operators is a relevant step towards the validation
of canonical power-counting as a trustful guiding principle for the choice of truncation.
Furthermore, the search of qualitative differences concerning gravity-matter interac-
tions might be an interesting way to probe the equivalence between UG and GR at the
quantum level.

The building blocks to compute the gravitational contribution to the running of
matter couplings are the dressed propagators and the proper-vertices involving gravity-
matter interactions, both extracted from the truncation we are dealing with. For the
analysis performed here, the flat background g,, = 9, is sufficient to capture all the

relevant features that we are interested. The relevant (dressed-)propagators are given
by®

prof uvaf
Gl’”ja/g<p) _ :PTT (p) 23}0‘ (p) (412&)

R S Zrr (14 20 Pe(p2)) Pr(p?) o (1 —6arls(p?))Pe(p®)’

y Pr (p)
GZ,AA(p) = Zk; ATPk;(p2> Y (412b)
1
1
Giyo(p) = P (4.12d)

Ty B2 2

where we have defined Py(p?) = (1 + r(p?))p®. The relevant gravity-matter vertices
can be directly computed by taking functional derivatives of I'y, after expansion up to
second order in the fluctuation field A,,,. In the present sector we shall not compute the
running of the couplings associated with the gravitational sector. For this reason, there
is not need to expand the truncation up to order higher than two in the fluctuation
field. The expressions for the gravity-matter vertices are quite lengthy, and therefore,
we do not report them here (for the explicit expressions, see App. C of Ref. [223]).
Before we proceed with our investigation, let us add some comments concerning the

graviton propagator Gy u,. If we remove the FRG regulator (k — 0), Py(p?) reduces

5Note that there is an implicit introduction of wave function renormalization factors (Zk,rr and
Zy,») associated with the different “York-projections of the fluctuation field”. For further details, see
the prescription discussed in Chap. 3.
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to p? and, therefore, the graviton propagator gives rise to structures of the form

1 1
and (4.13)

(1+21T)p2)p2 (1—6&p2)p2’

which is precisely the type of pole structure arising in curvature-squared gravity [20].
In the perturbative setting, the pole at p* = —(2w)~! is typically viewed as a problem,
since it corresponds to a massive ghost-like state (or a tachyon, depending on the sign
of w), resulting in unitarity (causality) issues.

From the FRG perspective, on the other hand, the association of such poles with
ghost/tachyons is not straightforward. In this setting, questions involving unitarity
and instabilities in the physical spectrum requires the full effective action I' = I'j—g. In
principle, we do not expect that the full effective action should correspond to the naive
limit £ — 0 within a truncation based on power-counting criteria. The appropriate
limit corresponding to the full effective action has to be done by properly integrating
[’y down to k£ = 0. In general, this procedure might generate involved interactions that
are not captured by simple polynomials as those appearing in the denominators of the
expressions in (4.13). In this sense, truncations of the form that we are considering

here are not suitable to address questions such as unitary/stability violation.

4.2.2 Yukawa and Abelian gauge couplings

Starting from the Yukawa sector, the gravitational contribution® to the beta func-

tion associated with the Yukawa coupling can be cast in the form [207,209]

rav 1 rav rav
Aﬁf = (577(? + 775 ) Y + Dy Y, (4.14)

where ngra" and ngm represent the gravitational contribution to the scalar and fermion

anomalous dimensions, respectively. Generically, ngra" and nira" can be computed in
terms of the diagrams represented in Figs. 4.1 and 4.1. The last term, D,, denotes the
contributions coming from the diagrams depicted in 4.3. In UG, due to the absence of
direct gravity-matter vertices in the Yukawa sector, only the triangle diagrams in the
last column produce non-vanishing results. This is in contrast with the situation in
standard ASQG, where all the diagrams represented in Fig. 4.3 contribute to D,. To

Grav Grav

extract 1y, n,;"" and D, we apply the following projection rules

1 0
Grav .
=~ |33 D 4.15
e Lo [31?2 (Z BT Fig~4~1) :|p2:07 (4.15a)

6Tt is important to emphasize that by “gravitational contribution” we mean the contributions coming
from all the diagrams involving at least one graviton-propagator.

96



Figure 4.1: Diagrams contributing to the anomalous dimension 7,. The dashed line denotes the
scalar field dressed propagator and the double line represents the graviton propagator.

0= 0O

Figure 4.2: Diagrams contributing to the anomalous dimension 7,. The solid line with an arrow
denotes the fermionic field propagator and the double line represents the graviton propagator.

1 0
Grav .
= — E D m 4.15b
Ty 170y {8}92 (}/} lagrams Fig'4.2> L?:o ) ( )

Dyyr = Z Diagrams

. (4.15¢)
Fig.4.3) |p|=0

For the Abelian gauge sector, there are multiple ways in which we can extract

i
44§4¢(

the flow of the gauge coupling. For example, it can be extracted from the 3-vertex
involving charged fermionic fields. Alternatively, the running of the gauge coupling
can be obtained from the 3- or 4-vertex involving charged scalar fields. Here, we take
a simple route by observing that the beta function for the Abelian gauge coupling,
denoted as e, is related to the gauge field anomalous dimension, ny = —Z; 1148ch As

according to the following equation [100,101]

Bz =mnac; . (4.16)

It is interesting to observe that, in the FRG setting, the different possibilities to com-
pute [3.2 are related by modified Ward identities [176]. Taking into account Eq. (4.16),
the gravitational contribution to the running of the gauge coupling can be easily iso-
lated as

A Grav — ng}rav ei’ (417>

e2

where 75" denotes the gravitational contribution to the gauge field anomalous dimen-

sion. The diagrams contributing to n§**" are represented in Fig. 4.4. To evaluate 7§
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Figure 4.3: Diagrams contribution to the RG flow of the Yukawa coupling. The solid line with an
arrow denotes the fermionic field propagator and the double line represents the graviton propagator.
In the unimodular setting, only the triangle diagrams in the third column give non-vanishing results.
In the standard (non-unimodular) framework, all the diagrams contributes to 3,.

Ay Ay Q)

Figure 4.4: Diagrams contributing to the anomalous dimension 74. The wiggly line correspond to
the propagator associated with the Abelian gauge field and the double line represents the graviton
propagator.

we apply the projection rule

rav 1 a 3
n§e = VY [8_]92 (TPT(p) o ZDlagrams

Fig_4.4) LQZO : (4.18)

Note that we are using the notation Pr(p) o (---) to the denote the full contraction
of the transverse projector P4’ (p) with the free indices resulting from the diagrams
depicted in Fig. 4.4.

