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Foreword

Gravitational theories with independent metric and affine connection, which are commonly
referred to as Metric-Affine gravity theories (MAGs), remain of interest as alternative formu-
lations or extensions of General Relativity (GR). In general, they may possess a nonvanishing
torsion, nonmetricity, curvature, or any combination thereof. Torsion, the antisymmetric part
of the affine connection, was first used by A. Einstein to formulate what is nowadays known
as the Teleparallel Equivalent of General Relativity (TEGR) [1H4]. In this theory curvature
and nonmetricity tensors are assumed to vanish a priori, and when one solves this constraint
for the connection the usual GR dynamics can be recovered. In GR on the other hand, torsion
and nonmetricity tensors are assumed to vanish a priori.

One can also construct a theory of gravity based entirely on nonmetricity, with vanish-
ing torsion and curvature (STEGR). Another possibility consists of having both torsion and
nonmetricity, with vanishing curvature (GTEGR). In all three cases we mentioned, Einstein
equations can be recovered, and the requirement of achieving that fixes the action uniquely.
These facts are appreciated as the Geometrical Trinity of Gravity [4].

Recently, a substantial amount of work has been done on phenomenological applications of
various versions of MAG and its subclasses (such as Einstein-Cartan and Teleparallel theories)
[5-15]. Indeed, when a specific form of classical action is chosen, one can study the dynamics
and deviations from GR. MAGs have a large potential to resolve multiple cosmological and
gravitational conundrums, such as black hole and Big Bang singularity problems [5, |16], de-
scribe Dark Energy and/or Dark Matter [5]. It is of interest to understand whether or not
it is possible to arrive at such a version of MAG that would remain viable when quantum
corrections are taken into account. In this thesis, we endeavour to pursue this direction.

Another motivation for studying MAGs is that, in many ways and more than GR, they
resemble the theories of the other fundamental interactions. When considered in this context
they are called “gauge theories of gravity”, where one tries to apply ideas and tools of Yang-
Mills theories to gravity. There exists a hope that this enhanced similarity is a step towards a
possible unification [17]. We refer to [18] for a useful collection of references, covering also the
history of the subject.

In this thesis, we adopt a modest approach to quantum gravity, in which we assume that
our models are unlikely to be valid above the Planck scale, and have to be replaced by a yet
unknown theory, different from those based on the conservative approach to quantisation.

In most cases existing in the literature, the lowest order Lagrangian is considered, which
leads to torsion and nonmetricity being non-dynamical. In order to conduct a systematic study
of MAGs with propagating torsion and nonmetricity, one needs to consider operators of order
four in mass dimension. In this thesis, we consider classical and quantum properties of a general
theory with propagating torsion and nonmetricity fields. In particular, we will perform several
computations of local one-loop counterterms. We will also discuss the spectrum of MAG and
the effect of field redefinitions.

Computing gravitational loop corrections is notoriously difficult. Furthermore, depending
on the choice of the action, metric gravity is either power-counting nonrenormalisable [19]
(for the lowest-order Hilbert—Einstein term) or yields an apparent violation of unitarity by
the presence of ghosts [20] (when higher-order curvature terms are considered). Nevertheless,
there remains a hope that a unitary renormalisable theory of gravity can be found within the
quantum field theory domain [21-24].
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A popular direction to explore is Asymptotic Safety, a conjecture that implies that when the
renormalisation group (RG) running of the couplings is under control even at arbitrarily high
energies (usually due to the existence of one or several fixed points) the theory can be renormal-
isable nonperturbatively [25-27] That means that conventional perturbative renormalisability
is abandoned, but theory remains predictive. Gravity with non-propagating torsion has been
also studied in this context and nonperturbative RG flow has been found [28| [29).

On the other side, one may ask whether renormalizability is necessary in the first place. In
the framework of Effective Field Theory (EFT), one can assume that there exists a physical
cutoff scale (for example, the Planck mass), above which the theory is not applicable. Effective
action (EA) is then seen as an expansion in mass dimensions, and higher-order contributions
are suppressed by powers of the cutoff. Despite being non-renormalisable, metric gravity as an
EFT is self-consistent and predictive, for quantum corrections affecting low-energy observables
can be unambiguously calculated [30]. Computation of one-loop EA is relevant regardless
of whether gravity will eventually be understood as an EFT or instead a local, unitary and
renormalisable theory will be found. We will assume that perturbation theory is applicable,
at least in some energy region.

Another issue worth mentioning is the unitarity problem. Metric-affine gravity, as well as
the usual metric gravity, is in general plagued with ghosts, which are solutions with negative
kinetic energy. At the classical level, they would render theory unstable. However, many
authors have claimed that at the quantum level the apparent violation of unitarity does not
actually occur [31-37]. Alternatively, one can impose additional symmetries, so that the ghosts
do not enter the spectrum [38]. Assuming certain relations between the couplings may also
solve the problem [39-42], however, one has to be careful and introduce them in such a way that
would not be spoiled by quantum corrections. On the other hand, from the EFT perspective,
ghosts do not represent an issue if the masses thereof are larger than the cutoff scale. In this
work, when computing the RG flow, we will ignore the ghost problem, assuming that we work
in a situation when they are absent or harmless for a reason which is yet to be understood.

A systematic study of gravity with propagating torsion dates back at least to [39, 43].
A comprehensive study of independent Lagrangian contributions has been performed in [44,
45]. Studies of particular cases and issues of unitarity can be found in [40, 46-51]. A first
computation of one-loop divergences in gravity with propagating torsion on the flat background
was performed in [52]. Non-perturbative beta functions for MAG with non-propagating torsion
and nonmetricity were found in [28] 29).

In this work, we will look at the case when kinetic terms for torsion and nonmetricity are
also added to the action. Since the connection has a dimension of mass, they naturally come
as operators of dimension four. A major difficulty with such operators is that they often have
nonminimal structure. We will call operator minimal if all its derivatives are contracted with
each other, and nonminimal otherwise. In general, at order 4 in mass dimension, MAG has
11 minimal and 27 nonminimal contributions of the type (VT)?, (VQ)® and VI'VQ. Unless
prohibited by symmetry or can be reabsorbed into field redefinitions, all these terms must be
taken into consideration. Furthermore, additional terms of types RT?, T?VT, T*, etc. can be
considered as some kind of complicated potential, for they do not contribute to the flat space
2-point function. In this work, we will mostly disregard this potential.

This thesis is organised into three major directions. In the first direction, MAG is considered
from the Effective Field Theory (EFT) perspective. Independent even-parity contributions to
the Lagrangian of mass dimension up to 4 have been classified. The focus is given to those,
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which can contribute to the flat space 2-point function. The flat space kinetic operator was
decomposed into spin projectors. The particle content of MAG was discussed in detail. It is
shown that any metric theory of gravity has a teleparallel equivalent. This direction occupies
chapters [2|[3] and [l

The second direction is devoted to the covariant quantisation of Einstein gravity and Uni-
modular gravity. It is known that Einstein and Unimodular theories of gravity are equivalent
at the classical level. A quantisation procedure that keeps the divergences in these two for-
mulations equal is presented, thus proving a formal quantum equivalence between them. The
one-loop divergences have been computed. It is shown that any distinction between Unimodu-
lar and Einstein gravities can be merely attributed to different quantisation procedures. This
direction occupies chapter [6]

The third direction is devoted to the renormalisation of MAG. An important consistency
criterion of a quantum theory is our ability to keep the RG flow of its couplings under control.
The off-diagonal heat kernel technique was used to compute the logarithmically divergent
part of the one-loop effective action of a Poincare gauge theory. It is proven that off-shell
renormalisability requires adding to the usual Poincare gauge action terms of the form (VT)Q.
This direction occupies chapters [7] and

Chapter [I] does not contain original results. Chapters 2] [3] [, [B], [6 do contain original

results.

IV



Acknowledgements

First of all, I would like to thank my supervisor Prof. Roberto Percacci for his guidance,
support and a multitude of helpful discussions during the last four years. I am grateful to
Kevin Falls and Alessio Baldazzi, with whom I have been collaborating the most and from
whom I have learnt a lot. I would also like to thank Gustavo Pazzini de Brito and Antonio
Duarte Pereira, collaboration with whom has been of great significance. I am thankful to
Christian Steinwachs, Yegor Zenkevich and Yannick Kluth for multiple helpful discussions of
the heat kernel technique and the renormalisation group.

I am indebted to all my friends who supported me on this journey: Alessandro Granelli,
Katya Kravtsova, Natalia Nazarova, Elena Lukzen, Maddalena Premuti Bonetta, Youness
Diouane, Dmitrii Rachenkov, Sara Folchini and others. A special thank goes to Pavel Novichkov,
who inspired me to learn computer algebra early on and without whom this journey would
have been very different. I thank Miguel Vanvlasselaer, Lotte ter Haar and José Guillermo
Lara Delgado with whom I had the pleasure to share an office for many years, and the country
of Ttaly, for kind hospitality.



Notation and conventions

We use standard GR notation for the Levi-Civita connection and standard Yang-Mills notation
for the dynamically independent connection, as in the following table

coefficients | covariant derivative | curvature
LC connection I'Wfo Vi R,.° 5
Independent connection ALy D, F.’s

We will use same symbol for a given geometrical object in any frame, thus for example A,°,
are the connection coefficients in a coordinate frame and A,%, are the connection coefficients
in a frame (1.1)). The action of the covariant derivative on a tensor of rank (n,m) is

D#Tﬁalléi: _ Toq an +ZA (673 Tal...O'..Aan ZA“ B]Tgtllo.anﬁm

The torsion tensor is antisymmetric in the first and the last indices:

T,y =Ty

uw v o

whereas the nonmetricity tensor is symmetric in the last two indices:

Q)\,uz/ = Q)\(,LLV) .

In order to identify more easily expressions involving the same tensors with indices con-
tracted in different ways, it proves convenient to use the following notation. Given a tensor
OGape, We define

tr(12)0c = ¢(12) = 0.,
s @ = B — g b
div(1)¢’e = Vo™ |
div(e)fac = Vo' , ete
div(ez)pe = Vo V™. , ete
trdiv()¢ = divy¢%, ,
divtrag)¢ = Vtrage® , etc.
Note that with the LC connection div tr(;2)¢ = trdiv(s)¢, etc.
When the divergence is calculated with the independent dynamical connection A, it will
be written as “Div”. In this case, one has to be more careful about raising and lowering

indices, because the covariant derivative of the metric may not be zero. Then one has to make
conventions, for example, Div(l)gbbc = D,(g*¢4) or Div(l)qbbc = ¢ D, dg’.

V9 = /ldet(gu)]
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List of abbreviations

EA - Effective action

MAG - Metric-Affine gravity

PGT - Poincaré gauge theorie

RG - renormalisation group

GR - General Relativity

EFT - Effective Field Theory

LC - Levi-Civita (connection or corresponding covariant derivative)
QFT - quantum field theory

4DG, HDG - Quadratic Four-Derivative gravity (High-Derivative gravity)
UV - ultraviolet

dof’s - degrees of freedom

FRG - Functional Renormalisation Group
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Abstract

We discuss theories of gravity with independent metric and affine connection. We count the
parity-even Lagrangian terms of dimension up to four and give explicit bases for the inde-
pendent terms that contribute to the two-point function. We then give the decomposition of
the linearised action on a complete basis of spin projectors and consider various subclasses of
MAGs. We show that teleparallel theories can be dynamically equivalent to any metric theory
of gravity and give the particle content of those whose Lagrangian contains only dimension-two
terms. We point out the existence of a class of MAGs whose EOMs do not admit propagating
degrees of freedom. Finally, we construct simple MAGs that contain only a massless graviton
and a state of spin/parity 2~ or 3. As a side result, we write the relativistic wave equation for
a spin/parity 2 state. Additionally, we perform an irreducible decomposition of torsion and
nonmetricity with respect to the group of permutations and show how the basis of independent
terms in the classical action can be rewritten via decomposed fields.

Poincaré gauge theories are a class of metric-affine theories with a metric-compatible (i.e.
Lorentz) connection and with an action quadratic in curvature and torsion. We show by an
explicit one-loop calculation that this class of theories is not closed under renormalisation off-
shell. This statement extends to more general classes of metric-affine theories. We, therefore,
generalise them to include other necessary terms. We discuss how their spectrum can be
affected by quantum corrections. We prove that at the perturbative level, all local counterterms
that may affect the flat-space propagator can be reabsorbed into appropriate invertible field
redefinitions.

We formally prove the existence of a quantisation procedure that makes the path integral
of a general diffeomorphism-invariant theory of gravity, with fixed total spacetime volume,
equivalent to that of its unimodular version. This is achieved by means of a partial gauge
fixing of diffeomorphisms together with a careful definition of the unimodular measure. The
statement holds also in the presence of matter. As an explicit example, we consider scalar-
tensor theories and compute the corresponding logarithmic divergences in both settings. In
spite of significant differences in the coupling of the scalar field to gravity, the results are
equivalent for all couplings, including non-minimal ones.



Chapter 1

Introduction

1.1 Gauge group

Any consistent theory must give the same physical predictions independently of field redefini-
tions. Such redefinitions may or may not be local or linear. It is only required that they are
invertible. Geometrically speaking, physical theories are defined on a manifold M and fields be-
long to a vector bundle £ over M. Field redefinitions are then invertible maps between sections
of different vector bundles. Observables are always independent of such transformations.

When talking about (quantum) field theory, there exists an important class of local field
redefinitions that keep the Lagrangian unchanged. They are called gauge symmetries and
characterise the degeneracy of a Lagrangian system. For many modern physical theories gauge
symmetries are necessary to make the Lagrangian local. However, in certain situations, one
still has some sort of freedom to change the gauge group. In the context of gravity, the
group that is used normally is the group space-time diffeomorphisms, which we will refer to
as the diffeomorphisms (Diff). At least at low energies, gravitational interaction must be
carried by a massless particle of spin 2 for it to always be an attractive force. It leads to the
diffeomorphism group being a necessity. However, there exists a possibility to shrink the gauge
algebra to only include transverse shifts, while still keeping the Lagrangian local. In this case,
the determinant of the metric is kept unchanged. This theory of gravity is called Unimodular
and the corresponding group is called the special diffeomorphism group (SDiff).

On the other hand, one can also enlarge the gauge group. In fact, as we will argue in
the following, the way in which GR is defined already requires a larger local symmetry group
R x GL(4) [21]. The caveat here is that in the metric formulation (as opposed to the
vierbein formulation) the subgroup GL(4) is trivially realised. To see that, let us look at how
the gravitational field is defined. All fundamental interactions, such as the strong interactions
described by a Yang-Mills field, are defined on vector bundles over a four-dimensional manifold
M. A special characteristic of the gravitational field that distinguishes it from other interactions
is that it belongs to a vector bundle with fibres in R* that is isomorphic to the tangent bundle
TM. This automatically implies that we can define the following:

e a metric on F which is called fibre metric ~,
e a linear connection in F, A,%,

e a linear isomorphism between the fibre bundle and the tangent bundle, which is called a



soldering form or frame field 6.

Hereafter we adopt a distinction in the notation of indices so that the Greek ones always
enumerate coordinates on the tangent bundle and the Latin ones — on the fibre bundle. Metric
7 belongs to the coset space GL(4)/O(1,3). The fibre connection can be seen as a Yang-Mills
field that however lies in an adjoint representation of a noncompact group GL(4). Alternatively
one can define soldering using arbitrary bases {e,} in the tangent spaces and {e®} in the
cotangent spaces. Given a coordinate system x*, they are related to the coordinate bases by

ea = 0,0, , e =da"07"," . (1.1)
Then, we can construct a metric and connection on the tangent bundle TM as:

Juv = eau ebz/ Yab » (12)
A}\MV = 6)C/LMAA)\abeV + eauakgau . (13)

Hereafter we abbreviate the inverse of soldering (coframe field) as
O, =071, = y,0%,9"" . (1.4)

The existence of soldering as a direct consequence of isomorphic mapping between F and TM
is gravity’s biggest peculiarity and curse. To see that, let us move on to the definition of field
strength and have a first glimpse at the equations of motion. We define the curvature of the
fibre bundle as:

F,Lwab - a,uAVab - a1114,11,[117 + A,uac Z/Cb - Al/acA,ucb ) (15)
which represents the strength of the connection field. Then, the standard Yang-Mills action

will have the following form:

1
S = 4_92 d*x Fu,,aprAcdg“pg”)‘%c’ybd . (1.6)

Such action leads to different degrees of freedom having the opposite signs before the kinetic
terms. We see that, in addition to , there are different ways to write the action by
contracting the indices in a different way. In fact, there are 16 such contributions (more on
counting independent terms later). Furthermore, owing to the existence of the soldering, the
term linear in curvature is also allowed:

S = / &'z F, 0,0 9™ . (1.7)

It is called the Palatini action. We will discuss the difference between the dynamics that it
would lead to and the usual dynamics of GR later on.

Alongside with curvature, we introduce two other independent characteristics of the fibre
bundle. Torsion is defined as the exterior covariant derivative of the soldering:

T,uau = a,ueau - auea,u + Auab eblj - A% ebu : (18)
And nonmetricity is defined as

Qrab = —VaYab = =0 Vab + Axa Yeb + Axb Vac - (1.9)
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Given the soldering, any tensorial index can be moved from the fibre bundle to the tangent
bundle and vice versa. For example,

F. = F,"0,°0"5 (1.10)
is the curvature of the tangent bundle.
Let us now come back to the discussion of the gauge group. An arbitrary non-degenerate

A% (z) describes a local changes of frame €/ (z) = e,(x)A%(z), which is independent of the
diffeomorphisms z’(x). The action of these transformations on the fields is given by

0, (2) =0, (2)) = A (z) Hby(m)% ,
Yan(T) = p(x') = A (@) A%(2) Yeal) | (1.11)

a !l a / axlj
Alo(w) A ) = o

There are two common ways to fix this gauge:

(A" (2) A a(2) A% () + A1 0(2) 0, A% ()]

e Metric gauge, in which we demand
0. =o' . (1.12)

After that one can just stop making any distinction between tangent and fibre bundle
indices. This is the way in which gravity is normally described. Torsion then becomes a
purely algebraic object:

T,upzz = A,upu - Aup,u (113>
whereas nonmetricity involves a derivative of g.

e In wierbein gauge we instead demand

Gab = Mab - (114)

Then (|1.2) becomes the defining relation for the tetrad (vierbein) and the connection in

this case is called the “spin connection”. E| In this gauge the nonmetricity is a purely
algebraic object:

Qcab = Acab + Acba (115)

whereas torsion still involves a derivative of 6.

In the following we will also adopt more elaborate gauges, however, in the majority of this
thesis we will stick to the metric gauge, which will be implicitly assumed when formulae are
written with Greek indices only, unless otherwise stated.

In GR one a priori assumes that torsion and nonmetricity vanish everywhere:

Quvp =Ty, =0 (1.16)

This implies that the theory propagates only metric degrees of freedom. In the following
sections, we will explain why such constraints are unnecessary from the conceptual point of
view, for they can be enforced automatically as a consequence of mass suppression of the
additional degrees of freedom, that happens everywhere except a measure zero subset of the
theory space. This implies that the correct dynamics describing gravity at high energies may
differ from the standard spin-2 dynamics of GR and may involve independent connection
degrees of freedom.

'We stick to the convention that the components of the same geometrical object in different bases should
not be given different names.



1.2 Gravity in EFT perspective

According to conventional wisdom, general relativity does not make sense as a quantum theory.
This statement originates from futile attempts to treat gravity in a fully renormalisable way. If
one tries to “unify” gravity with other interactions within the QFT framework, demanding that
the resulting theory is applicable to arbitrarily high energies, renormalisability is a necessary
requirement for consistency. On the other hand, there exists a natural gravitational energy
scale - the Planck mass, demanding the applicability of a “quantum theory of gravity”, or quite
possibly quantum theory at all, above which may seem to be a somewhat naive goal. Instead,
we will adopt the view in which we expect our theories to be applicable only up to some cutoff
scale A. Tt can be comparable to the Planck mass or be much higher. We demand though that
A does not enter in final expressions for any observable quantities. In other words, for any
physical quantity its change coming from variation of A within a certain finite range must be
Zero.

The fundamental mathematical object in this perspective is the Wilsonian effective action.
Let us suppose that we can decompose quantum fields in “light” and “heavy” components, and
only the former ones can propagate below the cutoff scale and be described by our theory, while
the latter ones can only enter as residual quantum corrections to the couplings. They can be
seen as integrated out virtual heavy particles, if the conventional notion of a particle is appli-
cable above A, or some other corrections of unknown nature. The Wilsonian effective action is
defined as the part of the one-particle-irreducible quantum effective action that remains after
all “heavy” components are integrated out. The idea that such an operation should be attain-
able in principle stems from a simple philosophical conjecture that low-energy physics should
be tractable without any knowledge of higher-energy physics. It would be very surprising if
low-energy degrees of freedom of GR cannot at all be treated quantum mechanically.