Since gravity is universal w.r.t. internal symmetries, the direct QG contribution to
the flow of gauge couplings does not dependent on the specific choice of gauge group.
In this sense, the resulting expressions for n§*", introduced as the gravitational con-
tribution to the Abelian gauge field, is also valid for the non-Abelian sector. Similarly,
there is no flavor dependence on Bfra". As a consequence, the gravitational contribu-
tions to the running of a simple Yukawa interaction of the form ¢t can be easily
extended to more complicated situations with Yukawa terms involving flavor indices.
From the FRG perspective, such considerations are valid as long as we stay in the semi-
perturbative approximation, i.e., neglecting the anomalous dimensions arising from the

regulator insertions J;Ry, (see Chap. 3).
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4.2.3 The flow of the scalar potential

In the standard ASQG setting, the gravitational contribution to the flow of the
scalar potential Vi(¢?) drives it towards irrelevance at the free FPT V*(4)? = 0 [97,
208,213,214,218,275]. This implies that® QG effects tend to flatten the scalar potential
in an IR predictive way. Under the assumption that this scenario is realized in more
realistic models, this could have important phenomenological consequences, such as
the prediction of the Higgs mass in the vicinity of the observed value [97,218,274], the
decoupling of the Higgs portal to scalar dark matter [213] and a possible criteria to
rule out certain grand unified theories [221].

In the UG, the gravitational contribution to the flow of a scalar potential Vj(¢?)
comes exclusively through the scalar field anomalous dimension 7,. This feature ap-
pears as a consequence of the absence of direct gravity-matter interactions in the scalar
potential sector. This is very different from the standard case, where the scalar po-
tential couples to gravity via metric-determinant fluctuations. In the standard setting,
the main contribution to the flow of the scalar potential comes from tadpole diagrams
involving scalar-graviton vertices derived from /g Vi(¢?). Such a difference on the
structure of the interactions strongly motivates the investigation of QG-effects on the
scalar potential in the unimodular setting.

To make clear the difference discussed in the previous paragraph, let us focus on
the simple truncation where the scalar potential is parameterized by a single quartic

interaction, namely.

1
Vi(¢?) = Ezz A ¢ (4.19)
In such a case, the RG of the potential is translated to the beta function £,. In
the unimodular setting, the graviton contribution to the beta function of the quartic

coupling takes the form
ABY™ue = 215" Ak, (4.20)

where n$™ is obtained according to the projection rule given by Eq. (4.15a) (see Fig.
UM g J g y g

4.1 for the diagrams contributing to ngrav). In contrast, the corresponding contribution

in the standard setting of ASQG is given by the following expression?

Aﬁfrav‘sm. = 277$rav>\k -+ ‘D)\ /\k, (421)

"More precisely, V*(¢)? correspond to a “fixed function” defined as a solution of the equation
O V*(4?) = 0.

8With possible exception of the mass term, which might remain UV relevant

9Note that we are using the “Std.” as a reference to the standard ASQG setting.

99



Figure 4.5: Tadpole diagrams contributing to the flow of the quartic scalar coupling. The dashed
line denotes the scalar field dressed propagator and the double line represents the graviton propagator.
Note that this diagrams is not present in the unimodular case.

where D) A, encodes gravitational effects resulting from the tadpole diagram depicted
in Fig. 4.5. Comparing Egs. (4.20) and (4.21), we can easily observe that ASY™|ya
and ABY™|gq. Teceive contributions from considerably different diagrams, involving
unrelated gravity-matter vertices. As a consequence, there is no a priori reason to

expect that both settings lead to the same qualitative picture.

4.3 Towards phenomenological constraints in the

unimodular theory space

In the present section we explore the ideas discussed in Sect. 4.1 as a possible
way to impose constraints in the (truncated) theory space of UQG. Basically, we are
interested in two types of phenomenologically motivated viability tests: i) induced UV
completion in the Yukawa and Abelian gauge sectors; ii) predictivity of the Higgs mass
due to QG effects. As we have discussed in Sect. 4.1, this set of viability tests basically

Grav . Grav

depends on the sign of f,, fe and fy, which can translated in terms of 7z, n;™",

n§™ and D,, namely

]' rav rav

f,=- <§77$ g+ Dy) , (4.22a)
for =—n5"™, (4.22b)
fr=2n5"™. (4.22¢)

Within the truncation defined by Eq. (4.8), we can readily compute the relevant
diagrams depicted in Figs. 4.1, 4.1, 4.3 and 4.4. Applying the corresponding projection
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rules (Eqgs. (4.15a), (4.15b), (4.15¢) and (4.18)), we obtain the following results

Gr [25(1+3wg)  2(5— 33ay)
Grav k k
- 4.23
To = 90n { (L+2w)? | (1— 6ay)? (4.232)
Gr [25(143wy,) 31— 246a
Grav k k k
= - 4.23b
T 807 [ (1+2wp)?2 (1 —6ag)? } ’ (4.23b)
Gr [56+Tw,) 2(5—21ay)
Grav k k k
=— - 4.23
4 157 { (1 +2wp)? (1 6ay)? (4.23¢)
and
. Gk 5—39ak (4‘24)

Y 20m (1 — 6ag)?

Note that these results correspond to the semi-perturbative approximation, i.e., we are
not taking into account the anomalous dimensions coming from the regulator insertion.
Plugging ngra", ngrav, nG™ and D, into (4.22a), (4.22b) and (4.22c), we find

Iv="%0r { T+ 2007 (1—6ax)? ] ’ (4.250)

Je = Ion [ A+ 2002 (1—6ap)? 1 ’ (4.25b)
_ Gi | 25 (1 + 3wk) 2 (5 — 336%)

T { (L +2w)? | (1— 6ay)? } (4:25¢)

With this result in mind, we can constrain regions in the space of gravitational param-
eters (G, ar and wy) according with the requirements f,, fe2, fn > 0. In general, we
are going to set GG > 0 as a consistency requirement. In this sense, our analysis reduces
to a systematic investigation on the sign of f,, f.2 and fy in terms of the curvature
squared couplings ax and wy.

Let us start our investigation with the Yukawa sector. In this case, the relevant

condition for the viability of induced UV completion corresponds to the following in-
equality (f, > 0)

25 3wy +1) | 3~ la
(14 2wy)? (1 — 6ag)?

< 0. (4.26)
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Figure 4.6: Left panel: viable region for UV completion in the Yukawa sector (in red); Center panel:
viable region for UV completion in the Abelian gauge sector (in blue); Right panel: combined plot
showing the viable region for UV completion in the Yukawa and the Abelian gauge sector. The green
part (without diagonal lines) indicates the region with overlap of the viability conditions f, > 0 and
fe2z > 0. In all plots the dashed lines indicated the poles lines 1 + 2wy, = 0 and 1 — 6a; = 0.

In Fig. 4.6 (left) we plot the region where this inequality holds. A gravitational FP in
that region would generate an antiscreening contribution to the beta function for the
Yukawa coupling. As we can see, such a region occurs at negative values of wy, with
only a sub-leading dependence on the coupling a,. Except for the vicinity of the pole
ar, = 1/6, the viable region can be roughly approximated by wy < —1/3.