Inside the Wilsonian EA, terms are usually arranged according to their mass dimension.
Given a heavy mass scale, both momenta and the values of fields within the applicability range
are expected to be small compared to it This leads to terms of higher dimensions being
suppressed compared to the low dimensional ones. Even staying within classical framework,
dimensional considerations provide a systematic way to arrange action contributions. We write
down the terms up to mass dimension four as

1
Sipg = 5 / d*z [2A — mpR + aR? + SR, R" + 0E] . (1.17)

Here £ = R? — 4R, R + R#,,p,\R“”p’\ is the Euler (Gau—Bonnet) invariant that does not
contribute to the equations of motion, and mp is the Planck mass. Another convenient way
to represent the same action is

1 1 1 . 1
Supc = D) /d4$ {QA - m(Q)R‘f' ERQ + ﬁOpup,\Cu P 4 ;E ) (1.18)
where )
Cw™ = R — 25[u[pRV}U] + §R6[MP5V}U (1.19)

2In principle, the values of the fields do not have to be small; but if the gradients are small everywhere it
should be possible to normalise the fields in such a way that makes them small.



is the Weyl tensor. This form provides more clarity because different particles are contained
in terms. The R? term propagates an additional scalar, whereas the Weyl tensor squared
term propagates a massive ghost. Graviton, however, is contained in all of them. This theory
admits perturbative treatment when A\ < 1. It is obvious that in the limit R < mp gravity
is described by the Hilbert—Einstein action because additional contributions are strongly sup-
pressed. Similar logic applies to the Wilsonian EA. In that case, quantum corrections coming
from heavy modes can affect the behaviour of the couplings. If such effects were found to be
of the same order, that would mean that it is impossible to obtain any knowledge about the
quantum behaviour of gravity at energies below the Planck mass without a full understanding
of trans-Planckian physics. We instead adopt a more optimistic narrative that, in similarity
with all other known physical systems, the opposite is the case. It is possible that the field
theory still makes sense above this cutoff by some non-perturbative effect [27, [53], but in this
thesis, we will restrict our attention to sub-Planckian physics.

The theory of gravity with action will be referred to as four-derivative gravity (4DG)
(a.k.a. quadratic gravity) and has been studied, independently of the EFT framework, for a
long time. It is known to be renormalisable [20] asymptotically free [54} |55 (for the right signs
of the couplings) and to contain ghosts, but the ghosts are massive and do not appear at sub-
Planckian energies. In fact, there exists a close analogy between 4DG and chiral perturbation
theory. The latter describes strong interactions at energies below the chiral symmetry breaking
scale. Chiral field, belonging to the coset space U € (SU(2);, x SU(2)r)/SU(2)y, can be
expressed as

U=exp(n/fz), (1.20)
where 7 is the pion field and f, is the pion decay constant. Then the chirar action is

S = /dm Hztr(U—laU)2 + Oitr((UTLOU))? + laotr (UTPOU)?)? + O(0%) (1.21)

As we will discuss later on, the metric field in R* belongs to the coset g € GL(4)/0(1,3), and
when the action (1.17)) is very similar to the chiral action. The only difference is owing to the
cosmological constant, and when the unimodular version of the action is considered, it
becomes exactly equivalent to . Chiral theory is in great agreement with experimental
data, telling us that gravity in the EFT framework can also be predictive.

GR has been regarded as an EFT with a range of validity that goes from macroscopic
scales to the Planck scale [56] (for review see [30, 57, |58]). Similar principles have been also
applied to various modified gravity theories [59-62]. Even though the theory based on covari-
ant quantisation of the Hilbert—Einstein action is not perturbatively renormalisable, quantum
corrections affecting low-energy observables can be unambiguously calculated [30} |56]. Indeed,
let us look at a simple process of gravitational scattering. At the tree level, we have a diagram
which gives rise to the Newtonian potential

N

(ml) W (m2)

k1 k3 \ Gmima

/ ~
q2

V<r):/(27r)376 i (1.22)



When loop corrections are taken into account, one obtains the following correction [56):
G G 41 Gh
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V(r) = (1.23)

r

It is not affected by UV divergences, completely unambiguous. It also agrees with all experi-
mental data, just because of its tininess.

On the other hand, the potential can also receive additional corrections from the higher
order terms, such as ([1.18)). The result, obtained in [63], looks like

Vi = -Smm yd ]

—TMgpin—2 —TMspin—0
1-— Ze P + §€ P
where mgpin—o and mgy,—o are masses of the additional to graviton propagating particles.
Looking at the action as a truncation of the effective action and comparing
and we see that quantum corrections, that decrease as a power law, are superior to
the classical corrections coming from using a better truncation, that decrease exponentially.
Moreover, when A ~ £ ~ 1 we have mgpin_2 ~ Mspin—2 ~ mp and these classical corrections
can be neglected at all reasonable scales.

Now let us look at a more general context of independent affine connection. When we relax
the condition (|1.16)) many more terms can appear in the action. In this section, we will only
discuss their effects at a qualitative level. Writing terms of mass dimension up to two allowed
by symmetries we get:

(1.24)

S = %/d4x 2A —moF+mT T +mQ. Q +mT Q] . (1.25)

This action leads to both torsion and nonmetricity being frozen, unless in a measure zero
subset of the theory space where some of the mass contributions cancel out. For example,
the Palatini action, which comprises the first two terms in , leaves the projective mode
of torsion unfixed. This means that it enters as a gauge degree of freedom and can be easily
removed or reabsorbed into a newly defined connection. However, when coupling with matter
is considered, it can lead to different physics that the one of GR.

On the other hand, if all mass contributions are included (as they should be in the framework
of EFT) torsion and nonmetricity degrees of freedom generically stop propagating. That means
that they can enter the equations of motion only as external fields. If there are no sources of
such fields, the resulting theory automatically becomes equivalent to GR. A more interesting
situation happens when one includes terms of higher mass dimension. Alongside with R?
R, R" we now have contributions of the following types:

VI.VT, VQ.VQ, VI.VQ, (1.26)

which represent themselves kinetic terms for torsion and nonmetricity fields, mixing contribu-
tions of the types
R .NVT+, R.NVQ@Q, (1.27)

and various interaction terms such as

R.T-T+, VI.T-T", Q.Q.Q"Q", (1.28)

etc. Merely the construction of a basis for such contributions represents a formidable challenge
which we will address in chapter [3] We expect that torsion and nonmetricity will give correc-
tions to (|1.23]). Now, we shall build some more apparatus to deal with such complexity and
discuss the dynamics.



1.3 Low— and high—energy dynamics of MAG

Before discussing how the usual dynamics of GR can be recovered at low energies, let us intro-
duce an important notion of the distorsion tensor. We will argue that, excluding a measure zero
subspace of the it is at low energies helps to recover It is known, that on any Riemann-Cartan
manifold one can define a unique connection which is torsionless and metric compatible. It is
called the Levi-Civita connection, and its components in the coordinate basis are represented
by the Christoffel symbol:

1
Fabc = (Eacb + Ecab - Ebac) - 5 (fabc + fcab - fbca) ) (129)

N | —

where
Ecab :HCA a/\gab ;

Foc® = (05" 0,0 — 0.7 9,0,) 6% .

Note that F and f are not tensors (f are the structure functions of the frame fields). The
curvature of the LC connection is the Riemann tensor:

(1.30)

Ry, = 0,T ", — 0,1 0, + T 40,0, — T4, . (1.31)

Note that our notation of curvature is different from the one that is mostly used in

gravitational literature. The reason for our chose is to demonstrate in an explicit manner the

similarity between MAG and Yang-Mills theories. The last two indices in (|1.5)) correspond to

a single group index. We preserved the same spirit in , however, due to the symmetries

of the Riemann tensor, the Yang-Mills-inspired notation does not differ from the standard one.
A generic connection in the tangent bundle can be decomposed into

Auab - F,u,ab + gbuab ; (132)

where ¢ is a proper tensor called distorsion (following [64]). In general, it has no symmetry
properties. Indices are raised and lowered with g,,. From (L.8) and (1.9) one finds

Taﬁv = Qbaﬁv - ¢vﬁa ) Qaﬁv = (baﬁv + ¢avﬁ : (1-33)

These relations can be inverted, to give the distortion as a function of torsion and nonmetricity.
In fact we can write

Papy = Lapy + Kapy (1.34)
where

Lagy = % (Qapy + Qypa — @ary)
1
2
Note that the tensor K,gy, called the contortion, is antisymmetric in the second and third
index (whereas 7' is antisymmetric in the first and third). The tensor L,s,, that does not seem
to have a commonly accepted name, is symmetric in the first and third index (whereas @ is

symmetric in the second and third index).
Notice that (1.33]) can then also be written as

Topy = Kapy = Kypa s Qapy = Lagy + Lays (1.36)

(1.35)

Kapy = (Taﬁv + Tgay — Tavﬁ) .



so L contains all the nonmetricity and K contains all the torsion. Another way of saying this
is that [' 4+ K is torsion-free and I' + L is metric. We shall actually not use the tensors K and
L in the following and prefer to express everything either in terms of ¢ or of T and Q).

We denote F),,”, the curvature tensor of A,”,, and R, *, the curvature tensor of I',”,.
They are related as follows:

FMVQB = R/J/l/aﬂ + V'ugbyaﬁ - Vy¢“aﬁ + gbua,y V’Yﬁ - Qbya,y M’Y/B . (137)

In general, F' is only antisymmetric in the first two indices. It has three independent contrac-
tions: the Ricci-like tensors

I v =

F}E]l/?)) _ F)\ A F}Sl4) gaBFay,VIB
that do not have symmetry properties in general, and the antisymmetric tensor
34 A
FEY = F,

The analog of the Ricci scalar for the connection A,%s is the unique contraction F),,*",
which, up to total derivatives, can be written as

Fu™ = R+ ¢," 8, — bt . (1.38)

This can be reexpressed in terms of non-metricity and torsion as

1 1
F;w/w — R+ Z aﬁvTO&B’y + §Ta6'yTa’YB — tr(u)Tatr(lg)TOé

+ ZQO‘BWQ b — §Qa,8'yQﬁ T — Ztr(zzs)Qatrm)Q + §tr(12)Qatr(23)Q (1.39)
— Qupy T — tr(23) Qatrin) T + tr(12)Qutr(1o)T* .

1.4 Mass hierarchy

In the following, we shall assume that the cutoff is Planck mass. The main conclusions will
be valid if the cutoff differs from it by a few orders of magnitude. There are two possible
scenarios. The most natural one, from the EFT point of view, is that all the masses that arise
in the theory are comparable to the Planck mass. In this case the only physical particle in the
MAG would be the graviton, and the EFT would be very similar to the metric EFT of gravity
already discussed in the literature. All the massive states would already be “integrated out”
and would only contribute tiny effects through quantum loops. This scenario is somewhat dull,
however even in this case MAGs have a greater explanatory power than metric EFTs of gravity,
because the vanishing of torsion and nonmetricity can be shown to be generic consequences of
the dynamics at low energy, whereas in the metric theories, it has to be postulated.

A more interesting scenario would occur if some of the massive states are much lighter than
the Planck scale, so there would be an energy interval where these massive states could exist
as physical particles. There is no difficulty in arranging this at the level of the Lagrangian
parameters, but this scenario would give rise to various issues. The first is maintaining the
mass hierarchy in the presence of loop corrections would likely entail some degree of fine-tuning.
The second and more important issue is related to the fact that tree-level unitarity could be



violated already at energies much below the Planck scale. This has been discussed for higher
spin fields in [65], and MAGs are generally higher-spin theories, because the connection is a
three-index field and generally contains a spin-3 degree of freedom. Third, it is in general
difficult to find Lagrangians for MAG that do not contain pathological features such as ghosts
or tachyons [38-43, 50, |66].

From this point of view, MAGs are similar to 4DG. There has been recently a revived
interest in possible mechanisms to avoid these issues in 4DG [31-37], and there have been
some first steps to carry them over also to MAGs [67, [68]. If these ideas are successful, one
potential consequence is that the spectrum of MAG may be very different from what a naive
tree-level analysis would indicate. [}| In this thesis we shall not venture so far, but it is important
to keep in mind that all our statements may be subject to important changes when quantum
corrections are taken into account.

Regardless of which of these two scenarios one considers, masses of torsion and nonmetricity
are naturally expected to be large compared to the energy scales that are currently accessible at
collider experiments. Therefore, MAG action leads to standard GR dynamics at low energies.
As energies grow, one expects corrections to become important. They will come of the following
types. First, there will be quantum corrections from graviton dynamics, analogous to ((1.23]).
Second, there will be classical corrections due to the dynamics of independent connection. And
third, there will be quantum corrections from the connection dynamics. As we saw in section
, quantum corrections in metric theories of gravity, though suppressed by Planck mass,
decrees slower with distance then higher order classical correction are therefore are of especial
interest.

1.5 Loop Divergences

In absence of experiments, a useful criterion for the validity of a given theory is, of course, its
mathematical self-consistency. For a quantum field theory, an important consistency criterion
is the finiteness of RG flow trajectories. If some RG trajectories go into a fixed point in the UV
limit (or into a closed circle etc.), a theory is called asymptotically safe. There exist indications
that Einstein gravity may have an interacting UV fixed point [70-72]. A particular case of
asymptotic safety occurs when a subset of the trajectories go into a free UV fixed point is
called asymptotic freedom. As we mentioned earlier, it has been proven that this scenario
is realised in Quadratic gravity [54} 55|, alongside with the best-known example of Quantum
Chromodynamics. It may happen instead that all the trajectories go into high but finite
values of couplings within the applicability regime of the theory. Such behaviour indicates
that perturbative treatment is not applicable, but it is still possible that the theory would
still make sense nonperturbatively. Another case may happen when all the trajectories go
into infinitely high values of couplings. That would mean that the theory makes sense only at
much lower energies, with respect to those at which it happens. Such a scenario takes place,
for example, in quantum electrodynamics, which exhibits a Landau pole. However, since it
appears only at energies that are much higher than the Planck mass, it is generally agreed not
to be an issue.

31t is even possible that no bosonic field propagates above the Planck mass, a statement that has sometimes
been made in the context of noncommutative geometry [69).
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In the following, we endeavour to learn whether the presence of non-vanishing, propagat-
ing torsion and/or nonmetricity can improve or spoil the behaviour of the gravitational RG
trajectories. We shall perform perturbative computations of RG flow in certain subsets of the
MAG theory space and see what sort of counterterms are needed to cancel the logarithmic UV
divergences at one-loop order.

To that end, we employ the heat kernel technique |73} [74], for review see [75], which is a
formal way to treat functional traces and determinants of local pseudo-differential operators
(including but not necessarily Laplace-type). Consider a theory of a set of fields ¢ with
arbitrary whole spins with a kinetic operator

A=-0O+F, (1.40)

where L = —¢g"”V,V,, whereas I/ does not contain derivatives and is usually referred to as
the endomorphism. This represents the simplest kinetic operator of minimal type. The heat
kernel is defined as a solution to the heat equation

<dis + Ax) H(z,2';8) =0 (1.41)
with the initial condition H(x,z’,0) = §(x,2')1, or formally equivalently as
H(z,2';s) = (2'|H(s)|z), (1.42)
where
H(s) =e*4. (1.43)
This allows us to formally express the propagator
% = /000 ds H(s). (1.44)

Trace of the heat kernel means taking the coincidence limit 2’ — x, taking the trace on the
internal structure of fields and integration over the spacetime

Tr H(s) = /dda;\/g tr H(z,z;s) (1.45)
The one-loop EA relates to the trace of the heat kernel:

1 1 [>~d
ictoop = S+ =Trlog A = S + —/ —STrH(s). (1.46)
2 2/, s
The integrand can be expressed as asymptotic series for the small values of s:

Tr H(s) = _ Z/dda:\/gs" tray, , (1.47)

(47s )d/2 n>0

where a,(x) are local functions of the curvatures, torsion and their covariant derivatives. The
dimension of a,, grows with n as [a,] = 2n.

Qo (A) = 1,

1
451 (A) = ER - E7

1 5 1.48

) (A) = @ (RuupARqu)\ - RMVRMV + §R2 + 6DR) ( )

1 1 1 1

—Q,, 0" + _E?* - —RE — ~0OF

+ 127" + 2 GR 6 ’
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where () is the curvature of the field space:
[vua VI/] Y= Quugp . (149)

If one is interested in the divergent part it is sufficient to only look at the first three terms in
the expansion. Specifically, logarithmic divergence comes from the terms of dimension 4, and
therefore, in the case of minimal kinetic operator the logarithmically divergent part of
the one-loop EA is

Flog div. 1 1 ] AQ / d4 \/— t (1 50)
= (0] s T as. .
L=loop ™ 9 (4m)? g 2 g 2

An elegant way to extend this method for nonminimal operators was introduced in [76]
and is called the “generalised Schwinger-DeWitt technique” or the “Off-diagonal heat kernel
technique”. It is based on the early-time asymptotic expansion of the kernel of the heat
equation. Application of this procedure in the context of non-perturbative calculation with
Functional Renormalisation Group (FRG) is also called the Universal RG Machine [77, |78].
Let us consider a theory with kinetic operator F' which contains derivatives which are non
contracted with each other. At one-loop level, the EA has the form

1
Ty toop = S + §TT log F. (1.51)
Let us define a new kinetic operator F:
F\ = Fp + AN. (1.52)

Where A is a newly introduced parameter. Let us assume the following:
1) F,, = F|,_, is minimal,
2) Fxey = F,
3) F) is invertible for all A € [0, 1].

Then, differentiating by A,

d 1 . dF)\
ﬁrl—loop —9 Tr Fy'-—> (1.53)

and then by integrating back we get
1 -1 (! i
i tooplF] = §T7“ log F + 5 d\ Tr [F)\ . N} . (1.54)
0

The inverse of the kinetic operator can be found first in flat space, and then by working out
appropriate corrections, one can solve it for any given order in background quantities (more on
that in chapters|7jand and AppendiX.Then, all derivatives that are contracted with each
other must be commuted to the very right (or very left) to form boxes. Furthermore, there
will be additional contributions from commutators. For an arbitrary operator X and function
f, using the Laplace transform, one can derive the following formula [79):

o) 1 .
A= 2 5= Al 1) (1.55)
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After cumbersome algebraic manipulations, the second term will be expressed as the following

traces
Tr[VM1 ... Vunf(A)], (1.56)

and then after taking the Laplace transform of this expression, one can relate it to the off-
diagonal heat kernel traces (see app :

H

H1-fin

(2,8) =Tr[V, ... Ve8], (1.57)

that allow us to compute the second term in (|1.54]).
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Chapter 2

Classical MAG

This chapter is devoted to study of Metric-Affine gravity, although motivated by quantum
theoretical considerations of section [1.2] but still classical in their nature. We will further
discuss structure of MAG, identify several subclasses, build bases of independent Lagrangian
contributions, describe their spectrum. We will also provide two examples of MAGs that
propagate only a massless graviton and a state of spin/parity 2~ or 37. Additionally, we will
show that any metric theory of gravity has a teleparallel equivalent.

2.1 Equivalent forms

It appears from the discussion in the previous sections that any MAG can be described in two
equivalent ways, depending on what connection is used to write covariant derivatives.

e if the connection A,%4 is used to write the covariant derivatives, the Lagrangian will be
a combination of curvature tensors Fig.s, their covariant derivatives, the tensors 7', @
and their covariant derivatives D, T.g,, D, Qo In this form, the theory is very similar
to a Yang-Mills theory. We will call this “the Cartan form” of MAG.

e if the LC connection I',%3 is used to write the covariant derivatives, the Lagrangian
will be a combination of the Riemann tensor R.g.s and its covariant derivatives, the
distortion ¢,p, and its covariant derivatives V,¢qg,, (or equivalently 7', ) and their
covariant derivatives). In this form, MAG looks like ordinary metric gravity coupled to
a peculiar matter field. We will call this “the Einstein form” of MAG.

Using equation (1.32)), any action for a MAG in Cartan form can be rewritten in Einstein
form

Sclg, A) = Se(g, T + ¢) = Sp(g, ) - (2.1)

We see that the transformation from Cartan to Einstein form is just a change of field variables.
[ The two forms of the theory are physically equivalent.

Because of this choice, and of the possibility of using different frames (either general or
natural or orthonormal), the same MAG can be presented in several ways, that may not be

LA choice of variables in field theory is sometimes called a “frame”. Thus we could also speak of “Cartan
frame” and “Einstein frame”. We prefer not to do so, in order to avoid confusion with the Einstein frame of
conformal geometry, and more importantly because we are already using the term “frame” in its more standard
meaning of linear basis in the tangent space.
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immediately recognisable. It is thus important to distinguish statements that depend upon
the gauge (i.e. the choice of frame) or on the choice of field variables and have no physical
content from physical statements that do not depend on these choices.