As one can observe in Fig. 4.6, the point corresponding to the Einstein-Hilbert
truncation (a; = wy = 0) does not belong to the viable region for induced UV comple-
tion. One might have expected this result from the analogous result in the standard
ASQG, since, in that case, the presence of the cosmological constant is crucial in the
absence of higher-order couplings. At vanishing cosmological constant (along with
ap = wy, = 0), the transverse traceless contribution to (3, dominates, yielding f, < 0.
At sufficiently negative value for the dimensionless cosmological constant, a reweighing
of contributions to 3, occurs, such that the transverse traceless contribution is actually
subdominant and f, > 0 can be achieved, see [209] for a comprehensive discussion.
In the unimodular case, the cosmological constant no longer appears in the graviton
propagator. Accordingly, the results can be expected to be similar to those in the
standard ASQG at vanishing cosmological constant (of course, the correspondence is

not exact).
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Figure 4.7: Viability regions for QG induced UV completion in the Yukawa and Abelian gauge
sectors in the TT-approximation. Left panel: viable region for UV completion in the Yukawa sector
(in red). Center panel: viable region for UV completion in the Abelian gauge sector (in blue). Right
panel: combined plot showing the viable region for UV completion in the Yukawa and the Abelian
gauge sector. The green part (without diagonal lines) indicates the region with overlap of the viability
conditions f, > 0 and f.2 > 0. In all plots the dashed line indicated the pole line 1 + 2wy, = 0.

Turning our attention to the Abelian gauge sector, the viability condition for UV

completion induced by QG-effects is characterized by the inequality,

5(5+ 7wy 2(5— 2lay)
1+ 2wp)? (1 6ay)?

>0, (4.27)

which follows from f,2 > 0. The corresponding region in the a; X w;, plane is exhibited
in Fig. 4.6 (center). Similarly to what happens in the Yukawa coupling, the sign of
fe2 1s mostly dictated by the coupling wy. In the present case, the viable region for
UV completion can be approximated by wy = —5/7, except for the neighborhood of
the pole line at a;, = 1/6. In contrast to the Yukawa sector, the Einstein-Hilbert point
(ar, = wx = 0) belongs to the viable region for a UV completion of the gauge sector.
Once again, this is similar to the results obtained in the standard ASQG, where f.2 > 0
holds at vanishing cosmological constant, see, e.g., [101,196,203].

In Fig. 4.6 (right) we present the combined constraints on the gravitational param-
eter space arising from f.. > 0 and f, > 0. Far away from the pole line a; = 1/6,
the combined viable region for UV completion can be approximated by —5/7 < wy, <
—1/3. This approximated behavior reflects the dominance of the transverse and trace-
less mode, i.e., the “T'T-dominance”. Fig. 4.7 shows the viable region in the TT-
approximation, which is obtained by neglecting contributions the o-sector in the gravi-
ton propagator.

The third phenomenologically motivated constraint on the (truncated) unimodular
theory space comes from the scalar potential. In this case, a positive gravitational
contribution anomalous dimension 74 drives the scalar potential towards UV irrelevance
at the FP V*(¢?) = 0. This effect is particularly interesting for the quartic self-coupling,

which is canonically marginal and might become UV irrelevant due to QG-effects. The
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Figure 4.8: Viable region (cyan) for a predictive scalar potential (ngm" > 0). The left panel show
the full result and the right panel corresponds to the TT-approximation. The dashed lines indicated
the poles lines 1 4+ 2w = 0 and 1 — 6a, = 0.

positive contribution to the anomalous dimension translates to fy > 0. In such a
case, the relevant condition for a predictive scalar potential is encoded in the following
inequality (fy > 0 or ng™ > 0)

25 (14 3wy,)  2(5— 33ay)
(1+2w,)?2 (1 — 6ay)?

> 0. (4.28)

Fig. 4.8 (left) shows the region in the a; x wj plane where the above condition is
satisfied. In a similar way to what was observed in the Yukawa and Abelian gauge
coupling, the viable region for a predictive scalar potential basically depends on the
coupling associated with the C?,, contribution. Once again, this result reflects the
dominance of the TT-mode (see Fig. 4.8 (right)). Except for the vicinity of the pole
ar = 1/6, the viability condition for a predictive scalar potential can be approximated
as wg 2 —1/3.

It is interesting to understand whether the conditions f, > 0 and f.2 > 0, necessary
for UV completion of Yukawa and Abelian gauge sectors, can be coexist with the
requirement ngra" > 0 (fyx > 0), which renders a predictive scalar potential. Within
our approximation, such a combined region imposes a significant restriction on the space
of curvature squared couplings, see Fig. 4.9. The origin of this severe restriction can
be seen in the TT-approximation, where the gravitational contribution to the running

of the Yukawa coupling takes the form

1 3
fy|TT = — <§77¢>|TT + 7]¢|TT + Dy|TT> = —ZTI¢>|TT3J; (4.29)

where we have used 7y|rr = 1|rr/4 and Dy|lrr = 0. As a consequence, the vi-
ability condition for a UV completion of the Yukawa coupling becomes n4|rr < 0,
which is in conflict with the requirement for a calculable Higgs mass. Beyond the

TT-approximation, scalar fluctuations generate a region which features the combined
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Figure 4.9: Combined plot showing the boundaries of the “viability regions” corresponding to each
one of the sectors discussed here. The small portrait zooms in the overlapping regions where the three
conditions, f, >0, fez > 0 and 7§* > 0, hold simultaneously.

inequalities f, > 0 and ngra" > 0, showing that fluctuations of scalar modes can play

an important role in parts of the gravitational parameter space. It is important to em-
phasize that the UV completion of the scalar sector is also consistent with ng’rav < 0,
since the scalar quartic coupling is then asymptotically free. Nevertheless, in such a
case, the quartic scalar coupling is no longer predictive as a consequence of the FP

structure, but remains as a free parameter to be fixed by experiments.

4.4 Comparison with the standard ASQG setting

In this section, we contrast the phenomenologically motivated constraints in the
unimodular theory space, discussed in the previous section, with the corresponding
ones in the standard ASQG, i.e., within the framework where the theory space is

defined by the full Diff symmetry. In this setting, we consider the following truncation
LRt =T + M+ T3 (4.30)

where

Grav — 1
K 167Gy

/\/g (2Acek — R+ aR? + w0 ClagC) | (4.31a)
1 1 = -
M= / NG (5 9" 0,00,¢ + V (¢%) + @g“ag”ﬁ FyuFop + Dy + iy ¢W> , (4.31b)
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Fgf:—/\/_g“F[hg]th+ /\/_ gV, AR (4.31¢)

In the standard ASQG setting, since the metric determinant is not constrained by the
unimodularity condition, the cosmological constant term fx V9 Ace enters as part of
the theory space. Furthermore, the metric determinant generates contributions to the
gravity-matter vertices that are not present in the unimodular case. In the gauge-fixing

sector we use

_ |
Fulhig] = V'h — %ﬂv B (4.32)

instead of the transverse gauge condition F E [h; g] adopted in UG. In contrast to the
unimodular case, in standard ASQG the metric splitting is taken to be the linear one,
namely ¢,, = Gu + V327Gx hy. Note that in this case the metric fluctuation hy,
is not restricted by the tracelessness condition. Here, we are going to set the gauge
parameter 3 to zero, which decouples the o-mode from our computations.

To compute the gravitational contribution to the RG flow of matter couplings we
follow the same procedure already discussed in the unimodular case. It is important
to note that, in the standard ASQG framework, all the diagrams exhibited in Fig. 4.3
are relevant to the flow of the Yukawa couplings. Moreover, the tadpole represented in
Fig. 4.5, which is not present in the unimodular setting, is the dominant contribution
to the running of the quartic scalar coupling. The gravitational contribution to the

anomalous dimensions of matter fields is encoded in the following expressions

Gk 15 — 1176Lk - 10Ak

Grav
, 4.33a
| St 157T (3—18ak—4Ak)2 ( )
Grav Gk 125 (1 + 3wy) 9(41 — 346 a, — 16 Ay)
Gr 54+ Twp —20A
Grav k k k
=—— . 4.33
nA ™ [sta Or (1 — 2 A, + 21wp)? ( c)
The diagrams in Figs. 4.3 and 4.5 lead to the following results
D = — 4.34
ylsia 207 [(1+2wk—2Ak)2 (3—18a, —4A,)? |’ (4.342)
D = — . 4.34b
s = 57 {(1+21VU,€—2A,€)2+ (3 —18a; — 4 A1) (4.34)
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This result can easily converted into the parameterized gravitational contributions f,,

fe2 and fy, namely

/)  Gr [ 225(1+3wy) 105 342a; — 280 Ay
YIS 040 (1 + 2w, — 2A%)2 (B—18ap+4Ap)2 |

(4.35a)

Gk 5+ 7wk —20 Ak
= — 4.35b
f62’Std. 97'[' (1 I 2Ak + 2wk)2 9 ( 35 )

G, [ 75(1+3wy) 2 (75 — 639 ay, — 20 Ay)

Dlsta. = (4.35¢)

The possibility of a UV completion for the Yukawa sector (f, > 0), within standard
ASQG setting, was studied in [207,209, 210, 215]. In Fig. 4.10 we show the viable
region for a QG induced FP for the Yukawa coupling in the a, X wy plane, for several
values of the dimensionless cosmological constant (Aj = k‘zACC,k). In the particular
case of vanishing cosmological constant (Ay = 0), we observe a coincidence between
the unimodular and the standard setting. This result follows from the dominance of
the TT-mode. In fact, if we restrict ourselves to the TT-approximation (with Ay = 0),
both settings give the same results for the gravitational contribution to the Yukawa

coupling, namely

Gk 15 (1 +3 wk)

T __ N
fy Std. —fy UG 1677(1—|—2wk—2Ak)2 '

(4.36)

Note that this equality is rather nontrivial, since the various diagrams that contribute
to these results differ in the two settings. In the vicinity of the pole line associated with
the scalar mode (ay = 1/6 for Ay = 0), on the other hand, the dominant contribution
comes from the scalar sector of the fluctuation field h,,. In the unimodular setup,
the scalar sector corresponds to the o-mode, while in the standard gravity framework
the scalar sector by a combination of o and A'. Within the gauge choice 8 = 0,
only the trace mode contributes to the results. Since these different setups receive
contributions from different graviton modes, we observe a quantitative disagreement in
the neighborhood of the scalar-mode pole.

For non-vanishing cosmological constant, the scalar fluctuations become more rele-
vant. For positive values of Ay, we observe a screening behavior of metric fluctuations
for values of a; and wy, close to the scalar pole. This leads to the reduction of viable
regions for UV completion in the regime A, > 0, cf. Fig. 4.10. For negative values of
Ay, the mechanism works in the opposite direction. In this regime, scalar fluctuations

contribute in an anti-screening manner to the Yukawa beta function and, as a conse-
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Figure 4.10: Viable region for UV completion in the Yukawa sector (f, > 0) within the standard
ASQG framework. The different plots correspond to different values of the dimensionless cosmological
constant. The dashed lines indicate the pole lines 1 + 2w, —2A; =0 and 3 — 18ar +4 A, = 0.

quence, this results in the enlargement of the viable region. In particular, we note that
if Ay, is sufficiently negative, the point corresponding to the Einstein-Hilbert truncation
(ar = wi, = 0) becomes part of the viable region for UV completion.

Concerning the Abelian gauge sector, the relevant condition for UV completion

induced QG effects (f.2 > 0) reduces to the simple inequality

In this case, as a consequence of the gauge choice § = 0, the impact of gravitational
fluctuations comes exclusively from the transverse and traceless contributions. For this
reason, the inequality (4.37) does not depend on the coupling associated with the R?
term. At vanishing cosmological constant, the result for the standard setting generates
the same “viability region” as that was obtained in the within the TT-approximation in
the unimodular case. For non-vanishing A, we observe a similar behavior in compari-
son with the Yukawa coupling, namely, negative values of A, enlarge the viable region
for induced UV completion in the Abelian gauge sector (see Fig. 4.11).

Finally, let us discuss the gravitational contribution to the flow of the scalar poten-
tial. More precisely, the impact of QG effects on the running of the quartic coupling.
In Fig. 4.12, we show the region where graviton fluctuations induce predictive tra-

jectories for the quartic coupling (for several values of the dimensionless cosmological
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Figure 4.11: Viable region for UV completion in the Abelian gauge sector (f.: > 0) within the
standard ASQG framework. The left panel shows the viability region in the a x w plane with Ax = 0.
Since the result is independent of the parameter a, in the right panel we show the viability region in
the A x w plane. The dashed lines indicate the pole lines 1 + 2wy — 2 =0 and 1 4+ 2w — 2Ax = 0.

constant). In the case with Ay = 0, we observe the same qualitative behavior as in UG.
Once again, this fact can be explained in terms of the dominance of the TT-mode. For
non-vanishing Ay the results change considerably. In particular, for negative values of
the cosmological constant, the region with predictive quartic coupling is deformed in
such a way that we observe that the overlap with the region allowing UV FPs in the

Yukawa and Abelian gauge couplings becomes larger.

4.5 Extended unimodular theory space: regulator

induced mass parameters

In Chap. 3 we motivated the introduction of mass parameters as a consequence of
a symmetry breaking effect induced by the FRG regulator. In unimodular QG, this
is a first step towards the investigation of theory spaces properly defined in terms of
coarse-grained symmetry identities. The results reported in Chap. 3 indicate that
the symmetric breaking masses mimic the impact of the cosmological constant. To
some extent, this is expected by noting that the cosmological constant acts as a mass-
like parameter in the graviton propagator. It is intriguing to understand whether the
introduction of symmetry-breaking masses could produce similar effects, in comparison
with the cosmological constant, on the viable regions for induced UV completion and
predictive quartic coupling.

In the present section we address this question by extending our truncation (Eq.