One such aspect is the number of derivatives, which in the EFT approach is often used
to assess the relative importance of different terms in the Lagrangian. In the Einstein form
of MAG, the independent fields are the metric g,, and the distortion ¢,*,. The torsion and
non-metricity tensors are algebraic linear combinations of the distortion and can themselves be
taken as independent dynamical variables. Thus for example, a term like 7 has no derivatives
and counts as a mass term, while a term like (VT')? has two derivatives and counts as an
ordinary kinetic term.

In the Cartan form of MAG, the status of torsion and non-metricity depends on the choice
of basis, i.e. on the gauge. In a general linear basis, they are the covariant derivatives of the
fundamental dynamical variables # and g. Thus terms like 7 or Q% have two derivatives, while
(VT)? or (VQ)? have four derivatives. Things will look different if we use special frames. In
coordinate frames, a term like 7% has no derivatives and (DT)? has two derivatives but Q?
has two derivatives and (DQ)? has four derivatives. Conversely, in an orthonormal frame Q?
has no derivatives and (DQ)? has two derivatives but T2 has two derivatives and (DT')? has
four derivatives. Obviously the physics cannot change. In particular, the physical propagating
degrees of freedom must be the same in all these different versions of the theory. We see that
the number of derivatives depends on the choice of field variables, and on the choice of gauge.
This highlights that the derivative expansion is not a useful approach in MAG. When we regard
MAG as an EFT, we shall therefore classify the terms in the Lagrangian according to their
canonical dimension. P

2.2 Basic classification of MAGs

Even in its simplest form (using coordinate bases), a general MAG contains 74 component
functions and, as we shall discuss later, its Lagrangian has hundreds of free parameters. There
are two ways in which one can reduce this complexity. One is to impose additional gauge
invariances, on top of diffeomorphisms. These gauge invariances have two effects: they make
some field components unphysical, and they constrain the form of the Lagrangian, reducing the
number of free parameters. We shall discuss in Section [4.3|some examples of gauge invariances.
It is important that such symmetries should be present at the full nonlinear level, because in
this case one could hope that they persist when quantum corrections are taken into account.
Accidental symmetries that may be present at linearised level but not in the full theory, will
generally be broken by quantum effects.

The other way is to impose kinematical constraints on the fields. There are very many ways
of doing this, but here we shall discuss only the most basic possibilities, which are suggested
by the discussion in the previous sections: we will say that a MAG is symmetric if ¢g. is
symmetric in a, ¢, antisymmetric if ¢, is antisymmetric in b, ¢, or general if ¢4 has no
symmetry property. ﬂ Then, from ([1.33) we see the following;:

2Tt is worth emphasising that similar, though somewhat simpler, considerations apply also to EFT’s con-
taining Yang-Mills fields.

3 A three-index tensor that is simultaneously symmetric in one pair of indices and antisymmetric in another
is zero. Thus a MAG that is simultaneously symmetric and antisymmetric is not a MAG - it does not have an
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T=Q=0
metric theories

antisymmetric
teleparallel

general
teleparallel

symmetric
teleparallel

Figure 2.1: The MAGic triangle. The interior of the triangle represents general MAGs, the sides
MAGs with one kinematical constraint, the vertices MAGs with two kinematical constraints.
This figure had been used in [80, [81] as a representation of the relation between GR and its
teleparallel equivalents.

e “Antisymmetric MAG”. In this case () = 0, so the connection is metric-compatible.
These may also be called “metric MAGs”, but we will refrain from doing so in order not
to confuse them with metric theories of gravity (where the only variable is the metric).

e “Symmetric MAG”. In this case T" = 0, so this type of theory can be equivalently
characterized as being torsion-free.

e “General MAG”. In this case both T" and () are generally nonzero.

More restrictive kinematical constraints could consist in assuming that torsion or nonmetric-
ity are of a special form, for example T,5, = v°€45,s (this example arises in supergravity) or
@ w = brgyw (as in Weyl’s theory). Another interesting class of MAGs are the teleparallel the-
ories, where one imposes F,3,5 = 0. We emphasise that at this stage these are just kinematical
restrictions on the theory, without implications for the dynamics.

According to the presence or absence of kinematical constraints, MAGs can be arranged in
a triangle, as in Fig2.1] The theories in the top vertex are formulated in terms of the metric
(and possibly a frame field, but this is just a different gauge choice) and the connection is the
LC one. The geometry they use is Riemannian geometry. These are the metric theories of
gravity. GR is the metric theory of gravity whose Lagrangian contains at most two derivatives
of the metric, but there are infinitely many more complicated ones, containing higher powers
of curvature.

independent connection.
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The base of the triangle contains the teleparallel theories. Historically the first and still best-
known example is the Weitzenbock theory, or antisymmetric teleparallel theory, that contains
only torsion and resides in the bottom left corner. Slightly less well-known are teleparallel
theories constructed only with nonmetricity, which occupy the right corner [80, 82-84] General
teleparallel theories, filling the base of the triangle, have only been discussed more recently
[81, 185]. We shall discuss them further in the next section.

For many purposes, it is enough to consider theories that contain only torsion or only
nonmetricity. These simplified models correspond to the sides of the triangle. They have
fewer fields (34 and 50, respectively, when one uses coordinate frames) and correspondingly
fewer terms in the action. In the following, we will discuss these cases separately and then
proceed with the general case. We will construct bases of independent terms, compute kinetic
coefficients and discuss particular cases. But prior to that, we digress to discuss teleparallel
theories, specifically, we raise and answer the question of whether for any metric theory of
gravity, there exists a teleparallel equivalent.

2.3 Universality of teleparallelism

At the dynamical level, it is known how to formulate actions for any teleparallel geometry that
yield equations that are equivalent to Einstein’s equations (“teleparallel equivalents of GR”).
Their Lagrangian is

T = i iy TP + %TQ/BVTWB — tray Tatrag T (2.2)

for the antisymmetric case,
Q= iQaﬁwQam - %Qa,ﬁy@ﬁm - %tr(m)Qatr(m)Qa + %tr(QS)Qatr(m)Qa (2.3)

for the symmetric case and
G=T+Q — Qup, T — tr(23)Qutr(12yT* + tr19)Qatran T . (2.4)

for the general case. These combinations differ from the Hilbert term only by a total derivative,
as is seen from ([1.39). More general teleparallel theories with actions of the form f(T) or f(Q)
have also been studied in some detail. They are in some sense analogous to the Lagrangians
for metric theories of the form f(R), but not equivalent to them.

It is an interesting question, whether any metric theory of gravity has a teleparallel equiv-
alent. We can answer this question in the affirmative. To begin with, let us consider a general
action for a metric theory of gravity that contains only powers of undifferentiated curvature
tensors:

Sarlg) = / 0 0v/=G L{Gs B’ - 2.5)

While ultimately everything only depends on the metric, we have separated the dependence of
the Lagrangian on the Riemann tensor and on the metric, which is used to contract all indices.
The EOM is obtained from the variation

1 oL
6Sy = / d*zy/—g {55 976905 —

g 99" gap + 21 )70 Ry (2.6)
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where ZH )7 = 9L _  Thus the EOM is

= 9Ruro
Ly gos — 0L guagus | (5<a55>vpv — gV, VY, — ¢" V00V )ZW T=0. (2.7)
2 dghv o “lu Z o VpVr] — 9 O V] o
For a teleparallel theory, F},,”, = 0 so equation implies that
R =—F.% (2.8)
where

P =Vud, " = V.9, 5 + gbua”/(buvﬁ - gbvavgbuvﬁ :
Now consider the following action for a teleparallel theory in Einstein form:

Sr(g, ) = / /=G LG —PSs) - (2.9)

where £ is the same as in S);.
The constraint F},,”, = 0 also implies that

Afe= (A 00N, | (2.10)

which in turn implies
(bl/pd = (Ail)p aauAaa - Fupa . (211)
Inserting in (2.9 we obtain a new unconstrained action S%.(g,.,, A%s). Now A is a pure gauge

degree of freedom and its EOM is empty, as follows from the observation that due to (2.8), P
does not depend on A. The only nontrivial equation follows from the variation of the metric:

L L o) v o
Sy = / d'zy/—g {ﬁﬁ 9" 69ap — g 8gap + W ,70F,. (212)
where W7 = 22 But
WMV o — _le,l/ ag
P r R—-P
and

5Pm/pa = _5Rp,up(7 )
so the EOM of this teleparallel theory is the same as the one of the original metric theory.

Let us now come to the more general case when the action contains also up to n-times
differentiated Riemann tensors:

Su(g) = /d4x\/_—g L(Gws B0, VaRw oy Vay Ve, Ru’s) - (2.13)

In this case the variation will contain n additional terms:
Z Z;nmaml/pa(;(val e VaiRquCT) ,
i=1

Ql...0; UV g oL . . .
where Z; ) = AN o) The teleparallel equivalent action is

ST(g7 (b) = /d4l’ vV —43g E(guy; _Puupoy —VQPWPU, ceey —Val ce VoznP;Ll/pa') . (214)

Following the same argument as above, based on the constraint (2.8)), the EOMs of this theory
are the same as those of the original metric theory.
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Chapter 3

Lagrangians

3.1 General structure of the action

As discussed in Section [I.2] terms within the Wilsonian EA are ordered based on canonical
dimension, with the understanding that terms of lower dimension are generally more important
at low energy. We shall now discuss the possible Lagrangians for MAG containing terms of
dimension two and four. In the first overview, we will entirely omit all indices and only consider
the structures that can appear. This is useful to understand the relation between the Cartan
and Einstein forms of the Lagrangian, in an uncluttered environment. In the rest of this
section, we shall count, and in part enumerate, all the structures.

We start from the Cartan form of the theory. The covariant field strengths are the curvature
F, of mass dimension two, the torsion 7" and non-metricity (), both of mass dimension one.
The scalars of dimension two that can be formed with these ingredients are either linear in F’
or quadratic in 7" and (). These terms will appear in the action with coefficients of dimension
two. The scalars of dimension four are of the forms F? or FDT/F DQ or quadratic in DT/ DQ,
or cubic in 7'/Q with one derivative, or quartic in 7'/Q). All these terms appear in the action
with dimensionless coefficients.

In order not to introduce too many different symbols, we shall use a slightly cumbersome
but helpful notation, where all the dimension-two couplings are called a and all dimensionless
ones are called ¢, and the type of term they multiply is indicated by a superscript in brackets.
Once indices are reinstated, different couplings of the same type will be distinguished by a
subscript. Thus, ignoring all numerical factors and signs, we write the Lagrangian in the
schematic form

Lo=a"F+d™TT +a"°TQ + a““QQ
+ PFFE + TEDT + FeFDQ + MH(DT)? + "9DTDQ + 29 (DQ)?
+ FTTETT + FTCFTQ + O FQQ (3.1)
+ TTTTTDT + ...+ ?9PQQDQ
+ ITTTTTTT + ...+ P99°0Q0QQ

where the ellipses stand for cubic and quartic terms involving different powers of 7" and Q.
The action in Einstein form is related to the action in Cartan form by (2.1)). In practice
the transformations achieved by using D = V 4 ¢ and equations ([1.37) and (1.33), that we
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can write schematically as
F~R+VO+09, T~o, Qo
One then obtains the Lagrangian in Einstein form

Ly =m"R+m*¢p
+0PERR + b RV ¢ + 099 (V ¢)? (3:2)
+ bR Ry + bP9P 5V ¢ + b9 pped

where the dimension-two couplings are now called m and the dimensionless ones are called
b. This is the most general Lagrangian for the Einstein form of MAG, involving terms of
dimension two and four.

At this point one can use and to reexpress ¢ in terms of 7" and ). The
Lagrangian then looks again more similar to , but there is a difference: in , T and
@ have to be thought of as depending on A and g, whereas here they have to be treated as
independent variables. To distinguish the two Lagrangians, in L the coefficients will be called
bET phQ pTT etc.

In this thesis, we will be interested mainly in the linearisation of the theory around flat
space. We observe that in this approximation only the first two lines of and con-
tribute to the propagator, while all the other terms are interactions. Also, we note that whereas
the dependence on the metric is nonpolynomial, as usual, the dependence on distortion is at
most quartic.

Many terms in and are dependent. There are two types of relations between
different terms. Relations of the first type are obtained from Bianchi identities. For the
independent dynamical connection, they read

Flag"s) = DiaT5"s) — T 1715y = 0, (3.3)
D[aFﬁv]56 + T[anBIFnMéE =0.

The Bianchi identities of the LC connections are the same, except that the torsion terms are
missing. Relations of the second type come from a simple observation that although curvature,
torsion and nonmetricity are independent, their products are related as long as we are only
concerned with propagator contributions as explained above. Schematically, we represent this
relation as

F? = R+ RV + (V9)° , (3.5)

where terms not contributing to flat propagator are displayed. Such and similar relations for
FDT and FDQ allow us to express certain terms in Cartan formulation via other terms.
Counting independent terms turns out to be far easier in the Einstein point of view, where
we use the variables (g,¢) and only relations of the first type have to be considered. We,
therefore, start from this case. We will loosely refer to scalar monomials in the fields which
appear in the Lagrangian as “invariants”. In the Einstein form of the theory, they will be
denoted
H*Y  where X,Y € {R,T,Q}

(2

and 7 is an index labelling different monomials. We shall discuss first the antisymmetric MAG,
which is simplest, then the symmetric MAG and finally the general case.
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The count of the possible terms in the Lagrangian in the Cartan form of the theory is more
tricky. The invariants that can appear in the Lagrangian in Cartan form are denoted

LYY | where X,Y €{F,T,Q},

to distinguish them from the H;XY of the Einstein form of the theory. In what follows we ignore
the cosmological constant and start from dimension two terms of general MAG, moving then
to dimension four while discussing Antisymmetric and Symmetric MAG separately for clarity.

3.2 Dimension-two terms

Let us look more carefully at the dimension-two part of the Lagrangian. In the Cartan form,
it is

3 3 5
@_ | p TT 3 fTT TQ 3 ;TQ QQ 7QQ
Lo =—5|-a F—i—;ai M, —|—;ai M, +izai MP9 (3.6)

where F' = F,,,* is the unique scalar that can be constructed from the curvature and af” = m%,
where mp is the Planck mass. This will be referred to as the Palatini term. The other scalars
are

Mt =11, My'T =T""T,,, ,
MlQQ = QPWQWV ) M2QQ = QWVQVW )
MgQQ = tr(o3)Q*tr(23)Qy M4QQ = tr2)Q"trag @y M5QQ = tr(23)Q"tr2)Qy

M9 = THFYQ M® = tr(19) THtr(23)Q ) Mi% = trag) THtran) @y -

M?TT = tr(12)TMtI‘(12)TN s

(3.7)
Going from the Cartan to the Einstein form, as discussed in the previous subsection, yields

11
1
£ = —5 |~m R+ > mfMp?| (3.8)

i=1
where

M¢>¢ 925# ¢Wﬂ M¢>d> ¢W O M‘M) ¢Wp¢/wu M¢¢ ¢W P Mgw _ qbwp(ﬁyp”’,
M? = tragydutrand” , MP? = tragdutrasd? ,  Mg? = trasdutresd”

Mg)(b = tra)Putras) " , Ml%d) = tr(12)Putr(23) 9" Mﬁ(ﬁ = tr(13) Pt (as 9"
(3.9)
The first term is now the Hilbert Lagrangian and the rest are mass terms for ¢. The corre-
spondence between the parameters m; and a; is

m? = af, m‘f"b =2alt + 2a?Q + alTQ, ¢>¢ =all + 2a?Q + a ,

m§¢ = —2a TT + aQQ — alTQ, ¢¢ = ag + a2 , ¢¢ = — 2a2 + 2a2QQ — a{Q,
m‘gd’ =ai’ + a @4 agTQ, m7 = a4QQ, mgd’ =all + 4a 2a2TQ,

m§¢ =—a" + 2CLESQ + agQ, m‘fff = —2ai" + 2a5QQ + 2a§Q — agQ, m11 = ZaQQ a3TQ.

(3.10)
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The inverse map is given in Appendix [D.2.1] Equation (D.2.1]). Reexpressing ¢ in terms of T'
and () we obtain

3 3 5
2 _ _1 R TT 3 sTT TQ 1 sTQ QQ 1 ,QQ
Ly = 5 |[—™ R—i—;mi M; +;mi M; —|—;mi M; , (3.11)

where T', () are now independent variables and

1 1
mlTT = alTT — ZCLF’ mgT = agT §aF, mgT = a3 + a
1 1 1
QQ QE F QQ QQ F QQ QQ F
m° =a —=a , My =0ay +=a , Mg =ag +-a,
1 1 4 2 2 2 3 3 4 (312)
1
me _ an, m?Q _ a?Q _ §QF7
mlT :a{Q—l—aF, m2T :agQ—l—aF, mSTQ:a:,,TQ—aF.

These formulae can be specialised to antisymmetric and symmetric MAG, simply setting ) = 0
and T = 0, respectively. In the following sections, we will move on to consider dimension four
terms.

3.3 Antisymmetric MAG

3.3.1 Einstein form

We start from the subclass of antisymmetric MAGs, taking g and T' as basic variables. This
case has been considered in [44], where the potential terms of the types T and others were
also thoroughly considered. The numbers of independent terms or each type are

RE[ (VT | RVT | RT? [ T?VT | 77| Total
31 9 2 14 | 31 |33 92

Let us list explicitly the terms of the first three columns, that are relevant for the flat space
propagators. We have three RR terms

H{"™ = Ry, R, Hy" = R, R"™ , Hy" =R, (3.13)

nine (VT')? terms

HTT = VTP Tys HIT = VTP Ty,

HTT Var 12)T’8V tr (12 Tﬁ s

HTT le(1 T 'BdIV(l)Taﬁ s H5TT = diV(l)TaBdiV(l)TBa y (3.14)
HTT le(2 T 5diV(2)Taﬂ s HT = div 1)TaﬁdiV(2)Ta5 >

HTT div(e) T’V atranTs | HTT (trdiv(yT)?
and just considering the independent contractions one has five RVT-type terms

H" = ROV Tpy5 , Hy'" = RV, Tpys

H?])RT = Rﬁ’ydiV(l)TﬁV s HfT = Raﬁvatr(lg)Tﬁ s H?T = RtrdiV(l)T . (315)
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However, these invariants are not all independent. Indeed we note that contracting the first
(algebraic) Bianchi identity with VT we obtain the relation

HFT = oH " (3.16)
while using the second Bianchi identity, contracted with 7', and integrating by parts we obtain
the relations

H™ = H™

3.17
HIT = —2HT (3.17)

A possible choice consists of keeping

{HIT | HFTY (3.18)
as independent invariants of type RVT. Thus, there are 3 + 9 4+ 2 = 14 independent terms
quadratic in the fields.

In the table, we also give the number of interaction terms. We have determined these
numbers using the function AllContractions of the xTras package for Mathematica. [[| For
the RTT terms, this gives 18 different contractions, but the first Bianchi identity, contracted
with TT, gives 4 relations between these terms, leading to 14. For TT'VT, Al1Contractions
gives 46 terms, but there are 15 total derivative terms of this type, so the number of independent
ones is 31. [

3.3.2 Cartan form

We shall begin by listing all the terms that can appear in the first three terms of (3.1)).
F'F terms:

LT = FreF Ly" = FHrF L{" = Fr*F,

Qrpo nrop POV
FF __ puvpo FF _ puvpo FF __ puvpo
L4 =F FHPVU ’ L5 =r FMUVP ’ LG =rI FHUPV ’

LgF — p3)ur p(13)

L?F — F(lg)HVF;E}/B) :

13
| T

L{F = pmw pln o L7 = pUomw pos) (3.19)
Lle _ F(13)MVF;511/4) ’ LgF _ F(lg)'ul/FzE,l;l) ’

Lfé)’F — F(34)MVFLE.34) ’

LﬂF _ F(34)MVFI£,1/3)

Y

Lff)F _ F(34)MVF(14)

pv

)

LY =F?.

"While this counting may still be possible by hand in this case, it becomes practically impossible for general
MAG.