(4.8)) with the inclusion of an additional sector involving a symmetry-breaking mass
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Figure 4.12: Viable region (cyan) for a predictive quartic scalar coupling (fy > 0) within the
standard ASQG framework. The different plots correspond to different values of the dimensionless
cosmological constant. The dashed lines indicate the pole lines 142w, —2Ap = 0and 3—18ax+4 Ax =
0. The green part (with diagonal lines) indicate the overlapping region where f, > 0, f.2 > 0 and
f > 0 are simultaneously verified.

parameter, namely

[ = % / w "G P - (4.38)

With the inclusion of symmetry-breaking masses, we redefine the relevant parts of the

graviton propagator according to the following rules

1
(1 + 2U_Jkpk(p2))Pk(p2) ~ (1 + 2kak(I’2))Pk(p2) + mi,TT

, (4.39)

1 1
(1= 6P P (1= 6aPep®) Pelp?) +m2,

(4.39b)

Note that we are also redefining the single mass parameter mg ,, according to mj, ;, —
mi pp and mj , — —imj ., respectively, for the TT- and o-modes. The inclusion of
symmetry breaking masses modifies the explicit results for the diagrams contributing to

the flow of couplings in the matter sector. In terms of the parameterized contributions
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Figure 4.13: Viability regions in the space of symmetry-breaking masses (with vanishing curvature
squared couplings). Left panel: viable region for UV completion in the Yukawa sector (f, > 0).
Center panel: viable region for UV completion in the Abelian gauge sector (f.z > 0). Right panel:
viable region for a predictive scalar potential (ng’ra" > 0). In all cases the dashed lines indicate the
poles lines 1 + m#% = 0 and 1 +m2 = 0. The diagonal (dotted) line correspond to the single mass
approximation m2., = —2m?2 = m3. The green regions (with diagonal lines) indicates the overlap of
the tree viability conditions f, > 0, f.2 and ngra" > 0.

fy, fez and f), the main results can be summarized with following expressions

3G 25 (1 + 3wy,) 3—14ak+6mi’0
f, = — LA 2 (4.40a)
80m | (1+ 2wy +mjpp)? (1 —6ap +mi,)
5 (5 + 7w + 10m} 10 — 42 ay, + 20 m?
fa= G ( Sk ’“’TQT) - E kel (4.40b)
45m | (1 + 2wy + My pp) (1 —6ar+mf,)
Gr [ 25(1+3uw 2(5—33a, +5m3,)
fr=—2 ( +) - e (4.40¢)
107 | (14 2wg + mf pp) (1—6ax+mf,)

In Fig. 4.13 we show the viable region for induced UV completion (f, > 0 and
fex > 0) and predictive quartic couplings (fy > 0) in the mf pp x mj , plane (with
ap = wy, = 0). As one can observe, even in the absence of couplings associated with R?
and C

completion in the Yukawa and Abelian gauge sectors and predictive quartic coupling in

vaps the symmetry breaking masses induce viable regions for simultaneous UV
the scalar sector. This result is in contrast with the case without symmetry breaking
masses, where, in particular, the viable region for UV completion in the Yukawa sector
requires the inclusion of higher-order couplings. The appearance (and enlargement)
of overlapping regions lies on the enhancement of the o-mode contribution due to the

mass parameter mj .
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Concluding Remarks

In this thesis, the AS program for QG was analyzed. This approach relies in the
possibility of UV completion based on the (conjectured) existence of FPs in the RG
flow. Usually, the ASQG approach is constructed as a quantum theory for GR, meaning
that the theory space is defined in terms of general covariance (Diff symmetry). In
the present thesis, we have considered a different version of ASQG with theory space
defined on top of the unimodular setting for QG, where the metric determinant is
fixed to be non-dynamical. In this case, the underlying symmetry corresponds to the
TDiff group, a special type of Diff transformations with transverse generators. At the
classical level UG is equivalent to GR provided that we impose covariant conservation of
the energy-momentum tensor. At the quantum level, however, the equivalence between
the two settings remains unsettled.

In the past two decades, the research program of ASQG went through substantial
progress. By now, there is an extensive collection of works, based on FRG techniques,
pointing towards the existence of suitable gravitational FPs. Moreover, in the recent
years some effort has been done to connect the FP regime with low energy phenomenol-
ogy. Except for a few works in the literature [125,126,128,129], the unimodular theory
space has been much less explored than the standard version based on GR. Neverthe-
less, since both settings are classically equivalent, there is no a prior: reason to consider
one or the other as the starting point. The analysis performed in this thesis aims to
(partially) fill this gap in the ASQG literature.

In the search for UV completion in the unimodular setting, we have employed two
different strategies within the FRG framework: i) background field approximation; ii)
vertex expansion approach. In the first case, reported in Chap. 2, our results ex-
tend previous analysis based on the unimodular version of the f(R)-truncation for
UG [126]. Our investigation collects further indications for the existence of a suitable
UV FP, with two relevant directions, in the unimodular theory space. Moreover, our
analysis includes an addition contribution to the flow equation which arises from an
appropriated treatment of the volume factor associated with the TDiff group. The

results for the f(R)-approximation show certain similarities in comparison to the stan-
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dard (non-unimodular) framework for ASQG [73,90]. In particular, the appearance of
two relevant directions in the unimodular setting seems to be in agreement with the
indications of three-dimensional UV critical surfaces in the standard case (recall that
the cosmological constant - which is absent in the unimodular setting - corresponds to
one of the relevant directions in the standard setting). Moreover, our results for the
critical exponents in the unimodular f(R)-approximation provide further indications
for the near-canonical behavior already observed in [126]. As an attempt to include
effects beyond the Ricci scalar sector, we also have considered an approximation in-
volving Riy—contributions, denominated as F'Z-truncation. This type of approximation
was first considered in the standard ASQG framework, resulting in a faster “conver-
gence” in comparison with the f(R)-truncation [89]. Our results indicate a different
qualitative behavior in the unimodular setting. As we have seen in Chap. 2, the FP
structure associated with the unimodular F'Z-truncation exhibits unstable results in
comparison with the f(R)-approximation. The source for such a bad behavior remains
unclear and deserves further investigation in the future.

Within the vertex expansion approach, discussed in Chap. 3, we performed some
steps towards the introduction of effects that are not captured in the background ap-
proximation. In particular, we introduced symmetry-breaking effects motivated by reg-
ulator induced modifications in the Slavnov-Taylor and Nielsen identities. Furthermore,
the anomalous dimensions for the graviton and Faddeev-Popov ghosts were computed
by studying the flow of the 2-point functions. Our results provide further information
concerning the FP structure in the unimodular theory space. In particular, we found
indications for the persistence of FP solutions even after the inclusion of symmetry-
breaking terms. Notably, the symmetry-mass parameter acquires a non-vanishing value
at the FP.

The quantum (in)equivalence between UG and GR is an intriguing open question
that deserves further investigation. On the one hand, if both settings are not equiva-
lent at the quantum level, this triggers the search for elements that might physically
distinguish them and select one (if any) of these options as the most adequate one.
On the other hand, if the physical equivalence is settled, this would inspire interesting
questions concerning the differences at the level of theory space. In particular, it is
intriguing to understand the role of the cosmological constant - which is not part of
the unimodular theory space - and how it would fit within a setup where both settings
are physically equivalent.

Connected to this point, in Chap. 3, we have performed a systematic comparison
between UG and the so-called unimodular gauge. The latter corresponds to a type of
unimodularity condition as an specific gauge-fixing in full Diff-invariant theories (on
top of the exponential metric parameterization). Within the truncations we have con-

sidered, our investigation reveals the equivalence of both setting at the level of n-point
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(with n > 1) connected correlation functions. From the viewpoint of the standard
ASQG, the cosmological constant appears as a essential coupling in full Diff-invariant
theories and, therefore, requires a FP to define a UV-complete theory. However, in the
unimodular gauge, the cosmological constant decouples from the beta functions associ-
ated with other couplings and from the n-point correlation functions. In this sense, in
the unimodular gauge, the cosmological constant might be interpreted as an inessen-
tial coupling. It is important to emphasize that this result should not be interpreted
as the physical equivalence between the standard and unimodular versions of ASQG.
In particular, the use of the exponential metric parameterization plays an important
role on the equivalence between UG and unimodular gauge. In the standard setting,
however, one usually considers the linear split and it is not clear whether or not both
choices of field parameterization should correspond to the same physical description.
In particular, the space of metrics covered by the exponential parameterization is not
the same as in the linear split [258].