2The number of total derivative terms can be determined by applying AllContractions to ¢7'TT, where
g" is any vector (it can be thought of as the momentum).
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FDT terms:

LfT - FMVPO-DMTVPO' ) Lg‘T = FMVPUDMTVU,O ) L = Free D TPVU ’
L = [reee T,uVJ ) LgT == F'LWPGDPTHUV ) L = Free D TMVP ?
LET — prvee DT,

LgT = FO% D trgpT, , LET = FOO D, tron T, |

L = FOY D v T, L{}T = FUY% D tranT, , LI =FGYD trqoT, |

LFT FO3m Divy T, , LI = FU9 Divy)T,,,

L{;,T = FUY% Div T, | L{“GT = FUdm :

LT _F(13;“ DiviyT,. L{;T_FU‘*;M DiviyT,.
)

)

Lfg =[G "DiviyT,. ng)T = FG " DiviyT, Lng = FtrDiviyT .
(3.20)
(DT)? terms:
LTT = DT D Tss LIT = DT D Tys,
LTT D“tr(lg T/BD tI' 12 Tg s
LTT DlV( )T fBDlV( )Taﬁ 5 LgT = DiV(l)TO‘BDiV(l)Tlga 5 (3.21)
LTT DlV( )TaﬁDiV(Q)Taﬁ s LT = DiV( )TaﬁDiV(z)Taﬁ s

LTT DlV( )TaﬁDatr(lg)Tﬁ , LTT (ter( )T)2 .

We observe that whereas the 38 terms LTT L[99 LTQ in (3.21] [3.46| [3.74) are in one-
to-one correspondence with the terms HTT, H9? HT? in (3.14] [3.41} [3.72), there are many
more terms of type F'F, FDT, FD(@ than RR, RVT, RV(). This is due to the fact that the
curvature tensor I’ has less symmetries than the Riemann tensor. This also means that there
will also be many more relations. Our goal now will be to uncover these relations, exhibit a
basis of invariants and construct the map between the couplings in the Cartan basis and those
in the previously established Einstein basis.

Concerning the cubic and quartic interaction terms, we shall not attempt to count them
here, as this would be overly complicated. However, we know that ultimately they will be in
one-to-one correspondence with those of the Einstein formulation, that have been counted in
the previous sections.

Since in antisymmetric MAG F' is antisymmetric in both pairs of indices, there are fewer
independent terms than in general MAG. We keep LI'F with i = 1,3,4,7,8, 16, while

LFF —LFF, LFF —LFF7 LFF LFF
Lyt =", L =gt L =-L{", L =-L{", (3.22)

LﬂF — LFF LFF 0.

We keep all the terms LT7. They are the same as the invariants of type (VT')2, except for the
replacement of V by D. We keep LI'T with i = 1,3,4,5,8,9,13,14,17,21, while

Lg’T:_LfT ’ LGFT:—LfT ’ LFT —LFT
LFT:—LFT 7 LfT:_LFT ’ LFT:—LFT ’ LfﬁT_ LﬂT , (323)
LFT o LFT LFT LFT LFT

17 > 20 —

We now have 25 quadratic terms, compared to the 14 quadratic terms in the Einstein form of
antisymmetric MAG.
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There are several additional relations. Multiplying (3.3]) by F', we obtain, up to interaction
term of the form FT'T,
LFT o LFT . LFT — _LFF + LFF

LT 4 LET = [P oI (3.24)
LFT—QLFT —LFF+2LFF
and multiplying (3.4) by 7' (and using integrations by parts) gives, again up to terms of the

form FTT,
LT -2l =0,

Y A S S | (3.25)
2L + LI =
Furthermore, multiplying (3.3) by VT gives, up to terms cubic in T,

L =1/205" — L{T
LFT LﬂT — LTT o LTT
LgT LFT _LTT 4 LTT i LTT
2LFT LFT LTT + 2LTT
Llf“T LFT —I—LFT LTT+LTT+LTT
2L — LFT = 1T 27T .

(3.26)

Altogether we have obtained 12 relations, of which 11 turn out to be linearly independent.
Therefore we can eliminate 22 out of the 36 invariants listed in (3.19} [3.21} [3.20)), and we
remain with 14 independent quadratic invariants, exactly as in the counting in the Einstein
form.

There are many ways of solving these relations, but we shall consider here only two. The
first is to retain all the nine L7 terms, plus

(L5F ) LEF LRy and  {LED ) LETY (3.27)

which is in one-to-one correspondence with (3.13)) and (3.18]). Thus, the elements of this basis
are in one-to-one correspondence with the elements of the basis in the Einstein form, from
which they are obtained just by replacing R — F' and V — D. The remaining invariants are

given in Equation (D.1.1)) in Appendix [D.1.1}

Due to the geometrical meaning of the curvature, when we use the independent connection
A, it seems desirable to keep all terms that contain F, and instead remove others. We can
choose as a basis the six LF" invariants {LIF | LIF | LFF O LEF 0 LEF LEFY plus

The remaining invariants are given in Equation (D.1.1)) in Appendix|D.1.1} In the next section,
we will consider another form of the same theory, rewritten via decomposed variables.
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3.3.3 Decomposition of Torsion

The torsion field can be decomposed into representations of the Lorentz group

Tu = Tuaom

T VoA
T# - E,LLVpAT p ) (329)
1 2 1 1 1 1
Kapy = Tapy = Tlapy) = g9lasTy) = 5Tasy + 3Tays + 5Thay + 390y Ts = 590815,
where T is a vector, T'is an axial vector and & is the pure tensorial part of torsion that satisfies
K% =0, Pk, =0 (3.30)

and n*P* is the Levi-Civita tensor:

N = /g P, (3.31)
where € is the Levi-Civita symbol. It is sometimes convenient to use condensed notations:
T,T" =T T,T"=T? Kop™ =k, (3.32)
Then,
ap 20 L 2
T Topy = =17 — =17 +
| ? 2 ?VQ L, (3.33)
T ’YTafyg:gT +6T +§l€ .
Here we display some useful consequences of (3.30) which are straightforward to prove:
1
HANVRAVM = 5/{27
Apv 1 y.N%
Y /f,upu =Sk "i,upl/a (334)
/{A’”’/@pw - /{’\‘“’ﬁpw - /i,fl,/i#py =0,

Nagsc T (VEVAKD) = 211005 T (VEV 5r7°) = 0.
These identities also hold through derivatives, for example,
HA#VDFJ/\V“ = %/ﬁ,\WDﬁ)‘W. (3.35)
From the second Bianchi identity for any vector T', we have
R*N,T, = SRV, T (3.36)
We rewrite the action in terms of the decomposed fields as

1 .
St = Supc — 3 /d4x [mlTHT“ +moT, T + mgk,"? + 11 RV, T" + 1R,V oK% )
+d\T,0T" + dyT,V VT + ds T,O0T" + dyT),V VT + dsk,, 06" + dihiy )\ V"V, 577
+d7f<aup)\V“Vl,f<;”)“’ +ds T,V ,V, k" 4 dgnw,p,\T“V)‘Vaka"”p +.. } .
(3.37)
where Sype is expressed in ([1.17)). and the dots, as usual, represent terms that do not con-
tribute to the flat space propagator.
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3.3.4 Field redefinitions
As was discussed in [86] there exists freedom to redefine torsion tensor as
Topy = o1 Topy + a2 Toyp + a3 gopgdy (3.38)
This linear transformation is invertible if
of £ a3, o +ag+az#0. (3.39)

We can use such redefinition to remove two terms from the Lagrangian, for example, HIT and

HIT. We achieve this with

o as bs
ap =0, » = b — bs‘ (3.40)

After that, there still remains freedom to perform an overall scaling of the torsion. Alterna-
tively, working in the decomposed variables one can remove the terms proportional to
dg and dy from ([3.37). This way the three components of torsion would be decoupled from
each other (at the linearised level). The reabsorbed terms will reappear as loop corrections. In
order to make them absent along the RG trajectory one can allow the coefficients a;, as and ag
to depend on the cutoff. Removing the term R*'V T, requires redefining the curvature (and
therefore the metric). Later we will discuss a possibility to consider more general nonlinear
redefinitions and those involving derivatives [87].

3.4 Symmetric MAG

3.4.1 Einstein form

For symmetric (torsion-free) theories, one can take g and @) as fundamental variables. Then,
the counting of dimension-four terms is as follows:

RZT(VQ??[RVQ | RQZ[ Q°VQ | Q* | Total
3 | 16 4 22 | 59 |69 173

The quadratic invariants are the three R? terms already listed in (3.13)), plus the following
(VQ)? terms

HPP =VeQP° VoQays HY? =VeQP V,Qop5
HQQ Ver (12) Qﬂ \V4 tr(12 QB R HQQ Ver (23) Qﬂ \V4 tI’(23 QB ,
HQQ Vr 12)@6 \Y tl"(23 QB )

HQQ le(l)Qaﬁ le )Qaﬁ s H?Q = diV(g)Qaﬁ diV(g)Qaﬁ y
HgQ V(g)@aﬂ dIV )Qﬁa s HQQQ = diV(l)QO‘B diV(g)Qag y (3-41)
H%Q div(2Q*’V, tr(lz)Qg , HE9 =divg)Q*V,tres Qs

12 = div, Qaﬁvﬁtr(l Qo HQQ div(y) Qaﬁvﬁtf(% Qa

HEQ = (trdlv Q)2 HQQ (trdiviQ)? |
H%Q—trdlv )@ trdivin)@
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and the RV(Q) terms

HE? = RO Qus , HE? = ROV, tra9Qs . HE9 = ROV stros Qa
H9 = R div(1)Qup H5Q R div9)Qup (3.42)
H6RQ = Rtrdiv(l)Q , H;%Q = RtrdiV(Q)Q .

Once again, not all these invariants are independent. We note that using the second Bianchi
identity contracted with ), and allowing integrations by parts, we obtain three relations

HIO = B9 @
2HF? = HF® (3.43)
2HI? = HEC

For example, we can solve for H}' © HE @ H?f% ? and keep
{H, H®, HJ®, H} (3.44)

as independent invariants. There are therefore 3+16+4 = 23 independent invariants quadratic
in the fields.

The numbers of cubic and quartic interaction terms are determined as in the previous
subsection. AllContractions gives 23 terms of the type RQ(), and the first Bianchi identity
contracted with Q@) gives one relation between them, bringing the number of independent
terms of this type to 22. For QQV(Q terms, Al1Contractions gives 95 terms, but 36 of them
are total derivatives, so the number of independent ones is 59.

3.4.2 Cartan form

Now we proceed with our consideration of Symmetric MAG in geometrically motivated Cartan
form. In addition to (3.19)), we have the following contributions of F'DQ type:

LY9 = Froeo DLQu © = F"D,Quo
LE? = Freo DLQ sy Q= FUD tri9Q, |
LFQ FU3w D tr 12)Qu L§Q = F(I?’)WDM‘ZT@S)QV ;
L9 F(IB)WD tros Qu ) L10 = F(M)WDutr(l?)Qv )
LﬂQ FOY% D trpQ, L12 = FU9 D tr05 @,
L13 = puw YDytresQy L = FG 4)NVDMtr(12)QV )
LﬂQ = FGY D, tro5Q, LffsQ = FU9" DivyQuy
( )
( )
(

LfQ = F“VpUDuQupa ) LgQ = FW}WDVQPUM )
L
L

(3.45)

Li? = FU9% Div Q. ,  Lig® = FU" DivigyQ,
Liy’ = FO9% DiviyQ,, , Ly = FI9% DiviyQ,, |
Lle = 4 Dw(2 Quu LFQ FGY Divi,Quu
L23 = FtrDiv(@ L24 = F'trDivy@ .
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and of (DQ)? type:

90 - DM D,Qns . 199 DUQP D

199 Dty Q Dtr Qs+ L2% = DPtriay @ Dt @s

L?Q = Datr(m)QB Datres@s

Lg?@ _ DiV(l)Qaﬁ DiV(l)Qa,B , L?Q = DiV(g)Qaﬁ DiV(Q)QaB )

LZ? = DiviyQ*’ DiviyQpa ,  L? = DivyQ*’ DivinyQups (3.46)
( 120Qs » L7 = DivyQ*” Datrey Qs

L% = Div)Q™ DgtranQa » Ly = DivgQ*? DytrgQu

L97 = (trDivy@)* L% = (trDiv)@)*

L%Q = trDiv(;)Q trDiv(9@

In symmetric (torsion-free) MAG, the curvature tensor is only antisymmetric in the first pair
of indices, but the first Bianchi identity (3.3)) leads to six independent relations
FF FF
Li" —2Lg" =0,
FF FF
Ly" —2L;" =0,
Ly" =L+ L5T =0,
Ly +2L7 =0,
Ly = L'+ Ly =0,

Ly =Ly +Lis =0.

(3.47)

This reduces the number of independent curvature squared terms to 10. We keep the invariants
LI with i =1,2,3,7,8,9,10,11,12, 16 and solve for the others:

LEF<1/2LEF 4 LEF | LEF = 1/2LET

LgF = 1/2LfF ) L{;F = 2<L$F - LgF) ) (3.48)
T T T

Multiplying (3.3) by D@ we obtain, up to interaction terms, the relations
F F F

Ly’ — Lig’ + Ly’ = 0

L —LE° +LiP =0

?

?

L - Li°+LiP =0, (3.49)
Li°+Li°+Li° =0,
and multiplying by () we obtain, again up to interaction terms, the relations
L7 = Lif’ = Ly’ =0,
Ly = Lyg? = Ly’ =0, (3.50)

LEQ _pFey1he —o
Li° L+ L2 =0.

In this case, the Bianchi identities are not enough to uncover all the relations and we have
to resort to another method. We can use (1.37)) in the F'F' terms; this will give among other
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things RR terms, RVT and RV(Q. We can look for linear combinations of the F'F' terms such
that these terms involving R in the r.h.s. cancel out. In this way, up to cubic and quartic
terms, we will relate F'F terms to (DT)? terms etc. From the F'F terms we obtain

LfF 4 LgF _ L(i.?Q _ L(?Q 7
2(LYT — LEF) = 3099 — 2099 — 3L¢° — 2199 + 4139 |
HLET - 1) = 189 - 187
ALY — LAY = 4099 + 199 — 4199 +4L$9 — 4199 — 8LEY
FALE0 + 8LY° —4L9? — L9P — 48R 44182
MELEF — LEF) = ~19% + 2199 ~ 2199 + 2199 + 199 - 2199
L 2L 2Ll = L9+ LY+ LI° — 2052 — 2L + LE7 .

~— ~—

(3.51)

Operating in a similar way on the F'D(@) terms we obtain

279 = 79 - 1§,
LY 4 1f@ = — 199 4 199
ALY? + L) = 199 — 2199 — 99 — 2199 1 4199 |
LEQ — [F9) = 199 _ o189 _ [¥9 4 289
2(Ls? - L7%) = —L§% + Li*
L8 4 LF@ = — 199 4 199
ALEC — LFR) = —2L99 4 L¥9 42199 — oL%% 4 2199 _ [%Q
2Lg? - Ly?) = LI+ LE?
LEQ 4 [FR = 199 4 [9Q (3.52)
ALER — LER) = L99 — 2099 4 2199 — 2199 _ [90 1 2[9%
2LER = [99 _ 99
2LEC = 99 — 199
Lig® + Ly = L§9 — LE?
2Ly’ — Lig’) = —L3% + LY
Lig® + Ly = L79 — LE?
LEQ — [FQ) = o190 _ o[@Q _ o[ Q@ | [9Q 4 9@
OLER = [99 _ 199

)

)
)

Y

We need one additional relation involving both F'F' and F DQ:
ALY + LI — L9 + LIQ) = 199 + 2099 — 197 —4L¥R + 182 + 2080 — 189 . (3.53)

These 24 relations are all linearly independent, but they are not independent when one takes

them together with the 8 relations (3.49} [3.50) coming from the Bianchi identities. In fact,
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the system of all 32 relations has rank 27. This means that we have 50-27=23 independent
invariants, in agreement with the counting of the previous section.

We can choose as an independent set the relations (3.51} [3.52} [3.53)), plus the first three
relations in (3.50)). There are many ways of solving these relations, but we shall consider here
only two. The first is to retain all the 16 L9Y terms, plus

which is in one-to-one correspondence with the sum of (3.13) and (3.44). The remaining
invariants are given in equation A.13 of [86].

As in the antisymmetric case, we can also keep in the basis the ten LI'F

invariants

FF FF FF FF FF FF FF FF FF FF
{Ll ) L2 ) L3 ) L? ) L8 ) L9 ) LlO ) Lll ) L12 7L16

plus
F F F F F F F F
{LIQQ ) LlQOQ ) LlQlQ ) LlQZQ ) LlQALQ} and {LloQ ) LllQ ) LlQQ ) L14Q ) L16Q ) L17Q ) LlSQ ) LQSQ})'
(3.55

The remaining invariants are given in Equation (D.1.2) in Appendix [D.1.2
3.4.3 Decomposition of nonmetricity
Primer Decomposition
In the nonmetricity sector, we first separate the two traces

Q = Q(ZS) = Q aaa

e . (3.56)

Q,u = QELH) - Qaa,u .
Then,

Qapy = 1—18 [gﬁv <5Qa - QQa> + Gas <4@7 - Qw) + Yoy (4@5 - QB)] +dapy,  (3.57)

where the remaining part is denoted as q. We introduce again condensed notations

Q,uQ'u = Q27 Qu@u = QQa qlwpqlwp = q2' (3'58)

and we have, for example,

, D 4 4 2
Q@M = —=Q* + 2Q* = ZQ\Q* + ¢, (3.59)
18 9 9
One also has to consider relations that hold up to our non-interacting truncation such as

"IV G50 — ¢V o V0505 = 0. (3.60)
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Finer Decomposition

We can further decompose ¢ to the totally symmetric part and the rest:
Quvp = Spvp T Upwps  Spvp = Quvp)- (3.61)

Then the field T, T, &, Q, Q, s, u are irreducible representations of the Lorentz group. There
are multiple relations that follow from the conditions s,,, = S(u,) and ww, = 0. We will
display a few most relevant ones:

17
Uy + Uy’ +u,” =0,

SO"BVuOI/g7 =0,

Saﬁ/é(u[aa«, + 2ua57) =0 s (362)
1
aBy — a2
U UBary 2U

There are also some mystically appearing identities. Notice that

Qauaﬂv + 2Qau6a7 7£ 0. (363)
However, R A
Q*V'VP:U4up, +2Q°V IV U, =~ 0 . (3.64)

After implementing these and a considerable number of other identities which are long to write

down but however relatively easy to obtain, we arrive at the following results for the action of
the Symmetric MAG:

1 . .
So = Supac — 3 /d4l“ [m4QaQa +ms5QaQ + meQ Qo + M75,u,,8""” + mguy, ,ut”
+ 73RV Q" + 1aRVoQ” + 15 R0V p5™ + 16 R,V u
+ d10Q.0Q + anavavﬁQﬂ + d12QaDQa + dlSQavavBQB + d14QaDQa
+ d15Q°V oV Q7 + di68,,, 05" + di75" 05V V18" 4 dygtty,, Ol

+ dlgu“agvuvyu”aﬁ + dgouag“vuvyuaﬁ” + dglu“agvuvys”aﬂ + dQQQPV#Vl,s”‘“’
+do3Q,V V5™ + dpyQ, Y, Voul™ + d%@pvuvyupﬂy] ,

(3.65)

where Sppg is expressed in ((1.17]).

3.5 General MAG

3.5.1 Einstein form

In the general case, the counting is simpler if we use ¢ as a variable, rather than 7" and Q.
Then we have

RZ[ (Vo2 | RV | Ré® | $°Vo | ¢ | Total
3 | 38 6 | 56 | 315 |504| 922
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The list of the (V¢)? terms is [

H{® = VoV obpr5
Hf¢ = va¢575va¢7,36 3

77 = va¢676va¢ﬁ6’y )
= V9PV bssy

0 = Va¢,876va¢&yﬁ >

H$¢ = Vtra2 ¢’ Vatrasds
HY? = Vetrag @’ Vatrasds

H$¢ Votrand? Vatrasds , HY? = Votras o’ Vatr
Hﬁ? = Vo‘tr 12) qbﬁV tr(23 Q§5 s H1¢1¢ = V%r 13)¢5V tI‘

d)ﬂu
308

H{Y = divy¢®?divydas HYY = divg ¢O‘Bd1V(1)¢5a ,
Hf)f = div(9)9® 6d1V( yPas Hf? = divyy qﬁaﬁdiv(g)gbﬁa ,
HYY = divig)¢*Pdivey das Hﬁi = div3)6*div(zdsa
Hiy =divg gbo‘ﬁdiV(Q)(;ﬁga ,

)

(
Hfg’ divy ¢a6le(2 bap
H%) = div(y)¢® Ble( yPag
H 5 = div g)gbaﬁdlv yPas
H? = div(l)qﬁaﬁvatr(m)(ﬁﬁ 5
HYY = div(3¢*°Vatrands
Héﬁgﬁ = diV(2)¢a6Vﬁtr(12)¢a s
HEY = (trdivye)? |
HyY = trdivyptrdivige |

Hgf = divy gbo‘ﬁdlv )PBa
H;? = div(1)¢p*’V atTa3)0s
HE = divis)¢* Vatrasds
Hf{’b = div()9” Bvﬁtr 13)%a
Hg)f = (trdiv(2)¢)2 s

H? = trdivy ¢ trdives ¢

HyY = divy¢*®Vatresds
Hg = divy¢™* Vatrs és
ng = diV(2)¢O‘EV5tr(23)¢a ,
Hg? = (trdiV(3)¢)2 ,
H3Y = trdivig) ¢ trdivis) ¢ .
(3.66)
Note that the contraction of indices in the terms Hy - Hgy is different from the order in the
preceding six terms. This is necessary to make them independent. In fact, another way of
writing those nine terms is

Hébf = —div(12)¢“tr(12)00 H;? = —div(12)0*tras) P HS’S’ = —div(12)0“tr(23)P0

HYY = —div(13)9*tr(12)00 HyY = —div(13)9“tr13)00 Hy = —div(13)0*tr23) @0
HYY = —div(23)0“tr(12) 00 HYY = —div(23)0*tr(13)00 Hy = —div(23) 0T (23) 00 -

(1)
(2)
3)
(1)
1'.’15751(7j = le(1)¢aﬂle(3 ¢5a s
(2)
(1)
®3)

(3.67)
The RV ¢ terms are
Hi = RN ogps o Hy "= RN, Hyo = B Vsgag,
H{" = ROV trayds , Hi? = ROV trasyds . Hy” = ROV trs s (3.68)
H;w RaﬁdIV(l)qbaﬁ s ngﬁ == Ra’gdiV(g)gbaB s Héw == RaﬁdiV(3)¢aﬂ s .
H{YY = Rtrdiviyo | H{? = Rtrdivigyo | H{Y = Rtrdivigyp .
Using the first Bianchi identity for V and contracting with V¢ we obtain the relation
HY + HFY —HF =0, (3.69)

Contracting the second Bianchi identity with ¢ and using integrations by parts, one finds:

H{" — H® + Hy? =0,

Hy + HIY — HY =0,
R R R
H3' + Hi'* — Hg* = 0, 370
Ré _ prRé _ (3.70)
2H," — Hy3" =0,
QH — HY =0,
2HF — HIY =0 .

Snote that up to terms of the form RV¢, div(1)¢*?V gtr(12)pa = div(3¢*?Vatrz¢s ete.
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A linear combination of the first three is equivalent to (3.69)), so there are six independent
relations. Using these we can eliminate six invariants, bringing the number of RV¢ terms
from 12 to 6, as indicated in the table. For example, we can solve for H1P°¢, H;w’, H§¢, Hf¢,
HE, HY and k
5, Hg” and keep

{H{, HS®, Hy® | Hi’ | HY | H{Y'} (3.71)
as independent invariants. There are therefore 3+38+46 = 47 independent invariants quadratic
in the fields.

In the following, we will mostly use 7" and @) as independent fields instead of ¢. Then the
kinetic terms for these fields would be given by (13.14] [3.41]) and by the following VT'V(Q terms:

H® =VoT"V,Qps Hy® = Vo9 TP Vatras Qs
50 = V*r 12)T5 \Y tl”(gg Qﬁ s 0 ‘
H,” = le(l)To‘B div(1)Qas Hy ™ = divp)T Tes divie)Qas
HgQ = le(l)Taﬁ le(Q)Qa,B s H?Q = diV(l)T o div Q)an N (372)
HTQ le(g)TaBV tr(1 Qﬁ s HQTQ = diV(g)Ta'BVatr(gg)Qg s
H 0 = le )QO‘BV trae Tg , HlTlQ = diV(g)Qa6VﬁtI‘(12)Ta ,
Hi, TQ = trdlv I trdiv) @ HngQ = trdiv(q)T trdiv(9)@ .

We count 9 (VT)? terms, 16 (VQ)? terms and 13 VI'VQ terms. In total they amount to 38
terms, that can be used interchangeably with the 38 (V¢)? terms listed above. A basis for the
quadratic terms is given by these 38 terms, plus the three R? terms, plus

(HFT  HEFT g HEC glie HEOV (3.73)

(which is the union of and (3.44)), for a total 47 terms.

For the cubic interactions, Al1Contractions gives 65 terms of the type Ro¢, but the first
Bianchi identity, contracted with ¢¢, yields 9 relations between them, so that the number of
independent ones is 56. E| AllContractions also gives 483 terms of the form ¢¢pV¢, out of
which 168 are total derivatives, so the number of independent ones is 315. The numbers are
obviously the same if one uses T" and () as variables.

3.5.2 Cartan Form

DT DQ terms
LT9 = DT D Qpos L3® = Dtr9)T° DotrayQs
L Datr(lg)T’B Datr(QB)Qﬁ )
L;° = DivyT* Div)Qup ,  Li® = DivgyT Div(g)Qus
L¢® = DiviyT* DiviyyQas » L3 = DivyT*’ Div(g)Qpa (3.74)
Lg® = Divy T DatraQs , Ly = DivyT® ﬂDatr(??’ Qs
LTOQ — Div(y )Q"‘BD tranTs LﬂQ = DiV(g)QaﬁDﬁtr(m)Ta )
L1T2Q = trDivy)T trDiv(y@ Lng,Q = trDivy)T trDiv(9)Q .

4The nine relations can be most easily counted in terms of Rp¢, but they are equivalent to the 4 relations
that we have already mentioned for the RTT terms, one relation already mentioned for the RQQ terms and
four additional ones for the RT'Q terms.
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We have listed in (3.19)),(3.20)), (3.21)),(3.45)), (3.46)), (3.74]), 16 terms of type F'F', 38 terms
of type D(T/Q)? and 45 terms of type F'D(T/Q). We thus have 99 quadratic terms, compared
to the 47 ones of the Einstein form of the theory. We now look for linear relations between
these terms. As in the previous sections, these relations hold up to terms cubic and quartic in

F.T, Q.
Multiplying the first Bianchi identity by F' we get
L7 —2Lg" =27 + LIT
Lyt —oLf" =2Lf" + LEFT

Li};F—LfF_’_LgF — _Lg’T_I_LfT_Lg'T 7
LEF LI L — 10T LT L
LEF — LEF 4 LI — LT 4+ L7 4 LET

LEF oLt = —orfT + LIT
while multiplying it by DT we get
2L + LET = LTT — 21T
LgT + L3FT + LGFT _ L%“T . Lg“T . L?T 7
2L — LT = [T 2017
Ly" —Ly"+ L =—Li" + L§" + L§T
Ly =L+ Ly = Li7 — Lg"
2Ly + Lyg = Lg" —2Lg ",
and multiplying it by D@ we get
LFe 4 pfe i =@ 94 11
Lg® — Ly + L = L% + L - L1,
LgC — Ly + L5 = L% + Ly — L1,
L _prepfe_pre _pre 1o
Multiplying the second Bianchi identity by 7" we get
LT —20f =0,
LET —2Lil =0,
LT — L+ L7 =0,
Lg" — Lis +Lig =0,
Ly" — Ly + Ly =0,
2Li — LA =0,
and multiplying it by Q) we get
Li® L+ Lig =0,
L5® — Lif’ + Ly’ = 0,
LfQ - LiQ - L2F4Q =0,
LEQ—Lfe —Lfl — 0.
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In total these are 26 relations, of which 25 are independent. H One can obtain an independent
set by eliminating for example the fifth relation in .

As in the case of symmetric MAG, the Bianchi identities do not exhaust the set of linear
relations between the invariants. The additional ones can be obtained by the same method
that we used for symmetric MAGs, namely using and eliminating terms of the form
R?, RVT and RV(Q from the right hand side. This gives many additional relations that are
listed in Appendix [D.1I] Considering also these, we have altogether a system of 70 relations
of which 52 are independent. Since the initial number of invariants is 99, we remain with 47
independent invariants, in agreement with the counting in the Einstein form of the theory.

We can now exhibit two bases. The first consists of all the 38 L7, L¥? and LT terms,
plus

which is the sum of (3.27) and (3.54)), and thus is in one-to-one correspondence with the sum
of (3.13) and (3.73]). The remaining invariants are given in Equations (D.1.3HD.1.34D.1.3) of

Appendix [D.1.3]
As before, we can also choose as a basis all the 16 L invariants in (3.19)) plus

(", Lt Lyt LIty
(199, 199 189 190 199)
T T T T
{L1Q7L10QlelQuLl2Q} (381)
{LfT ) LEI:T ) LgTa LfQT ) Lf;}T ) LﬂT ) LfST ) Lﬂ;T ) Lng
F F F F F F F F F
{Ll()Q ) LllQ ) L12Q ) L14Q ) LlGQ ) L17Q ) LlSQ ) L19Q ) L23Q} .
The remaining invariants can be expressed as linear combination of these. Explicit formulas
are given in Equations (D.1.34D.1.34D.1.3)) in Appendix
We observe that the bases given for antisymmetric and symmetric MAGs can be obtained
from these by dropping the terms that contain ) and T respectively. In the case of the first

basis this is enough. In the case of the second basis, one has to further eliminate certain terms
of type FF, FDT or FDQ.

3.5.3 Decomposition of the mixed sector
We list some of the additional identities that we will need

5% o5 — K qgas — K qugs = 0,
uP (2V75a55 + VQngé) =0, (382)
(uaﬂ7 + ZUWB) V, VT, ~0.

>Twice the first of (3.75), minus the second minus the fourth, minus the second of (3.78)), minus twice the
third plus the fifth, is identically zero.
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Finally, the resulting decomposed action of general MAG becomes:

1 .
Stq = Supa + St + Sg — 3 / d'z [mgQaTa + m1oQTo + muu ki,
+ doTo0Q" + dyr TV V Q7 + dosTo0Q + dog TV VQ” + dsoQu VsV r"" (3.83)
+ d31QaV sV 5 4 dyToV 5V 5% 4 dgs ToV 5V u? 4 dagtapys TOVOV

+d35/<;“a5VHVl,s”a6 + dgﬁlﬁ}agyljuaﬁﬁ/ + d37/<a“agvyvyu”aﬁ + dggliagyvuvyuaﬁy}

3.5.4 Linear field redefinitions in general MAG

Next, we consider redefinitions of the distortion. It is enough to consider redefinitions that are
linear in the distortion and either ultralocal (i.e. do not contain derivatives) or contain two
derivatives. The former map mass terms to mass terms and kinetic terms to kinetic terms; the
latter map mass terms to kinetic terms. More complicated redefinitions will only affect the
interaction terms. The linear ultralocal redefinitions of ¢ are

0Papy = 1Papy + 20pya + Q3018 T Ao + AsOypa + A6Ppay
+ gap (artr2)0y + astras) oy + agtr(es) o)
+ Gory (&10t1‘(12)¢5 + antras)ds + al?tr(23)¢ﬁ)
+ g8y (ustr(a2)@a + 1atr(as)da + 15tres) da) -

(3.84)

Using such field redefinition, one can remove 14 terms from the Lagrangian.

3.6 Maps

For certain purposes it is useful to have the map between the coefficients of the Lagrangian
in the Cartan form and in the Einstein form. This has already been discussed in the case
of the terms of dimension two. For the terms of dimension four, we shall limit ourselves to
the transformation of the 47 quadratic terms. The procedure has already been described in
sect.3.1. Inserting in , a straightforward calculation leads to a Lagrangian of the
form (3.2)), whose b coefficients are functions of the original ¢ coefficients. These linear relations
are given in Appendix[D.2.2] We furthermore provide a map between Einstein and decomposed
forms therein.

3.7 Conclusions

Leaving aside the cosmological term, and the possibility that distortion may contain a massless
state, the dynamics of MAGs at very low energies (by which we mean energies below all the
masses that are present in the theory) is dominated by the 12 dimension-two terms. These
comprise the Palatini term and terms quadratic in distortion (or equivalently in torsion and
nonmetricity). In this regime the theory behaves like simple Palatini theory: the equations
of motion generically imply that the connection has to be equal to the LC connection. Thus,
unless the distortion contains some massless state, at sufficiently low energy the EFT of MAG
becomes indistinguishable form the EFT of the metric theory of gravity. If the masses of the

37



distortion (or equivalently of torsion and nonmetricity) are much lower that the Planck mass,
which we assume to be the UV cutoff for this EFT, there will be a regime where distortion
could propagate. For this one has to consider also the dimension-four terms, of which, in a
general MAG, there are 934.

Already listing bases of independent terms requires considerable work. We have restricted
our attention mainly to the terms of dimension 4 that are quadratic in (R,7,Q) (in the
Einstein form) or (F, T, Q) (in the Cartan form). These are the only terms that contribute to
the propagator in flat space. We found that there are 47 independent invariants, that have
to be picked among 53 invariants in the Einstein form of the theory and 99 invariants in the
Cartan form. Listing the independent terms in the Lagrangian implies a choice of basis and
we have given two examples of such bases, one containing all terms quadratic in (7, @), plus
more, and one containing all terms quadratic in F', plus more.
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Chapter 4

Propagators in flat space

4.1 Linearised action

We consider the linearisation of the action around Minkowski space

Guv = Nuv Ap'ul/ =0 ) ¢puy =0. (41)

The terms in the Lagrangian that contribute at quadratic order in the fluctuation fields are
those that are quadratic in F', T and @), including also covariant derivatives of T and (). In
the Cartan form, these are

1
Lo=—3 [ —a"F + Za?TM?T + Za?QMiTQ + Zai@QMZQQ

+Z CFFLFF—FZ CFTLFT+Z CFQLFQ+Z CTTLTZT—FZ c-TQLTQ—i—Z CQQLQQ} , 42

where the first line contains all the dimension-two terms and the second contains the dimension-
four terms. We do not specify the ranges of the sums, because they depend upon the choice
of basis. In the Einstein form, the terms contributing to the two-point function are

1
Lo == [ R M M+ M2

+> CBFEEFRLN CpFT TS B+ o] THT;+Z b CH 94> bQQH.QQ} . -

The metric fluctuation field is h,, = g, — N . Since the VEV of A (and ¢) is zero, we shall
not use a different symbol for its fluctuation and identify it with A. By Poincare invariance,
the quadratic Lagrangian in the Cartan form of the theory, takes the form

1 d4q v AA) Tpo v Ah) po v o
S = §/ (2m)’ (AM Oy s Arpr + 240 O, 7 o + 1 O] hp") o (44)

where, after Fourier transforming, O is constructed only with the metric 7, and with momen-
tum ¢”. Similarly, in the Einstein form of the theory one obtains

1 d4 v O (p9p) Tpo e, o v hh g
5(2) = 5/ ( ) <¢/\H ))\,u,up ¢Tpcr + 2¢/\;U« )Aupl/ hPU + ¥ OEE));wp hpg) . (45)
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From (1.32]) one finds that
A)\;w = ¢A/u/ + J)\,uzxpghpo ) (46>

where ,
i
T = 5 (08707 + 4,0557, — qu038y)
Then we obtain the following relations between the linearised operators in the Cartan and

Einstein formulations:

OEM)) Tpo __ O(AA) Tpo

E) \pw T (C) A
(¢h) po _ ~(AR) p (A4) Tap o

O(E) Ay O(C) Ay + O(C’) Apv JTCVBP ) (47)
(hh) po _ m(hh) po Ayé (Ah)  po ) (AA) Tap o

O(E) wo O(C) T 2J7 /WO(C) Y J qu(C) Ayé Jrapg” .

4.2 Spin projectors

In the analysis of the spectrum of operators acting on multi-index fields in flat space, it is very
convenient to use spin-projection operators, which can be used to decompose the fields in their
irreducible components under the three-dimensional rotation group [88-90]. This is familiar
in the case of vectors and two-index tensors: a vector can be decomposed in its transverse
and longitudinal components; a two index tensor can be decomposed into its symmetric and
antisymmetric components, and each of these can be further decomposed in its transverse and
longitudinal parts in each index. This gives rise to representations of O(3) labelled by spin
and parity, and listed in the following table:

S a
TT [ 2,07 | 1
TL| 1. |1
LL| of | -

Table 4.1: SO(3) spin content of projection operators for a two-index tensor in d = 4
(s=symmetric, a=antisymmetric).

Here the subscript distinguishes different instances of the same representation. These rep-
resentations arise as perturbations of the tetrad. If one works only with the metric, the
antisymmetric parts can be dropped.

We will need the projectors of spin up to three, which were obtained in [41, 91]and have a
quite complicated form. We show them explicitly for tensors of rank up to two. The analogous
decomposition for a three-index tensor is given in the following table, that is explained in more
detail in [41] For a vector

44y 4udv
Llld/ = 22 s THV = T]NV — /;—2 . (48)
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For symmetric 2-rank tensors

po __ (p P)_ 1 po
w?” =TET)) = =TT

o __ (p1p)
" =2T L)
1
po_ T, T,
d—1"
Vpa = LMVLPU )
T = 1 T,, L
1
po _ LT

e d—1

4.9
P, (0%, ww (4.9)

P (O+, Sw

e
—~
o
+
A
SN—" N— | N N N N
E

P, (0%, ws

such that

P (2+) ng + P (17) ng + P (0+, SS) /wpa + P (O+> ww) ;wpa = 6((/)50) . (4~10)

o)
Diagonal terms of projectors between symmetric 2-rank tensors and vectors
. V2
Py, (1 ) w’ = _q(#Tf) ’
4]
1 p
= q_T,Lw )
Vd—1lq|

P, (O+, wv) w' = %L

Py, (0%, 50) 1" (4.11)

[z

For antisymmetric 2-rank tensors

o _ plol
B () W= (4.12)
Py (17) W/ =210 L),
such that
Py (1%) w + Po (17) ™ = 61067 . (4.13)

Diagonal terms of projectors between antisymmetric 2-rank tensors and symmetric 2-rank

tensors :
o __ PrpP
Poo (17) w7 =21 L7
+ (prp) (4.14)
P (1) ” =21, L7

Diagonal terms of projectors between antisymmetric 2-rank tensors and vectors
V2

P (17) W’ = HQ[MT;)] : (4.15)

The result for tensors of rank three is presented in the table £.2] In antisymmetric or
symmetric MAG, only the last two or the first two columns appear, respectively. For anti-

symmetric tensors, the spin projectors were given in (39} 40, 43] and used to study ghost- and
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ts hs ha ta

TTrT 37,17 127,15 | 25,15 | 0°

TTL+TLT + LTT |27, 0] - - 13
SLTT - 25,05 | 15, -
TTL+TLT — %LTT - 17 25,05 | -
TLL+ LTL+ LLT 1, 1; 1y -
LLL 0, - - -

Table 4.2: SO(3) spin content of projection operators for a three-index tensor in d = 4.
(ts/ta=totally (anti)symmetric; hs/ha=hook (anti)symmetric

tachyon-free theories that do not have accidental symmetries (i.e. symmetries that are present
at the linearised level but not in the full nonlinear theory). The general case where accidental
symmetries are present has been discussed in [42]. The spin projectors for general three-tensors
have been given in [41} 91].

For each representation J! there is a projector denoted P;;(J”). In addition, for each pair
of representations with the same spin-parity, labelled by 7, j, there is an intertwining operator
P;;(J7). We collectively refer to all the projectors and intertwiners as the “spin-projectors”.

Using these spin projectors, the quadratic action can be rewritten in the form

593 /- dqij@ 0y (J7) Py(P) - 0(q) (4.16)

JPij

where ® = (A, h) in Cartan form and ® = (¢, h) in Einstein form, the dot implies contraction
of all indices as appropriate and a;;(J7) are matrices of coefficients. For example, the A — A

part of (4.4)) is

1
/ 4 Z JP A)\;MJP (‘]P))\MVTPUAT/JO' ’

JPij

with the sums running over all the representations listed in the preceding table.

4.3 (Gauge invariances

As mentioned in Section [2.2] one way of reducing the complexity of MAG is to introduce
additional gauge invariances. These will eliminate degrees of freedom and at the same time
constrain the form of the Lagrangian. One could try to analyze systematically all possible
such transformations, for example one could classify them as having a scalar, vector or tensor
parameter. As we shall note, such a general analysis would contain a large number of arbitrary
parameters. Here we shall content ourselves to only mention a few important examples.
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Diffeomorphisms

The action of MAG, when written in a coordinate basis, is in general invariant only under
diffeomorphisms
0z 02
/ no__
gul/(x) - 8%’“ 8x/yga6<x> )

dx¥ O™ Ox° ox'>  9%*x"
=———A @)+ ——F7— .

Ox'w Qxv Ox'P OxY dx'rox'B
For an infinitesimal transformation 2/* = z# — {#(x) the transformation is given by the Lie
derivatives, plus an inhomogeneous term for the connection:

39w = LeGuv A, = LAS, + 0,08, (4.18)
where LA M, = 5’\(9,\14,)“,, + Awyapg* — A,,Ayakgu + Aphapf’\. On a flat background A = 0

and the Lie derivative term is absent.