Despite the importance of theoretical self-consistency, ultimately any physical the-
ory must be confronted with experiments. This is a great challenge in any approach
to QG, in particular, due to the strong suppression of direct quantum gravitational
effects. In the framework of ASQG, an interesting approach to connect QG effects
with experimental observations utilizes the interplay between gravity and matter. This
promising route has been explored in the literature, leading to very attractive features
such as the possibility of predict (or post-dict) SM free-parameters and the resolution
of certain problems of the SM (e.g., Laudau poles in the Abelian sector). These re-
sults, of course, rely on approximation methods and deserve further investigation to
be confirmed on more solid grounds. In this thesis (see Chap. 4), we have explored
the gravity-matter interplay as a way to impose phenomenologically motivated con-
straints on the truncated unimodular theory space. Our findings indicate that, despite
significant differences on the structure of gravity-matter interactions, the unimodular
setting leads to very similar results in comparison with the standard ASQG, provided
we neglect the impact of the cosmological constant in the latter. This result reinforces
previous analysis concerning the importance of non-vanishing cosmological constant for
phenomenological viability in standard ASQG [209]. In this sense, the investigation
performed here points towards more severe constraints in the unimodular case.

The developments presented in this thesis open several routes for new investiga-
tions. An interesting approach, still unexplored in the unimodular setting, combines
the vertex expansion with momentum-dependent approximation schemes in the FRG
(see Ref. [190] for more details). This approach has been explored in the standard
ASQG framework, providing further non-trivial indications for a gravitational FP.

7

“Momentum-dependent” calculations are usually advocated to produce more reliable

results in comparison with other approximation schemes [190], therefore, this would be
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an interesting line for future explorations in the unimodular theory space, not only for
pure gravity, but also in gravity-matter systems.

Another point that deserves further attention from the AS perspective is related
the implementation of the unimodularity condition on practical calculations. In the
present thesis, the unimodularity condition was implemented by means of the expo-
nential parameterization. However, as we have discussed in Chap. 2, this is not the
only possibility. In this sense, it would be interesting to explore the possibility of
other formulations of UQG, based on different implementations of the unimodularity

condition.
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Appendix

The Faddeev-Popov Method in QG

A.1 Functional integral of UQG

In this appendix we explore some details concerning the definition of a path inte-
gral formalism in UG. In particular, we explore certain subtleties associated with the
Faddeev-Popov procedure. The starting point for our discussion is the Euclidean path

integral for QG, which can be formally written in the following way

Zuaglg) = [ e suaiva, (A1)
Vs

where the integration domain is restricted to traceless configurations (A" = 0) as a way
to implement the unimodularity condition. Note that, as it was discussed in Chap. 2,
in the present thesis we focused in a formulation for UQG based on the exponential
parameterization (see Eq. (2.27)). The factor Vyp;s corresponds to the volume of the

TDiff group.
The action of UG is invariant under T'Diff transformations, that is, a special class

of Diff transformations acting on the space-time metric according to

56Tg;w = g,uocVVG% + guavue% ) (A2)

with generators €. constrained by the transversality condition V e} = 0. It is inter-

esting to note that, for unimodular metrics, one can recast the transversality condition

in terms of the background covariant derivative, namely

1 1 _ =
0= Vyer = ﬁau(\@ﬁ’%) = ﬁau(\/ﬁ%) = Vyuer, (A.3)
where we have used /g = w = /g (valid in the unimodular configuration space).
Since the path integral (A.1) was defined by means of the background field method,

it is helpful to express the TDiff transformation directly in terms of the background
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and fluctuation fields. For the purposes considered here, it is convenient to adopt a
decomposition known as “quantum transformation”, defined in such a way the gauge

transformation is completely encoded in the fluctuation field, namely
guu = guu

g,ul/ — g;w + 56Tg;w — 5 (A4)
P = My + 0R By

where 58F h, corresponds to TDiff transformations acting on the fluctuation field (see
App. B for more details concerning this point). The action for UQG remains invariant

under this transformation,

Suqalh; gl = Suqalh + 02 h; g] = Suqclh; 7] (A.5)

A.2 Faddeev-Popov quantization in UQG

As in the case of standard gauge theories, the existence of a local symmetry causes
a redundancy in the definition of the path integral. To eliminate such redundancy one
has to impose a gauge-fixing condition. In the present thesis we restricted ourselves to

a transverse gauge condition defined according to
Ffh;gl =vV2(Pr)," Voha, (A.6)

where (Pr),” = 6 — V,(V?)7'V" denotes the transverse projector (in configuration
space). Since €% is transverse, we only have the freedom to impose d — 1 independent
gauge conditions (in a d-dimensional space-time). For this reason, we choose to work
with a transverse gauge-fixing condition.

In what follows we apply the Faddeev-Popov method to perform the gauge-fixing
procedure in UQG. For a discussion in the the non-unimodular case, see [8,38,184].
Following the usual strategy from the Faddeev-Popov method, the basic idea is to

define a formal “identity” as
1= Aelhig] [ D 5(Fhsg). (A7)
Rewriting “1” for a gauge transformed configuration h¢, we have
1= Arelhg) [ D 3(FT ). (A9

Assuming the invariance of the measure Def = D(ek + k) and relabeling the dummy
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combination €4 + e by ek, yields
1= Anelhsg) [ Dk 6(F hesg). (A.9)

By comparing (A.8) and (A.9) we can conclude that Agp|h; g] is invariant under TDiff

transformations, namely
Arplh; gl = Arp[h; g]. (A.10)

Inserting the identity into the functional integral Zyqg[g], we can write

Dh,., ~ . - .7
Zuqalgl = / VTD#'jj‘ X (AFP[h; g]/@e% S(FT[n ;g])> x e ~Svaclhgl

Dery - Tipe. =1\ ,—Suqalhid]
= Dhyu, Applh; gl o(F A7 g]) e 70t

Vg

@ K €.=

= [ ([ D Avesgl (P g St
TDiff
n

_ [ D X/DhWAFP[h;g] O(FT[h; g]) e~ Svactl (A.11)
Virpig

where we have used the following properties: Suqalh®; g = Suqclh; g], DhS,, = Dhy,
and Agp[h; g] = App|h; g]. Note that the invariance of the functional measure, which
was defined on top of the exponential parameterization, is a non-trivial assumption
and deserves further investigation. However, this is beyond the scope of this thesis.