Invariance under diffeomorphisms lowers by one the rank of the coefficient matrices a(17)
and a(07). (This is because the transformation parameter &, can be decomposed as a three-
scalar and a three-vector). This is particularly clear in the Einstein form of the theory, where
diffeomorphism invariance implies

a1 )y =a(17)n =0, a(0M) = a(0M)g =0 . (4.19)

(4.17)
A% 5(2)

Vector transformations of A

Certain classes of MAGs are invariant under additional transformations of the connection,
parametrised by a vector \,(z):

nAL, = N0, 019w =0, (4.20)
52Aupu = )\pguu ) 529;w =0, (421)
534y = 00N, . g = 0. (4.22)

The first of these is the projective transformation. In order to spell out the conditions for
invariance of the action, it is easier to work in the Einstein formulation. Since the metric (and
therefore the Christoffel coefficients) transforms trivially, the transformations of ¢,”, are the
same as those of A,”, given above. The conditions on the kinetic coefficients for invariance of
the Lagrangian, are listed in Appendix B of [86] (see also [92] for earlier related work). We
note that these transformations could also be present in arbitrary linear combinations, each
yielding different conditions on the coefficients.

Each one of these invariances, when present, lowers by one the rank of the coefficient
matrices a(17) and a(07).

Weyl transformations
By definition, Weyl transformations are local rescalings of the metric:

OGur = 2w G, - (4.23)
This implies that the LC connection transforms as:

or,r, = Ouwoy + Oywdl — g7 Orwypu - (4.24)
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If we now consider the decomposition (1.32)), we see that there are infinitely many ways of
splitting this transformation between A and ¢. We consider here only

6A;Lpu - O 5¢upzx = - ;Lwaf/) - aVW5Z + ngaTWg,Lw ) (425)

which is the usual way in which Weyl transformations are realized on Yang-Mills fields.
The action is invariant under this transformation if all the dimension 2 terms are
absent and, additionally, the following relations hold:
AT 4 oplR 4 plQ 4 pl@ L gplQ 4 pl@ —
6b1 1 6DET 4 18BIE — pR@ 4 3pH9 1 opH@ 4 3pH9 4 GpH9 — gpP? 4 2p§9 4 2099
— 32099 — 8639 + 2099 4 2029 + 29 + 2092 4 292 — 32092 4+ 299 =0,
bR 4 6bI 4 b 4 4bF9 + bE9 =0
bET 4 2pET 4 pBT — 3BT 4 6bFT 1 2679 — 2039 — 83 < + 20, 9 (4.26)
— 202 — 2] 2 82+ 22 =0,
bi@ — 3b59 — B9 — 6bIP — 4bFP — 499 — 8DP? — 239 — 2%
— 265927 — 4b99 — Qpl =0
Q@ + bEC 4 2699 4 2039 4 bF9 + b3? + 4bD° + 0P + 4V =0 |

As a check we observe that if all the coefficients of type b%7, b9 b2 and b7? are zero, the
remaining relations imply that the R? terms appear in the combination

1
bR (RW,,,,R“””" — 2R, R + §R2> = IR C g C1P7

which is the square of the Weyl tensor. A much more thorough analysis of Weyl symmetry in
the context of MAG can be found in [93].

4.4 MAGs with dimension-two terms only

In this section we discuss, at linearised level, the case of theories without dimension-4 operators
in the Lagrangian. In an EFT, the dimension-two terms will be the dominant ones at very low
energy.

Consider again Fig.1. At the top vertex of the triangle () = 7' = 0) one has Riemannian
geometry, and the only invariant of dimension two is the Hilbert action. At linearised level we
get the Fierz-Pauli action

g _m" / d'q
2 (2m)4

In the interior of the triangle we have the generalised Palatini action . The generali-
sation consists of the following. In the “standard” Palatini approach, the action is just a’ F.
When varied, this is not enough to constrain the connection completely. One can either assume
T = 0 and obtain () = 0 as an equation, or assume ) = 0 and obtain 7" = 0 as an equation.
Thus, the standard Palatini action works on the left and right sides of the triangle, but not in

1 1 1 1
(—ZQOwhW + §QMQ,\h’“’hf} — 5 U h Z—Lq?h?> : (4.27)
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the interior. This is due to the fact that the Palatini action is invariant under the projective
transformations . The addition of the other terms in , which is only natural from the
point of view of EFT, generically breaks projective invariance and fixes this problem. In the
Einstein form, the action becomes (or (3.11))), which consists just of the Hilbert action for
g and a mass term for the distortion (or equivalently torsion and nonmetricity). Generically,
this mass term will be non-degenerate and the EOM will imply that distortion vanishes. Thus
the theory is dynamically equivalent to GR, on shell. We note that the addition to the standard
Palatini action of torsion-squared terms in antisymmetric MAG or nonmetricity-squared terms
in symmetric MAG, will generically not change the EOMs. Still, these terms are expected to
be present when we think of MAG as an EFT.

We now turn to the bottom of the triangle, which does not follow the generic behaviour of
the interior. We first look at the left and right corners, then at the bottom edge. The following
analyses will be carried out in the Cartan version of the theory.

4.4.1 Antisymmetric teleparallel theory

This is also known as Weitzenbock theory. We have F© = () = 0, so the action must be
quadratic in torsion

1
S=73 / d'a\/|g| [a7 T Tup T + a3 Tpp T + a3 tra) Tutran TH] (4.28)

The condition F' = 0 implies (2.10). When the theory is linearised around flat space, this
becomes A,”, = 9,\?,, where A?; = 67 + N\,. The condition ) = 0 implies for the metric
fluctuation that A,,, + A,.,, = 0,h,, . Putting these conditions together we have

1
Aoy = iayh,,,, + 0, , (4.29)

where €2 is the antisymmetric part of A. So the action of the linearised theory becomes

4 TT | TT TT . TT _ TT
S:—l/ d’q [_(2(11 +a; )QOWh“”nL@al tay” —a3 )qquh"”hi

2/ (2n) 1 1
ag” v a;” 5y TT _  TT\, 20uv
£y T = S = (20— ), (4.30)

(207~ 8017 — a2 — 07+l + ol )

The linearised action can then be written in a form analogous to (4.16)):
1 d*q a$ 2 pist  gSih pSth Qq)
=33 [ ok @0 vy (Sapta i) (
222 oy dere arrlr ) \nio

+ / % {o(=q) - h(q) + T(—q) - Qaq)} ,

(4.31)

45



where

a(2) = 1 : (4.32a)
a(1%) = (2a{" —al") ¢, (4.32b)
a(l7) = %qz (_42 _12) : (4.32¢)
a(0%) = qu ((1) 8) : (4.32d)
where
ait =2alT +ait +alt . (4.33)

In the 1~ sector, the order of the rows and columns is (€2, h). Note that the matrices a (17) and
a (07) have rank 1 because of the diffeomorphism invariance. We fix the gauge by removing
the second row and column. At the linearised level the diffeomorphism transformation reads

Py = P + 0y + Oy (4.34a)
1 1
Q;u/ — Q,ul/ - §8u€V + Eal/f,u ’ (434b)

where the transformation of € follows from those of A and h and formula (4.29)) So the sources
satisfy the following constraint
_QQHU;W + q#T/Jl/ =0. (435)

The saturated propagator is

1 d* 4 rr
== / ] TT TT 00" — 7 a:}T TT (U“)2
2) 2m)* | (2a{" +a3')q? 2a7" +ay" + 3ag H

, (4.36)
N ! o MazT? 42007037 + 20T a3T) ¢t
(2aTT —aXTyg2 | 1 (2a¥T + aIT)(2aTT + alT + alT) 2 "7
Making the following redefinitions
5-[,LV = O-MV + CO_S T],uu ; (437&)
i - : .
T = 7 (QuXv — QX)) + Tuw with ¢"x, = ¢"7., =0, (4.37b)

and adjusting the parameter C' , we can reduce the saturated propagator to the following form

1 d'q 4 o, 1,
Il = —5/ (271‘)4 |:(2a?T _|_a%“T)q2 (O'W/o"“ — 5 (O’ﬁ)
P — 2(2a77 + afT — al7) M} (4.38)
T T — .
(2a1TT — agTT)q2 ® (2a1TT i agT)<2a’il“T n a%“T T agT)q‘l XuX

In the first term we recognize the usual graviton, in the second one we have a massless spin
17 state and in the last a dipole ghost with spin 17,
The latter is pathological and in order to eliminate it, we have to impose

ai’ =0. (4.39)
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With this constraint, we recover linearised GR together with a spin 1% particle. If we impose
that 27T —aI™ > 0 its propagator takes the proper form. In this theory there are two different
gauge invariances: the previously mentioned diffeomorphisms, and

Qv = Qs + X — T X - (4.40)
The additional degree of freedom can be removed by imposing
2017 —a?T =0, (4.41)

in which case Q disappears from the action (it is a pure gauge degree of freedom) and the rest
reduces to the antisymmetric teleparallel equivalent of the Hilbert action, ([2.2)).

4.4.2 Symmetric teleparallel theory

Now we have F' =T = 0, so the action is a generic quadratic combination of non-metricity:
1 v vV
S = _5 /d4l‘ |g| [G?Qququm + agQquuQup

(4.42)
+ag?tr (93 Qutran Q" + aftran Qutran Q* + G?Qtr(zs)Q“tT(u)Q“]

As in the antisymmetric case, in the linearised theory ' = 0 implies A4,”, = 9,A",. The
condition 7" = 0 implies that 4,7, = A,”,. Putting these conditions together we have

AL, =0,0,u”. (4.43)
Substituting @, = —0,h,, + 0,0,u, + 0,0,u,, and linearizing, the action becomes
1 d*
S = —5/ (2754 [ — a?Qq2hm,h“” — (aQQQ + an)qquh“”h;\ — a?Qqﬂth‘“’h — agQQQO2

+ (279 +aF? + af) g unu® + (2079 + 3059 + 40§ + 3057 + 40 Pqug e’y 4y
—2i(2a7° + aF? + af?)Pquu it — 2i(as? + aF9 + af?)grguguut
— 2i(2a9°9 + a?Q)qQQ,\u’\h} :

For a generic choice of coefficients the linearised action is

1 d*q au P g ph u(q)
= — - _ h_ . 1] ) 1] ) .
i 21;;'/(27)4 (u(=q) h(=4)) (a?fpiju “thijh> (h<Q)>

(4.45)
+ [ S (o(-a) - hla) + 7(-0) ule)}
nyt (=0 hlg) +7(=q) -u()}
where
a(2%) =a%¢, (4.46a)
—y_ 1 e QQ) s (—2¢* iV2]q]
a(17) = 5 (20’1 +ag” | q iv2 |ql 1 5 (4.46D)
—4a?? ¢’ iV3(2a5° + ag)g| 2ia??|q
a(07) = ¢ [iv3(2a$9 +a29)gl (99 +3a¥9)  V3(20§9 +a29)/2 |,  (4.46c)
2i a7 |q] V3(205° + ag?) /2 ai?
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where the rows/columns of a(17) refer to u, h, in this order, those of a(0") to u, h, h. We
defined

a99 = a§9 4 a9 (4.47a)
a?Q = a?Q + aQQQ + a?Q + an + a?Q . (4.47b)

Note that the matrix a (17) has rank 1 and a (07) has rank 2 because of the diffeomorphism
Invariance.
At the linearised level the diffeomorphism transformation reads

Pw = hyw + 0,8 + 0,6, (4.48a)
Uy — Uy + 5/1 , (4.48b)

so the sources satisfy the following constraint
—2i¢"o, + 1, =0. (4.49)

The saturated propagator is
1 d'q 1 21 i (...
_ Lt foaeq J 1 w N2l i o
I = 9 / (27‘(’)4 {CL?QQQ |:0',u1/0' + () (Uﬂ) :| 5 q4 q'ruo,

q"q”
+ TT“+...—TTV> ,
2a4(209° + a3?)q* ( ! ) ¢ " }

where the ellipses stand for complicated combinations of couplings whose explicit form is not
very relevant. Making the redefinitions

(4.50)

5 iA
Ouw = Opw — ? (Q,uTl/ + qu,u) + CUZ Um (451&)

e
and adjusting the parameters (A, C') , we can reduce the saturated propagator to the form
1 d4q 1 1 2 (. . .) ( . .)
N i R VN, e PV e 9
II= 9 / (27_‘,)4 {a?Qq2 |:Uu1/0' 9 (JM) + q4 T + _q6 i . (452)

These dipole and tripole ghosts can be eliminated imposing the conditions

2099 + a9 =0, (4.53a)
ag® 4+ a° =0, (4.53b)
2039 + a2? =0, (4.53c)

leaving us just with the standard graviton saturated propagator. With these constraints, u
becomes a pure gauge and we recover the symmetric teleparallel equivalent of GR ([2.3). This
is in agreement with the results of |33, [84].
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4.4.3 General teleparallel theory

We now only assume F' = 0. The action is

1
S =__ /d4x |g] [alTTTW,,T“”” + agTTM,,,T‘”’p + athr(m)Tutr(lg)T“

2
+ Q?QQ,OMVQPMV + aQQQQp/LVQWw

(4.54)
+ G?Qtr(%)Qutr(%)Q” + a4QQtr(12)Qutr(12)Q# + G?Qtr(zs)Qutr(m)Q“

+ Q{QTHPVQ/WV + (ngtI‘(lg)Tutr(gg)Q# + agTQtr(lg)T#tr(lg)Q“

As in the previous cases, in the linearised theory F' = 0 implies A,”, = 9,A”,, but now both
the symmetric part H and the antisymmetric part €2 of A have to be treated as dynamical

fields.
So the action becomes

i
§=-3 / (2754 (~a22ahu b — (a§2 + a¥®)guanh ) — a§2quq,h" b

—CL3QQq2h2 — (2al" +alT + 4@?Q + 2a1TQ)q2HWHW
+(2a77 + ol — oI — 4039 — 4a9° + 207 — 242 9)q . H* H)
+2(a3” — 2a5QQ — a9+ agQ)ququ“l’H — (i + 4a3QQ —2al9) ¢ H?

(4.55)
(a0 + 2al” — 3T — o), 20
+(4a¥% + af ) Hu b + (4059 +4a§° — a1 ° + a5°)quan H' )
+(2a5QQ + agQ)qu,,H’“’h + (QaSQQ — agTQ)qquHh“” + (4a§2Q — agQ)QQHh
(1?4 af ) h} = 220l + " + o] + [ + 0} V)
For a generic choice, we write
p QPR QHPRI SApIN\  (Q
S_lz q (Q H h)- | o12PHY GHHpHH Hhplin | | pp
=5 (2m)d ij g i Lij ij L
Piij aj' Pt oI PR ai P h (4.56)

+/ 9 ey
(2m)* ’
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where

2077 + alT + 4099 + 2479)  —(4a%% + al9) /2
a 2+ — 42 ( 1 2 1 1 1 1 ’ 4.57a
)= (P2 e e 20 (4.572)
a(1M)=(2a{" —a3") ¢, (4.57b)
ai”/2 —(@i" +ai® +a3?)/2 (a°+az?)/4
a(17)=¢* —(alT +al® +al®)/2 <a4TT +al9+al?+ a§Q> /2 —a;9/4 7
(@@ +a7?) /4 —al?/4 (mﬁ9+a%§/2
(4.57¢)
al® V3ag® —al®)2 —V/3ag?/2
a(0%)= ¢ V3al® 4a99 —v/3(2a89 + a29) —2a99
L DR L R PRI B
—V3a5?/2 ~2a7? V3(2a59 + ag?) /2 a7?
(4.57d)

where the rows/columns of a(27) refer to H and h (in this order), those of a(17) to Q, H, h,
those of a(0") to H, H, h, h, and we defined

al? = ol + 2417 + 4099 +12a$° + 2419 — 6439, (4.58a)
al? = 8a¥% + 4a¥9 + al 9 + €, (4.58b)
at® = 4099 4+ 2429 — o19 — o19 (4.58c¢)
ar? = 4499 +12a9° + a9 — 3a3¢ . (4.58d)

As usual the matrix a (17) has rank 2 and a (07) has rank 3 because of diffeomorphism invari-
ance. At the linearised level, the diffeomorphism transformation reads

h,uu — h,ul/ + a,uéy + al/fu ) (459&)
1 1

HM — H[AV + Eap,fl/ + §ay§’u, 9 (459b)
1 1

QW%QW—§@@+§&@, (4.59¢)

so the sources satisfy the following constraint
2¢" 0 + 4" — ¢" 71 = 0. (4.60)

The saturated propagator is

_ _%/% {(q—Q) [UWU“V +(...) (05)2] N (.q.g-) [EWE“” () (25)2]

¢ [ ¢
+ p (.. .)ZWZZ + (L )EE + (. .)?ZWZM}
- ., , (4.61)
(’ N ) uv q“q P quq E P
+ q2 TuvT™ + ( . ')?TNPTV + ( . )? pupTv
() y q"q" y
+ q2 Z#VUH + ()?E”VO'Z‘i‘ ()EﬁO’V .
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Making the following redefinitions

G =0 + AT + (C ob+D Zz) Muw (4.62a)
S = S+ Bow + (EX + Fof) n, (4.62D)

and adjusting the parameters (A, B,C, D, E) , we can reduce the saturated propagator to the
following form

e b ] )]

q"q”
q4

_l_

[(. DS (S5 (L .)q;‘f iwim] (4.63)

Now that we have decoupled the sources, we decompose

i

. 1 , _ . -

Y = qu 7 (qubw + quky) + p (Lywgr + Tyvge)  with ¢k, = q“EZV =0, (4.64a)

Tur = —— (QuVy — Q0) + T With v, = ¢" 5 = 0, (4.64b)
q

and adjusting the parameter F', the saturated propagator becomes

o= {5

—0——('q'2')7~'w,%“” + —('q.4 KR! + —<'q'4‘)’uuv“ + _(q6) J-M - J} :

(65)2} . (.q.2.) |:2TMVETMV B % (2T5> 1 .

_ N~

where J = (j1, j2) . The first term gives the GR contribution, the second one another massless

spin 27, the third is a massless 17 state, the remaining ones are two spin 1~ dipole ghosts and

two 0T tripole ghosts. The last four are pathological and must be eliminated. This can be

achieved by adjusting the coefficients so that the various terms (...) diverge (this is equivalent

to setting to zero some terms in the a-matrices). In the process new gauge invariances appear.
The dipole ghost v, coming from €2, can be eliminated imposing and

al?+al?=0. (4.66)
In this way the following gauge invariance appears

h,uu — huu, H/W — ij, (467&)
Q/u/ — QMV + aMXV - al/Xu . (467b)

Instead to eliminate «, and J we impose the constraints (4.53), and

al? —al9=0. (4.68)
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This amounts to imposing separate “Diff-invariance” on h and H, i.e.

h;w - h,uu + aufu + aufu ) (469&)
H,, — H, +0,Z, +0,2,, (4.69b)
Q,uz/ — Q;w . (469C)

Using these constraints, we find a well defined theory containing two massless particles with
spin 27 and one with spin 11 with three different gauge invariances. In such a theory the
graviton is a combination of h and H. Then if we want to decouple h from H, we have to
impose

4099 +a1% = 0. (4.70)

At this point if we want to have a single massless graviton we have to kill the (non-pathological)
degrees of freedom 17 and 2%. From the coefficient matrices, this is achieved by imposing (4.41)
and

207" + alT + 4099 42479 =0 . (4.71)
Imposing relations (4.394.41} 4.53)14.684.70l14.71)), the unique solution is the choice all =
_%mR7 CLZTT _ _%mR’ agTT = m~, a({M _ _imRa a§Q+a§Q _ %mR7 agQQ — %mR’ a5QQ — _%mR’
ain =mf, agQ =mf, agQ = —m®, which reproduce the general teleparallel equivalent of GR

(2.4)). This analysis agrees with the findings of [85].
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Chapter 5

Examples of MAG

As discussed in chapter [3] in general metric-affine gravity, even when including terms of dimen-
sion up to four, one encounters 934 independent terms, with 59 of them contributing to the
flat propagator. Such a theory, initially motivated by the absence of additional assumptions
and geometrical beauty, depends on a huge number of free parameters and hence suffers from
the lack of predictivity. In what follows we consider special cases of MAG, being motivated
mainly by the reasons of simplicity. First, we will consider two cases when states of spin/parity
27 or 3~ are propagated in addition to the graviton, and then we will discuss a peculiar case
of a theory that appears to be MAG from Cartan point of view, but in fact, is just GR.