From the discussion of Sect. 2.1.2 we have seen that the appropriated definition of
the volume factor Viyp;y takes the form [115,122]

VTDiﬁ‘ = /@E% Detil/Q(A) s (Al?)

where A = —V?2. With this definition we can properly cancel out the volume factor in
(A.11), leading to the following result

Zuqalgl = /th Detl/Q(A) Arplh; g §(FT[h; g)) e~ Svaalhidl, (A.13)

The remaining part of the calculation can be done by following the standard steps of
the Faddeev-Popov procedure. In such a case, we can express Appl|h; g] as a functional

integral over anti-commuting vector fields (Faddeev-Popov ghosts), namely

Areliig] = [ D D5 e (= [we e gl ). (A14)

T

where the Faddeev-Popov operator M* [h; g is defined according to the following re-
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lation

SFH[R]

BoThe 7] Y
M*,[h; gl c S

69hap . (A.15)

It is interesting to emphasize that the Faddeev-Popov ghost inherits the transverse
nature of the generator e/, that is vuc“ = 0. Moreover, the functional delta associated
with the gauge responsible to impose the gauge condition admits a representation of
the form

o(F g = limoxp (o [waFimalElgl) . (a0

T

Returning to the functional integral Zyqg|g], we find
Zyqaldl = / Dh, D De, Det'/?(A) e Svacthial=Ssrhecdl (A.17)

with gauge-fixing action defined as

- — 1 — v — — — — 4
Sgrlh,c, ¢ g] = %/wg’* F,[h; g1F,) Th; ) + /WCM M, h; gl c”. (A.18)
The limit o — 0 is understood to be implicit. Very often this limit is relaxed, meaning
that the gauge-condition is implemented with the form FJ[h;g] = ab, (where b, is
the Lautrup-Nakanishi') instead of F,f[h;g] = 0. In such a case, Zyqa[g] also entails a

functional integral over the b,-field, namely
ZUQG[Q] — /@h“yﬂc“DEﬂDb# Det1/2(A) e~ 5uqa gl =S5 1. [he,e,b:] 7 (A.19)

with gauge-fixing action

%ww@mm:/ww(m§M@—%wﬁ+/ﬁqmumma.<Am

T T

A.3 Faddeev-Popov method in the standard setting

For completeness, let us briefly add some comments concerning the Faddeev-Popov
method in the standard (non-unimodular) setting, i.e., based on the quantization of
full Diff-invariant theories. In general terms, the gauge-fixing procedure follows the
same ideas that we have discussed in the unimodular setting, however, with some

modification that we are going to point out here. Without diving into the details of

1Since FHT [h; g] is transverse, we can easily conclude that the b,-field also satisfies the transversality
condition ?Mb” =0.
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the derivation of the Faddeev-Popov procedure?, the gauge-fixed path integral for QG

can be formally expressed in the form?
ZQ(;L@] — /@thc"DEM e 9qcr[higl—=Sg.t.[he,c39] , (A.21)
with gauge-fixing action defined according to

1
Seilhiceigl = o [ VI R GRg) + [ Vi, mgle . (A22)

where ¢ and ¢, denote the Faddeev-Popov ghosts. It is important to emphasize that,
in the present case, the ghost fields are not constrained by a transversality condition.
The typical choice for the gauge fixing condition is given by
— wil 1 + 6 w r
F,lh; gl =V hy, — — v,.h", (A.23)

where [ is a gauge parameter. Within this gauge choice, the Faddeev-Popov operator

can be expressed in the form
L ea 1, =
M [h; gl = V(9 Va + 9o V) — 2 — 0 #(V,.905Va) - (A.24)

Alternatively, we can also express the gauge-fixing sector in terms of the Lautrup-

Nakanishi field, namely
«
%ﬂm@@mmz/Q@T”GJHMQ—§@@)+/Q@@M%W@k” (A.25)

In this case, Zqc[g] also entails a functional integral over the b,-field.

2For a detailed discussion in the standard framework see [8,38,184].

3Note that, in this case, the path integral does not involve the extra determinant originating from
the volume factor associated with the gauge group. This is a consequence of the direct identification
of [Det as the volume of the the Diff group.
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Appendix B

Aspects of Exponential parameterization

B.1 Local field transformations and the exponential

parameterization

B.1.1 General considerations

One elementary task once applying the background field method to QG calculations
is to determine the appropriate conversion of gauge transformations acting in the full
metric g, in terms of transformations acting on the background and fluctuation fields,
respectively represented as g,,, and h,,. This task is reasonably simple in the case of
linear split g, = G + Khy, however, the situation becomes more complicated for
non-linear splits such as the exponential parameterization used in our calculations for
UQG. In this section, we address some details concerning this point. For practical
calculations we expand the exponential parameterization in terms of powers of the

fluctuation field!,

) e K" .
G = Guod [ XD I )1 = G+ K g + D~y -+ B (B.1)
n=2 ’

It is convenient to express in a more compact notation,
o
n=0

where

— n K:n o Qi —
X0 =gw, XW=h, ad X7 = e By by (B.3)

v

As it was mentioned before, our central goal is to determine the gauge transforma-

!The discussion presented here was inspired in [212].
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tion d.h,, as a function of 6.g,,. In order to compute an expression for d.h,,,, we start
from the ansatz

Schy = Z Yy, (B.4)
with Y“(Zf) = [O(h™)]w- The basic idea is to compute Yu(f) by a recursive method.

Let us start by expressing d.g,, in terms of YM(;,Z). Using the chain rule for functional

variations, we find
0, =0, + g / 5X’£) 5 has(y)
ed I/ - eg v as\Y
I H 6haﬂ

5X¢#1 Y B
- eguy + Z Z 5ha[3 aﬁ (y) : ( 5)

n=0 m=0

Taking into account the property > Com =D oeg D om0 Cnom,m, W€ can cast

(SX“Z m+1) (m)
SeGuw = EgW+ZZ o v, (B.6)

n=0 m=0

where we have used the compact notation

SXIY (2) SXIY (2)
.ymui/ Ay m gy B.7
(Shaﬁ N y w 5haﬁ<y) af (y) ( )

Moreover, it is important to observe that

N O A .
> i Yop = [0 (B8)

m=0
Finally, it is useful to write

o0

Seuw =3 (O +ZM v (B.9)
eJuv = n,0 eg;w (5ho¢5 apB . .

n=0

B.1.2 TD:iff transformations

Let us focus on the particular case of TDiff transformations, which are of primary
interest in the framework of UG. In this case, the gauge transformation acting on the

full metric takes the form

5eTg,u,1/ - gyavue% + guavue% ) (B]'O)
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which can be rewritten as the Lie derivative along the vector field €,

5eTg,u1/ - LeTguV . (B‘ll)

Since the action of £, is linear, we have
Serur = > _ L X5 (B.12)
n=0

Comparing (B.9) and (B.12) order by order in the fluctuation field, we arrive at the

following result

n 6X(ryzfm+1)
00 Oex G + gh—ﬁ Y = £, XM (B.13)
m=0 @

Splitting the sum on the Lh.s., we can write

(SX!(L},) ) n—1 5X(Z_m+1)

YW — g X N 2Ry s GG - B.14

0N af T py m;) hes aB n,0 erJu ( )
(1)

Since, as we have seen, (Z)}f“—m is non-singular (and ultra-local), we can solve the last

equation for YCSZ), resulting in

n—1 (n—m+1)
X

Ohyw(x)
(n) () — 2o\ n) 2:
YW (x) = (LﬁTXa/B 5h)\p

6X(1‘3 — ’ Y)\(;n) - 571,0 65Tgaﬁ) . (B15)

The “quantum” TDiff transformation, used in the Faddeev-Popov procedure, is a

particular type of decomposition where the background metric remains unchanged

02 G, =0. (B.16)

T

In such a case, the transformation of the fluctuation field can be written as

02hy, =Y Y, (B.17)
n=0
with recursive relations
n—1 (n—m+1)
(n) Sy (2) ( (n) 0Xog (m) )
Y, L X5 — B.18
Q W( ) 6X(§¢1ﬂ) T ap Z:o 5h,\p Q, Ap ( )

“Background” TDiff transformations, on the other hand, is defined by a split of the
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transformation where the background metric transforms as tensor field, namely
5B g;w = LeTguu . (Blg)

Combining this definition with (B.15), the background transformation (55r acting on

the fluctuation field results in
62 My = Ly (B.20)

which can be verified through an inductive process.