5.1 DIY MAGs

The spin-projector formalism has been used to look for MAGs that are free of ghosts and
tachyons [38-43, [66]. The general procedure has been to impose conditions on the kinetic
coefficients and see what kind of particles the theory describes. Here we would like to use a
different approach: to decide a priori what particles we want and then construct a MAG that
has the right propagator for those particles. This goes as follows: we know the correct forms
of the propagators for particles of any spin/parity. These are listed in Appendix D of [86]. At
the linearised level, one can write down a kinetic term that gives the correct propagators for
the desired states, and nothing else. Then one can turn this kinetic term into a full nonlinear
Lagrangian for a MAG in Einstein form by the simple procedure of minimal coupling. The
Lagrangian obtained in this way is highly non-unique: the order of the covariant derivatives
is arbitrary and all the cubic and quartic terms are absent. Nevertheless, this is a MAG that
has the desired propagators. As a subsequent step one can try to add the cubic and quartic
terms, and, if necessary, adjust the ordering of the derivatives at the cost of adding terms of
the form R¢¢. We note that this procedure will work if we remain in the context of the general
Lagrangians of the Chapter [3] This is because the general linearised kinetic term for MAG
has 47 free parameters, corresponding to the 47 independent terms of a general Lagrangian.
It would not work in general for the Lagrangians that only have dimension-four terms of the
form F2, that depend altogether on 28 free parameters.

In this section we will give two examples of this construction. Being a three-index tensor,
distortion can carry any of the states listed in Table From the point of view of particle
physics, it may seem redundant to use distortion to describe a particle of spin 0%, 1* or 27,
because all these particles can be described by tensor fields of lower rank. The only states that
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do require a three index tensor have spin 27 and 37. We will therefore analyze here these two
cases at the linearised level. We stress that the MAGs constructed in this way can only be
said to be consistent at the linearised level. We do not make any claim as to their consistency
when interactions are turned on.

5.1.1 Simple MAG with a 27 state

We start from a general MAG. A look at Table|4.2|shows that there are two possible d.o.f.’s with
spin 27: 27 being hook-symmetric and 25 being hook-antisymmetric (recall that in this context
we refer here to symmetry or antisymmetry in the last two indices). The free Lagrangians for a
spin/parity 2~ state carried by an antisymmetric or symmetric tensor, and the corresponding
propagators, are given in Appendix D of [86]. Here we show how to recover those linearised
Lagrangians from MAGs.

We will use the coefficient matrices for the theory in the Einstein form, for which the
last row and column are identically zero as a result of diffeomorphism invariance. In order
to remove the unwanted propagating dof’s we impose various conditions on the coefficient
matrices. Demanding that the matrices for spins 37, 17 and 0~ have no terms proportional to
¢? leads to the constraints:

=07 BT =0T T,
=TT =T

39 = —b¥9 3@ = 39 + 199 51)
by ¢ = —b1 br? =b?+059 .

Next, in the sectors 2% and 07 we demand that the mixed a-h terms vanish and that all
the other terms, except for those corresponding to the standard graviton, have no ¢* terms.
This leads to

by = —2b]" + 2657 + bIT + 2679 + 29 + b1 + b1 €,
bel = =T —bP? — 1/2b%9 —1/2619 —1/2629,  biT = —bi7,

b¢? = 3617 — 3/2007 + 1/2657 4+ 1/2b17 — 2679 — b3,

QQ _ ;00 Q0 _ ;0@ 100 _ ;00 Q@ _ 100
bl2 - _bIO ) b13 - _bll ’ b14 - _b4 bl5 - _b3

by @ = —6b]" + 2057 — 2627 — bET 4 2bF9 + 2699 — b]
b =~y + 2057 — by 46PY + 2059 — b,
bE@ — opIT 4 pIT 4 4p99 4 2699 4 2pT9 4 p1<,

TQ TQ TQ _ ;TQ TQ _ ;TQ
bll __blo b12 _b3 ) bl3 _b2 )

: pRe — _pQ@ :

Y

and further six relations for the RVT and RV () that, together withe Bianchi identities, remove
all the terms of this type.
Then we impose that the spin 27 and 1~ are properly related, as discussed in Appendix
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D.6 of [86]. This leads to
by =201 +1/3b57, byl = =257,
b9 = P9 — 639, BP0 =079,

pIQ _ 199 _ _j20 _ _gp0Q (5:3)
by@ = by =bg? = —by? =bys® = 2b]" +2/3b5" + 2677 + 2659 + b1 @ .
The same requirement for the mass parameters implies
mgT = —Qm{T — szT ) me = Qm?Q — mgQ + 4m3QQ , (5.4)
Mm99 — 4m@Q — 292 L 4m9Q | %= _pTQ — 1 TQ .

The coefficient matrices now depend only on b7, b?Q, b{Q and on the mass parameters m? 7,

mIT, m9e m§? m$?, m!?. In particular the sectors 2f, and 0% have the right form to
propagate a massless graviton. Similarly the matrix for the 27 and the submatrix 15, 155, 15,
155 describe two mixed spin 27 dof’s. All the remaining components are either zero on shell

(if the mass is nonzero) or a gauge dof (if the mass is zero). In particular the matrix a(27) is
1
an(27) = 5 (3617 + 4629 + 2619 (—¢?)
+(—6miT —3mit — Sm?Q + 4m§Q — 6m1TQ)> ,

(5.5)
n(2) = L@ 4510 () — (2T 4 il )

a(27) = = (3b] ' (—=¢°) + (=2m{" —=m3")) ,

1
2
and the submatrix 15,, 153, 15, 155 is the same up to the sign. Then, there is the graviton
contribution inside a(2%)44 and a(07)s5, with the correct proportionality discussed in Appendix
D.5 of [86]. Finally, except for the entries constraint by the diffeomorphism invariance, i.e.
, all the other entries are just mass terms.

The two spin 27 dof’s are generically mixed. The mixing can be eliminated by assuming

blTQ = -3u T and mlTQ = 2mlT —miT.
To avoid ghosts we must assume that 46%¢ > 3677 and 77 > 0. In particular this condition
can be satisfied by both dofs.
In order to propagate only the hook-antisymmetric component 2, , discussed in Section
D.6.1 of [86], we have to set
bP? = 3/4b] "

> 0. The mass squared term is proportional to (2mf? +m

and then we must assume b17 m.

In such a theory, the kinetic term for the state 27 in the Lagrangian involves terms VI'VT |
VQVQ and VTVQ. [
In order to propagate only the hook-symmetric component 2, discussed in Section D.6.2
of [86], we have to set
by’ =0
and assume b?Q > 0. The mass squared term is proportional to (6m1TT+3m2TT—8m?Q+4m§Q).
In such a theory, the kinetic term for the state 2~ in the Lagrangian involves only terms VQV Q.

IThis complication could be avoided by adopting another definition of hook (anti)symmetry.
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5.1.2 Simple MAG with a 3~ state

We can remove all the terms proportional to ¢ in the coefficient matrices, except for those
that propagate the massless 3~ and 2% d.o.f.’s. This gives linear equations for the coefficients
that are solved by

bjT =0 for i=1,2,3,4,56,7,8,9

bi®=0 for i=1,2,34,56,7,80910,11,12,13
by? = 2079 | bF9 = —4bP? BP9 = —bPP, bPC = —4bP9, BP9 = P9, (5.6)
79 = 2079 | 039 = 2079 | BP9 = 4677, VY = 8bP9

bP? = bE? = 4bP9 | b = 2679, b = b = 4B

bl

and further six relations for the RVT and RV() that, together with the Bianchi identities,
remove all the terms of this type. This puts to zero the matrices a(27), a(1%) and a(07).
Further requiring that the ratio of the coefficients of ¢? in a(37) and a1,(0") be equal to —9/2,
due to the requirements discussed in Section D.7 of [86], fixes b%? = —1/20%9. Then, the
remaining coefficient matrices are
a(37) = 12099 (—

%) (5.7a)
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Note that the first 4 x 4 block in a(0") has rank one. All the degrees of freedom are pure
gauge, except for the desired 27 and 3~. In such a theory, the kinetic term for the state 3~
in the Lagrangian involves only terms VQV Q. We have chosen bt = bR = pER = (), so the
graviton propagator is as in GR.

Some comments are in order at this point. The subject of higher spin theories is a thorny
one. Normally it is approached in a bottom-up fashion, starting from a free theory in flat space
and then trying to construct interactions. In the process, one encounters numerous difficulties.
Here we have started from a ready-made nonlinear theory (MAG) and tried to arrange its
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parameters so that at the linearised level it reproduces the known free spin-3 Lagrangian.
With our choice of coefficients, the ¢¢ part of the linearised action (4.5)) is

5(2) o 2bQQ/ d4q 2<1Q Qaﬁ'y + ]'Q Q,Ba'y
- 1 (271')4 q 4 afy 2 apBy
1
— tr19)Qatr(12)Q” — tr2)Qatr2s Q@ — th(23)Qatr(23)Qa>

1. , N . . o : . «
— Zle(l)Qaﬁdlv(l)Q s _ le(l)QangV(g)Q s _ le(z)Q(ag)dIV(g)Q( A)

1 1 1
— gtrdiV(l)QagtrdiV(l)Qaﬁ — §trdiV(1)QaﬁtrdiV(2)Q°"8 — EtrdiV(g)Qa/gtrdiV(g)Qa’B

. o 1. N . o 1 N
+ div(12)Qatr(23)Q +§d1V(23)Qatr(23)Q + 2div(12)Qatr(12)Q” + div(23)Qatr(12)Q } ;

(5.8)
where now div(Qaz = i Qxap etc.. The standard description of the spin-3 particle is by a
totally symmetric 3-tensor. Thus in the formula above we replace Qugy by Sagy = Q(asy), and

set % = 1/3 to obtain

1 [ dq
5(2) _ 5/ (27T)4 [_ q2SaBWSa'87 + 3q2tr(12)5at1"(12)8a

(5.9)
+ 3diV(1)Sa5diV(1)Saﬁ + g(trdiV(l)S)Q — 6diV(12)Sat1"(12)Sa .

This is indeed the Fronsdal Lagrangian that correctly describes a free massless spin-3 particle

194]. However, this is only a very limited success. The “higher spin symmetry” 5,3, = O gy,

that is a necessary invariance of a higher spin theory, is only an accidental symmetry here. More

details on these issues, the relation of this approach to earlier attempts to embed higher-spin

theory in MAG [66), 95] and a discussion of the massive case will be given elsewhere.

5.2 MAGs without propagation

There are classes of MAGs that look perfectly normal when presented in the Cartan form,
but have no propagating degrees of freedom. E] The initial step towards these theories is the
observation that known ghost- and tachyon-free MAGs, when presented in Einstein form, do
not contain terms quadratic in curvature [41]. This is reasonable, insofar as 4DG is known to
contain ghosts or tachyons.

However, we can now demand more: in the notation of equation , suppose that mf = 0,
bRR — 0 and b*® = 0. This means that the Hilbert term is absent, as well as the terms quadratic
in curvature and mixed terms of the form RV¢. The first two lines of the Lagrangian can
therefore be written in the form

(%M (KaBWIpGIAWVPVU + MOC/B’YP\MV) @\W ’ (5‘10)

where K and M are tensors constructed exclusively with the metric. The remaining terms do
not contribute to the propagator in flat space, but only to interactions. For simplicity we shall

2This observation came up in discussions with E. Sezgin.
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ignore them in the subsequent discussion, but they do not change the conclusions. When the
Lagrangian is linearised, it gives a kinetic operator of the form , where all the metrics
are Minkowski metrics and all covariant derivatives are replaced by partial derivatives.

If we were just considering this as a theory of a field ¢ propagating in a fixed background
metric, it would have, in general, propagating degrees of freedom obeying the field equation

(Kaﬁwlpa\/\vavg _|_MC¥B’Y\>\NV> O - (5.11)

However, in a MAG we have to satisfy also the equation for the metric, which in the basence
of matter simply says that the energy-momentum tensor of ¢ has to vanish. Since plane
waves carry nonzero energy and momentum, it is already clear that this will forbid normal
propagation. To see this more explicitly, write the Lagrangian as

Gap Oy (5.12)

In flat space one can Fourier transform and write

OPY A — _Kaﬁvlpfflkwqpqo_ + MBI

The energy-momentum tensor is

2, A0
vV —9g o agpa

The operator O has zero modes corresponding to infinitesimal coordinate transformations, but
generically there will be no others. When this is the case, demanding 77 = 0 implies that ¢
can be at most a coordinate transform of zero.

Let us observe that while the absence of terms containing the curvature R,z (and its
contractions) is immediately conspicuous in the Einstein form, it is not in the Cartan form.
We can now ask, in the Cartan form of MAG, what choices of coefficients will produce a theory
of this type. From (D.21)) we see that the vanishing of the R? terms implies

T =

Papw - (5.13)

T T 2T o ) =,

FF FF FF FF FF FF __
FF __
cg =0,

and from (D.22)), the vanishing of the terms RV (7'/Q) implies

FF FF FF FF FF FF FF FF FF FF FF FF

FF FF FF FF FF FF FF _
—c;7 — g — ¢ —cy tog +oy tdeg =0,

FF FF FF_ FF, FF__FF, FF, FF\_ _FF__FF _
2(=2¢; "+ 205" =205 — ey s —cg e e )= —cp =0
FF FF __ FF _ FF FF FF
—3c; " —3cyT —cCg —cCy +2¢] +2c5 =0,
FF | FF _ FF FF FF _
cg- +cig —er [2—cp [2—2¢5 =0,
FF ___FF ___FF _ FF | FF | FF FFy _
1/2(—c;" —cg' —cg" —cjg +ciy iy +deg ) =0
(5.15)

Furthermore, it is also important to notice that this phenomenon will not be apparent
in the linearised form of the theory: the energy-momentum tensor is quadratic in ¢ and the
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linearised EOM for the metric on a flat background will just be 0 = 0. Instead, the linearised
theory will contain some accidental symmetry.

Probably the simplest and most illuminating example is the action where we retain only
cll =2, all the others being zero:

L=—FRIFpeom

Using ([1.37)),
1
F$4) =5 (Vutr(z?,)Qu — Vutf(23)Qu) :

Thus, in spite of appearances, this is just a free Maxwell field coupled to a metric that does
not have a kinetic term. There is an EOM stating that the electromagnetic energy-momentum
tensor is zero, which implies that F},, = 0. On the other hand, if we study this theory with
the methods of Section , we find that all coefficient matrices are zero except for a(17), that
has rank one. All the nonzero rows/columns are proportional to ¢* and choosing a gauge
appropriately one would erroneously conclude that the theory contains a free massless spin
one particle.

A less trivial example is obtained by setting all coefficients to zero except cf¥" = cI'tf" = 2:

L= — rviea)
uv(po)

In this case the linearised analysis seems to indicate several propagating (and interacting)
particles, but this conclusion is false in the full nonlinear theory.
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Chapter 6

Quantum GR and Unimodular gravity

In this chapter, we build up our understanding of UV divergences appearing in metric theories
of gravity. But first, we digress to discuss path integrals in Einstein and Unimodular gravity
and address the question of classical quantum equivalence between these theories.

6.1 Classical dynamics of Unimodular gravity

We start this section by discussing one of the best-known problems of modern theoretical
physics, the cosmological constant problem. It arises when one attempts to reconcile two fol-
lowing assumptions: first, that the observed acceleration of the universe is due to the constant
term in gravitational Lagrangian and second, that the energy density generated by vacuum
fluctuations depends quartically on a cutoff. These assumptions lead to a huge apparent
discrepancy between the “predicted” and observed values of spacetime curvature. However,
neither of these assumptions is based on strong ground. Firstly, it may also be the case that
there is no cosmic acceleration, and the observed apparent “acceleration” is an artefact of the
homogeneous Friedmann-Lemaitre-Robertson-Walker (FLRW) spacial metric which may not
be applicable to the current inhomogeneous state of the Universe |96, [97]. Secondly, assuming
that the acceleration is real, it may be due to some dynamical mechanism, possibly related to
the independent connection [98]. As we have mentioned earlier, the observed cosmic acceler-
ation can be explained by some hidden gravitational dynamics, for example, the dynamics of
independent connection. Thirdly, power divergences appear in some regularisation schemes,
such as momenta cutoff, but do not appear in others, such as dimensional regularisation.
Fourthly, observable quantities cannot depend on the cutoff.

If gravity is only “renormalisable” in the sense explained in section meaning that all
quantum divergences can be removed by the addition of local counterterms with only a finite
number of them being not suppressed by the Planck mass, the cosmological constant, which
does affect the dynamics at low energies, must not receive cutoff-dependant corrections.

On the other hand, if gravity is understood as an EFT, the CC will receive finite contri-
butions from integrating out heavy degrees of freedom, and generally, one would expect the
Wilson coefficient before the dimension zero term to be of order one, which is in huge dis-
agreement with experimental data. In the following, we will discuss how this aspect of the CC
problem is related to the gauge group choice.

Unimodular gravity is defined as a metric theory with the following condition on the de-
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terminant of the metric being imposed:

Vgl = w(z) , (6.1)

where w is a scalar function. Here one immediately notices that due to the local diffeomorphic
symmetry, one can impose locally everywhere as a gauge condition. The subtlety comes
from the fact that can be integrated over the full space-time volume, with the result being
a genuine physical constraint:

V= /ddx\/mz /dd:c w . (6.2)

Since the determinant of the metric is fixed, no fields couple to the constant vacuum energy,
which therefore does not gravitate or contribute to spacetime curvature. The unimodular
condition can also be imposed as a Lagrange multiplier by the addition of the following term:

o (v—/d%; |g|) (6.3)

where A has to be thought of as a Lagrange multiplier enforcing that the spacetime volume
is equal to VE| Therefore, Unimodular gravity has exactly one degree of freedom less than
GR (not one per spacetime point). It is natural to expect that this distinction will affect the
infrared properties of the theory, but not its behaviour at short scales. In this thesis, we shall
not discuss the global, large-scale properties and when we say “GR” we shall implicitly mean
“GR with fixed total volume”.

Let us look at these theories from the point of view of gauge symmetry.

The transformation of the metric determinant under the general diffeomorphisms z# —
a# + et(x) is given by

1
0V l9l = 5V 1919" 09 = V19IV e (6.4)

Therefore, the Special diffeomorphism group (SDiff), E| the local gauge symmetry of Unimod-
ular gravity, is generated by transverse vectors:

Vet =0. (6.5)

The action of Unimodular gravity is much alike with ([1.17)) and its lowest energy term is the

Hilbert—Einstein one: .

167G

In the rest of this section, we will show that this theory is equivalent to GR. Equations of
motion obtained by extremising the action are

Svelg) = Zn / ' w R, Iy = (6.6)

1

. .1/ 1 -
_E,Lw + EQWE = 5 (T,uu - Eg;wT> (67>

IThis point of view has been used by Hawking in Euclidean quantum gravity, where he interpreted the
resulting partition function as the “volume canonical ensemble”, see [99]
2In the recent literature, the group is often referred to as TDiff, where T stands for “transverse”.
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where

~ 1057
B, =—--Y 6.8
K w (Sg/“’ ( )
is the analogue of the Einstein tensor and
- 2050,
Ty = ——2C 6.9
I w (59”’/ ’ ( )
is the energy-momentum tensor, which is not however covariantly conserved. Instead,
V. T" =V'S 40, (6.10)
where § is some scalar. We can define another conserved energy-momentum tensor
Ty = TW + gLl - (6.11)
Then,
. | 1
_ENV + agqu = 5 T,u,/ - EQMVT . (612)
The SDiff -invariance implies “generalised Bianchi identity”:
~ 1
V. E" + §V”£g =0 (6.13)
Acting with a derivative on both sides of (6.12)) and using (6.13)) we obtain the equation
1 1~ 1
"\ =L, +-E+—=T)=0 6.14
v(29+d+2d) ’ (6.14)
that can be integrated to get
L 4 iEr L=z (6.15)
279 T Taan T TN ‘
Using (6.12)) we finally obtain
1 1
Ruy — ig/U,R -+ Alg,LW = ETMV . (616)

This is exactly what we would have obtained by extremising the Diff-invariant Hilbert—Einstein
action. The difference however is that the cosmological constant enters as an integra-
tion constant, rather than follows from the action. This confirms that Unimodular gravity is
equivalent to GR, except for one degree of freedom.

6.2 Path integrals in Einstein and Unimodular gravity

It is then natural to ask whether this “almost equivalence” holds also for the quantum versions
of the theories. In recent years, there appeared in the literature conflicting statements about
the equivalence, or lack thereof, between GR and UG at the quantum level, see, e.g., [100-
124]. We believe that some of these contradictions may be just due to different quantisation
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procedures. In this work, we prove in general, based on formal path integral arguments, that
there exists a quantisation procedure that preserves the “almost equivalence” between these
theories. The proof goes through for any Diff -invariant action and in this sense extends beyond
ordinary GR. Of course, there may be other definitions of the quantum theories that break
the equivalence, but in the absence of other independent arguments in their favour, we think
that the one we describe here is more natural. Our argument is in the same spirit as the one
presented in [103] [122] and extends the results of [106, 107, 125] beyond one-loop order. We
should remark that both GR and UG are not renormalisable in perturbation theory and the
formal path integrals should be ultraviolet (UV) regularised. Our formal proof relies on the
use of the background field method, but we leave the parameterisation of the metric, i.e., the
way that we split the full metric in the background and fluctuating parts, generic. Hence, this
also extends previous results [106] [107] which made explicit use of the so-called exponential
split of the metric to impose the unimodularity condition [123].