B.1.3 Split symmetry

As we have discussed in Chap. 3, split symmetry is characterized by a joint trans-
formation g,, — Gu + dsplitGuw and hy, — hy, + dgpiich,, that keeps the full metric
invariant, i.e., dspiitg,, = 0. Let us define the action of dg,¢ on the background metric

according to

6splitg;w = —Xuv > (B21)

where x,, = xu(x) is a local transformation parameter. This definition is inspired
in the linear parameterization, where 6% ., = —Xu and 6% 2, = £~ Xy For the

exponential parameterization, Eq. (B.9) leads to the following result

n—m-+1)
) + Z 0X Y =0 (B.22)
1,0 X v (Sha/g aB . .

Once again we can solve for YFS,CL ), which results in the following recursive formula

n— (n—m+1)
Ohu () 10X
(n) _ pv . . af . (m)
Y/W () = 5X(§15) <5n,0 Xap m§:0 —5h)\p Y)\p . (B.23)

B.2 Fermions and the exponential parameterization

The coupling of fermions to gravity, used in Chap. 4, in a setting without tor-
sion, occurs through the vielbein and the spin-connection. Since our formulation is
based on functional quantization of the fluctuation field %, we have to express both
the vielbein and spin-connection in terms of h,, in accordance with the exponential
parameterization.

We start with the vielbein, denoted as ef,. For our purposes it is sufficient to expand
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e}, up to second order around a flat background, namely
a a a 1 2 _a 3
e, :5u—|—5e#+§5 en +0(d7%), (B.24)

where 4y, is the (trivial) flat space vielbein. In order to gauge fix the local O(d) symme-
try which follows from the definition of the vielbein, we adopt the Lorentz symmetric

gauge-fixing given by [276,277]
€ualy — eudl = 0. (B.25)
This condition allows us to obtain the expressions

a 1 va
ey, = 5(5 S, (B.26a)

1 1
5el = 55”“52%1, - Z5”“5aﬁégwégyﬂ. (B.26b)

For the exponential parameterization, we have ¢, = h,, and 52 9w = huoh®, Tesulting
in the following expansion for the vielbein
1

8(5”“hwh,ﬁ + O(h?). (B.27)

1
a __ Sa va
eﬂ_6#+§5 h“y—i_
Now, let us turn our attention to the spin-connection, denoted as w,. In our setting,
the spin-connection is not taken as an independent variable. Assuming metric compat-
ibility (V,el = 0) along with the absence of torsion, one can express w,, according to

the expression

w, = %7 (8acelOuel + 5acFi‘Laef\e§‘) , (B.28)
Expanding e}, and I}, up to the second order in the fluctuation field h,,, leads to
o = 0 b + 5107 77) (= 3Ot +
— hg Oy — h Ol + Oghy, h + hﬂpaﬁh;) + O(h?). (B.29)

An alternative to the use of vielbein in the description of fermion-systems is the
spin-base formalism [278-280]. At the level of our computations both formalisms render

the same results.
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Appendix C

Some explicit expressions

C.1 Results from Chap. 3

In this appendix we present some explicit expressions corresponding to the calcu-
lations described in Chap. 3.

Graviton anomalous dimensions:

5 G (468 — 1201003 pp — 696 170} pp + (—43 + 73103 o + 116770} 1) 07)

T = 25927 (1 + 2 17)"

N G (—441 — 81607 , — 3481y, + (T3 + 13103, , + 58y, ) 1))

648 (1 + m3 ,)*
 25Gh (=16 — 82 1p — 8F , + (L+ 2 ) e + (1 + ) W)
5767 (1 + 107 pp)?(1 +mf ,)?
G, (12 — 777c)

T oer (C.1)

S 5Gy (=252 — 816 103 pp — 1321 pp 4 (91 + 113703 ¢p + 227705 1) 1)

12967 (1 + 3 pp)
L Gr(144+312 M3, — 2641w}, + (—61 — 17m3 , + 441w} ) n,)
12967 (1 + m )
n 5Gy (=16 — 83 pp — 81 , + (1 + 0% ,) nrr + (1 + 1% vp) 1)
1447 (1 +mj pp)2(1 +mj )2

. 7Gk (4_770)

Y , (C.2)
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Ghost anomalous dimensions:

5Gy (—24 mijTT —5nrr+3(1+ mszT) Ne)
6487 (1 + 112 12

G (=36 — 24} , + 1o + 3 (1 + Mm% ,) )
81r (1+m2,)?

Ne =

b

Flow of symmetry-breaking masses:

G (=620 — 1160 1723 pp + (91 + 145102 17) )
12967 (1 + m3 pp)?
G (100 — 44073 , + (1 +55m3 ) 1,) Gy (110 — 7n,)

3tﬁ’bi,TT = (2 - 77TT) ﬁ’bi,TT +

C4
64807 (1 + mk U) 540m ’ (C-4)
. 9 Gy (—620 — 1160 m% rr + (91 + 145 rhz 1) 1TT)
Oy e = — (2 = 1) My — 7 =2 7
’ : 6487 (1 + mf pr)?
G, (100 — 440 m? - 1+55ﬁ12a > Gy, (110 — 7n.
. ( k, ( k7>77)+ k( 77)' (C5)

32407 (1 +m2 )3 2707

C.2 Projectors on flat background

The transverse and longitudinal projectors (on vector fields) are defined, around

flat background, in the standard way

pp”

PV () = 5 — and  P(p) = 2 (C.6)
T \P) = 2 L \P)= 2 .

For rank-2 symmetric tensors, we define the projection operators

PR ) = 3 (P 0)PE B) + PP - PG, (CTa)

l\.’)lr—\

Pe(p) = 5 (PP 0) + P )9 )

+ PP )P 0) + P )P ) (C.7h)

1 v o 1 v o
:Pguozﬁ(p) _ E?% (p)iPTﬁ(p) — Zip% (p)iPLﬁ(p)
3

- TR ) T, (©7¢)
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1
P = 19" (C.7d)

These projectors select the different components of the usual York decomposition [265].
For the purpose of the discussion presented in Sect. 3.4, it is also useful to define the

traceless projector

PLel = 537 + 975" - 195" (C.8)
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