Our proof of equivalence is given initially for pure gravity and one may again worry that
as soon as matter degrees of freedom are introduced, the equivalence would fall apart. This is
due to the different vertex structures. In GR, the determinant of the metric produces infinitely
many vertices between gravitons and matter fields that are absent in UG. Hence, Feynman
rules are different in the two settings and one might expect that it is very unlikely that in the
computation of an observable, miraculous cancellations lead to equivalent results. Yet, there
are results in the literature explicitly showing that this happens, see, e.g., [108], 1109, |126]. In
fact, we shall see that our formal proof of equivalence extends also to the case when matter is
present.

The starting point of our analysis is the (Euclidean)ﬂ path integral defined by a gravitational
action Spis(9uw)s 9w = 9 (g; h) being the metric, g, a fixed background metric and h,,, the
fluctuating field which is integrated over. The fluctuating field h,, does not need to be small,
i.e., a perturbation around g,,. Moreover, the split of the full metric g,, in background and
fluctuating parts is also general, not being restricted to the standard additive (linear) split.
The action is assumed to be invariant under diffeomorphisms (but it is not restricted to be the
Hilbert-Einstein action), and so is the functional measure Dh,,,. Formally, the path integral
is expressed as

Zpig = %Q—Smﬁ[g(?;h)] ) (6.17)
Visr
The factor Vpig stands for the volume of the diffeomorphism group.
In most practical calculations within a continuum quantum-field theoretic setting, a gauge-
fixing term must be introduced in . This is typically achieved by the Faddeev-Popov

procedure. The redundancy is generated by vector fields ¢* which can be decomposed as
=L+ VHo, (6.18)

with V, e = 0 and V, the covariant derivative defined with respect to the metric g,,. The
transverse vectorfields €. generate the group SDiff of special (volume-preserving) diffeomor-
phisms.

Instead of introducing a single gauge-fixing condition for the entire group of diffeomorphism,
we introduce two different conditions, first breaking Diff to SDiff, and then breaking SDiff.

3The Euclidean signature is not essential at this stage and the results could be equally deduced in the
Lorentzian case.
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This strategy has been discussed and worked out in a different way in [122], see also |103] and
[127] for a general discussion of partial gauge fixing. In the first step we choose a gauge-fixing
functional F(g) and insert the standard Faddeev-Popov identity given by

1= Ap(g) / Do 6(F(g?)). (6.19)

where Ax(g) denotes the Faddeev-Popov determinant. The notation g® denotes the transfor-
mation of the metric generated by the longitudinal vectorfield V ,¢:

Sy = 2V, V0. (6.20)

We can now plug (6.19) in (6.17)) leading to

Dh,,
Vbig

Zpig =

(ax(@) [ Do 8 () ) -somtrrn, (621
Following the standard steps we now use the gauge invariance of the measure, of the Faddeev-

Popov determinant and the action and redefine the integration variable, to get

D¢Dh,,,

Ar(9)6(F(9)) e~ Soilg(g:h)] (6.22)
Vbiee

Zpif =
In 106, |107] it was shown that
Vit = Det (=V?) x Vapig x /Dd), (6.23)

where Vgpig denotes the volume of the SDiff group. Hence,

Dh,, 1
‘/S]:)iﬂ‘ Det (—Vz)

Zoig = Af(g)a(f<g))e—SDiff[g(g?h)] ' (6.24)

An explicit example of this first stage of gauge fixing is the unimodular gauge defined by
F(g) = detg,, — (), (6.25)

w(x) being a fixed scalar density. The delta function in (6.24]) enforces that the full dynamical
metric is unimodular. The corresponding Fadeev-Popov determinant is

Az(g) = Det (w*(z)(=V?)) . (6.26)

The contribution due to w?(z) in (6.26]) can be absorbed in a normalisation factor of the path
integral and thereby it is harmless. Finally, by plugging (6.26]) into (6.24)), yields

Dh,,

SDiff

§(detg,, — w?(x))e Soulo@h)] (6.27)

Zpig =

Due to the presence of the delta functional in (6.27), the action in the Boltzmann factor
collapses to its unimodular counterpart, i.e., Spig[g(g; h)] — Sspir[g(g; k)] where factors of /g
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are replaced by w(z) and when expanded in h,,, the constraint F(g) = 0 must be imposed.
Eq.(6.27) is the path integral of UG with the unimodular measure (Dh,, )uc defined by

(Dhu,)uc = Dh,,, 6(detg,, — w?(x)), (6.28)
ie,
Zpg = / (Dh,uU)UGe*SSDiFf[Q(g;h)} = Zspi - (6.29)
Vit

One particular parameterisation which is well-suited for the implementation of the unimodu-
larity condition is the exponential split

G = Gun (€)™, . (6.30)

Unimodularity of g, is achieved by requiring the background to be unimodular (detg = w?(z))
and that the flucuations h,,, are tracelesﬁ.

In order to complete the gauge-fixing procedure, one applies again the Faddeev-Popov
method for a gauge condition which fixes the SDiff invariance. This is achieved, e.g., by taking
the standard linear covariant gauges in quantum gravity and applying the transverse projector
to it. We refer to [102, |106} 107, 116} [117} 123, 124, [129] for more details.

We remark that eq. does not rely on the specific form of the gravitational action.
Morever, if matter interactions were included (also of arbitrary form), the equivalence would
still hold. In this case, the matter action S (¢, %, A) is mapped to SSP™ (¢, 1, A) with the
replacement /g — w and fluctuations satisfying the constraint defined by the delta functional
in . Thus, we expect that gravity-matter systems in a full diffeomorphism-invariant
setting are equivalent, quantum-mechanically, to gravity-matter systems in the unimodular
framework.

6.3 Non-minimal comparisons in Scalar-tensor theories

As an explicit check, we shall consider gravity non-minimally coupled to a scalar field and
show that the one loop UV divergences are the same for GR and UG. This disagrees with
[115], who claimed that a particular dimensionless combination of couplings, called A, has
different beta functions in the two settings. In our calculation, the beta functions turn out
to be the same. What is perhaps more important, we find that the beta functions of A
are gauge-dependent, which may at least in part explain the discrepancy. Furthermore, the
implementation of the unimodularity condition adopted in [115] is different from the one we
use in this thesis. We therefore think that the question whether different formulations of
quantum UG can lead to different physical predictions than GR remains still open. Here we
perform an explicit calculation of one-loop divergences in gravity-matter systems, illustrating
the quantum equivalence between Diff— and SDiff— invariant theories. In particular, we focus
on scalar-tensor theories including non-minimal couplings between gravity and the scalar field.

4Another efficient method is the “densitized” parameterisation, see, e.g., [119, 128]. If one opts for less
efficient implementations, the unimodularity condition becomes difficult to implement in practical calcula-
tions. Nevertheless, for the partial gauge-fixing associated with the gauge freedom , there seem to be no
generation of quartic ghost terms [127] due to the fact that one just introduces a ghost-antighost pair.
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6.3.1 Action

The beta functions of GR coupled to a scalar have been derived previously in, e.g., [130] for
the general class of actions

.91 = [ ateva (Vi) - Fo)+ 19,09%) (6.1

This includes an arbitrary potential V' and arbitrary non-minimal couplings parametrised by
the function F'. If one expands V and F' in Taylor series in ¢, with the additional assumption
of invariance under ¢ — —o,

_ 1 2 42 4 _ A

V(9) =Vt 5me* + Ao". V= e (6.32)
_ 1. _ 1

P(¢)=Zn+ 566" + ..., IN = Toncin (6.33)

We are especially interested in the dimensionless couplings & and A, whose leading one-loop beta
functions are universal, and in dimensionless ratios of the dimensionful couplings, such as Gy A,
Gnm?2, A/m?, since their beta functions are also known to be less gauge- and parameterisation-
dependent. In [130], the beta functions were computed by the use of the functional renormal-
isation group (FRG) equation which is based on a cutoff-like regularisation. Thus, power-law
divergences are also taken into account. In [115], on the other hand, the authors employed di-
mensional regularisation which is blind to the power-law divergences. For a direct comparison,
we would have to extract from the FRG the “universal” contributions, i.e., those related to
logarithmic running. This is discussed in Appendix [C.5] In the next section we directly extract
the beta functions from the logarithmic divergences, calculated with heat kernel methods.

6.3.2 Dynamical gravitons: UG or GR in exponential parametrisa-
tion

We start from GR in the exponential parametrisation (6.30)) and follow the procedure of [131].
We decompose the metric fluctuation in its irreducible spin 2, 1 and 0 components:

TT | © v VAR, Lo o L
with ?”hEVT =0, V#¢, = 0 and " h,, = h. A redefinition of the fields o and &, is performed
in order to cancel the Jacobian generated by the York decomposition (6.34]),

/| - R = . R
f:L =14/-V2 - qu, and o =+ —-V2{/-V2 - 37 (6.35)

We take the background metric g,, to be a four-dimensional Euclidean maximally symmetric
space. Then we choose the “unimodular physical gauge”, which consists of setting to zero the
spin one field £, and the spin-0 field h. With these choices, the gauge fixed Hessian is

1 N v R v 3 T\ = /
FONT (<94 )T = LRG0 (- T0

58, = [aovg :

(6.36)

- 2F’<&>5¢J (-7 (<= 5 o'+ 500 (T +V(0) ~ FO)R) b
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As a further simplification, we note that defining [

"o F/(¢) _?2 B ?
o =0 A S 8, (6.37)

the gauge fixed Hessian becomes diagonal,

1 - _, R v
ZF(¢)hTTuV (_VQ—{_E) hTT.“ o

EF(QE)UII(—?Q)O'”

2) __ 4 =

(6.38)

+ 1o ( SV VIG) - F@R+ 3 (((2); (_W - dTRl) ) 5¢] .

The unimodular physical gauge produces Faddeev-Popov ghost determinants

AFP:,/deto(—?Z)\/ det, (—?2 — g) : (6.39)

with the subscripts 0 and 1 denoting the spin of the fields that the corresponding operators
act on. Thus the one-loop partition function reads

e_Sgrav[<£ag} detAl

7 — , 6.40
VdetAgsy/detAg (6.40)
where Ay = —V? — % Ay = —V? and
_ FV" — (F?+ FF")R
As=-V*+Es, Es= (F7 + ) (6.41)

F +3F”

This agrees with the standard result for GR with a cosmological constant, except for the
appearance of the additional scalar determinant.

Consider now the same calculation in UG. The trace fluctuation A is absent from the degrees
of freedom from the start and it is therefore not necessary to fix the corresponding gauge. The
SDiff gauge can be fixed again by setting £’ = 0. Altogether this produces the Faddeev-Popov

determinant
AUG — \/det1 (-vz _ ?) | (6.42)

On the other hand, as discussed in [106,|107], the factorization of the volume of SDiff produces
and additional determinant y/det(—V2) which cancels the determinant coming from the inte-
gration over o', so that the final result is again exactly . Notably, such an equivalence
holds irrespective of the choice of F(¢).

In a standard perturbative approach, the beta functions can be read off from the logarithmic
divergences. The one-loop effective action is

1 1 1
=5+ §Tr log Ay — §Tr log Ay + §Tr log Ag, (6.43)

5This change of variables has a trivial Jacobian.
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and its divergent parts can be obtained from

T =~ 1617T2 log (%) / Q2y/G [ba(Da) — ba(Ar) + ba(Ag)] | (6.44)

with A standing for an ultraviolet cutoff and u being a reference scale. The first two contri-
butions in (6.44]) only give terms of order R? and are not relevant for the beta functions of
interest. For Ag we have

1 1 1 1 1 1- _
—5 b4(As) = (—ng — —REqs+ O<R2)>

1672 21672 \2 6 6.45)
2 6.45
1 Ve 1 14+6F"+95- _
= - 2 F/2 + 2 F/2 L V”R + O(R2> °
6472 (14 352) 1927 (14 3L%)
Inserting (6.32) and (6.33) and expanding in powers of ¢ we obtain the beta functions
4
m
D502
3N, 6GmAE?
ﬂm2_272m o
9IN2 T2Gm>\E?
Br=55 — : (6.46)
2m T
G*m?(1 + 6¢)
o= T2
m
AML466)  Gm2e(1 —12€)
fe=—( 5+
m 7r

We note that the leading terms are the same as for the pure scalar theory, discussed in Appendix
Here we only kept correction terms linear in G. The explicit one-loop computation
reported above leads to the same results in GR and UG, since is the same in both cases.
Moreover, we have kept only the contributions generated by the universal @-functionals. The
remaining terms are associated with power divergences and are not universal. The conclusion
of this explicit calculation agrees with our statement in Sec.[6.2] In particular, the non-minimal
scalar-gravity coupling does not change this conclusion.

As is well-known, quantum-gravity contributions to matter beta functions can be gauge de-
pendent. The “unimodular physical gauge” can be obtained from the standard two-parameter
linear covariant gauge condition for Diff-invariant theories, namely

_ 1 _
Vhy, — %ﬁv#h — ab,, (6.47)

with b, being a fixed function, by taking the limits « — 0 and 8 — —oo. For generic a, f,
the beta functions By and (g are left unchanged, while the others become,

3m2\ . 2Gm*(da — 3(2 + (3 — B)E)?)

Pmz = 272 (3—0)*nm ’
5y = gAz _ 8GMPA(12 — da + 24(3 — B)E +9(3 = B)*E?) | (6.48)
T (3—0)m
_AM1466)  Gm?
Pe = An2 127 Fla,,€)
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The contribution F(a, 3, €) is lengthy and collected in the Appendix[C.6] In the limit 3 — —oo,
the beta functions turn out to be a-independent. It is also worth mentioning that the first two
of these beta functions are also independent of another parameter that can be introduced in
the definition of the measure, namely the use of a densitised metric as a quantum field, see,
e.g., [128].

As a side comment, at one-loop order, the universal gravitational correction to the quartic
coupling A at vanishing non-minimal coupling is negative, irrespective of the values of the
gauge parameter 3, provided thatﬂ a <3,

_ .\ 32Gm* 3—a
grav (0 (3 - 5)2 .

At a = 3 or f — +o00, the contribution vanishes at one loop. In particular, in the unimodular
physical gauge, the gravitational contribution vanishes at vanishing &. However, in such a
gauge, if the non-minimal coupling is included, the contribution is always negative at leading
order in G. Hence, such a contribution can balance the non-gravitational contribution to the
one-loop running of A - which is positive and leads to the well-known triviality problem. In
order to circumvent the issues due to the gauge dependence, and of the non-universal power-
law terms, one will have to to compute a gauge invariant physical observable possibly along
the lines of [132].

B

(6.49)

6.3.3 A universal beta function?
In [115], it was argued that the dimensionless combination of couplings

(Gm?)?
)\ Y

A = (6.50)

has a universal beta function and carries a physical meaning. By quantizing UG in the presence
of non-minimally coupled scalar fields, the authors claim that the results differ in GR and UG.
More precisely, taking into account the differences in notation, their result for UG is

—9\ + 2rGm?(—4 — 24€ + 180&?)

UG = A 6.51
A G2 ( )
while their result for GR is
— 2 2(—4+41 1 2
R _ A 9\ + 2rGm*(—4 + 156¢ + 180&7) . (6.52)

672

Hence, A would be a physical quantity able to distinguish GR and UG if the scalar field is
non-minimally coupled to the gravitational field.

Using our previous calculations, we cannot distinguish UG and GR non-minimally coupled
to scalars at one-loop simply because the path integrals are the same. In particular, in the
unimodular physical gauge, we obtain

“9A 4+ 2Gm2n(—1 — 6¢ + 180€2)
672 ’

fa=A (6.53)

In an Euclidean setting, a has to be non-negative.
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which differs from either of the results above. These discrepancies may be ascribed to the fact
that we are using a different parameterizarion of the metric and a different implementation of
the unimodularity condition.

What is perhaps more important is that, even if we stick to our computation scheme, the
quantity A is gauge dependent. In fact, in the linear covariant gauge , the result is

A(=9(3 = B)*A — 2Gm’m(48a + (2 A1 (€) + 66A5(E) — 27A3(¢)))

Ba = 6203 — 5 : (6.54)

with
A(E) = 1466 — 18062,  Ay(€) = —1 4 66€ + 1802,  As(€) = 5+ 46€ +60£%.  (6.55)

Thus, even in the absence of £, the beta function of A is gauge dependent and comparing
results for GR and UG would be problematic. We also remark that, in the limit § — 400,
eq.(6.54) reduces to ([6.53) irrespective of a.

6.3.4 Dynamical gravitons: GR in linear parametrisation

So far, the explicit one-loop computations were performed using the exponential parameter-
isation of the metric. In this parameterisation, the unimodularity condition simply amounts
to removing the trace mode of the gravitational field fluctuation h,,. While field redefinitons,
properly done, should not affect the result of physical quantities, there are several subtleties
when changing from one parameterisation to another in quantum gravity. In this section, we
present the one-loop results for the scalar-gravity system with a non-minimal coupling in the
so-called linear parameterisation, i.e.,

G = g;w + h;w y (656)

in the linear covariant gauges (6.47). This system was studied, e.g., in [130], but the beta
functions were computed with the functional renormalisation group and contained also non-
universal terms. Here, we select just the universal contributions, that are related to logarithmic
divergences. In a general gauge (o, ), the result is completely equivalent to apart from
the beta function of the non-minimal coupling 3¢ which reads

_AA+68) GmQG
42 127

Be (a,8,€), (6.57)
where the explicit expression for G(a, 3,€) is reported in Appendix In particular, if we
take @« — 0 and [ — 400, we obtain

G(0, 400, &) = 6(—13 + 10£* + 24€%) (6.58)

which differs from F'(0, +00,&). The beta function of A in a general linear covariant gauge and
in linear parameterisation is the same as (6.54). Hence, although gauge-dependent, A seems
to display some kind of universality as far as different choices of parameterisation is concerned.
This fact is not very surprising given that, the only beta function in the linear parameterizarion
that differs from the exponential parameterisation at one-loop is 3¢ and it does not enter the
definition of fa.
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In [133], Kamenshchick and Steinwachs (see, also, [134]) investigated the one-loop diver-
gences of a more general theory than the one considered in this work. In particular, they have
considered a scalar-gravity action Sks|g, ®] expressed aq|

Skslg, ®] = / d'z\/g (V(CT)) — F(®)R + %gﬂ”G(cﬁ)vucbavycba) , (6.59)

where @ = 1,...,N and N is a positive integer. The functions V and F depend on & =
VPP, The gauge condition used in [133] is

F, = \/F(@) (vahw V- ]; g)) n“?m%) , (6.60)

with ¢, the scalar field fluctuations and n* = &%/ ®. Unfortunately, our gauge condition (6.47)
is not deformable to this, and therefore we cannot directly compare our results with theirs.
However, we can extract from their work the beta function of A in the gauge . The
authors employed the linear parameterisation of the metric and the reduction to the a single-
scalar non-minimally coupled to gravity is achieved by taking N — 1, ®* = n® = 1 and & — ¢.
Moreover, in order to have the same scalar-tensor action we discussed in this work, one has to
take G(®) — 1 and their quantity s has to be identified as

F —1—8rtG¢*
TP 43F? 14 81EGe(1+6)° (6.61)

S =

The beta functionals of V and F' are 8y = 2ay, Br = 2as, where ay and «g are given in their
equations (48) and (49). From there we read off

B\, 2GmA(2+4€ +36%)

Bmz=——=m )
272 T
5 9N2  8GMAA(2 + 8¢ + 9€?)
A= - s
272 T
6.62
G*m?(1 + 6¢) (6.62)
BG:_G— )
T
3 _)\(1 + 6¢) B Gm2(13 — 16¢ — 39¢2 — 3653)
S Y2 3 ’
which gives
_ 1 2 2
Ba=A 9\ + 10mrG'm*(5 + 30§ + 36£7) . (6.63)

672
This confirms once more that the first and last term in the fraction are universal, but not the
other ones.

6.4 Conclusions

Disregarding the single global spacetime volume degree of freedom, we have shown at a formal
path integral level that the classical equivalence between general (Diff—invariant) and unimod-

"The functions U, G, V of [133] correspond to —F, —1, —V in our notation.
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ular (SDiff -invariant) versions of gravity theories, can be maintained at the quantum leve]ﬂ
This is true independently of the choice of the action and also in the presence of matter.

We have then given an explicit one-loop example of this, by computing the universal parts
of the beta functions of scalars coupled to gravity. In spite of significant differences in the two
cases, the beta functions turn out to be the same. We have then compared these results to
those of [115], who also made the same comparison. Our beta function for the dimensionless
combination A differs from theirs both for GR and UG. The differences can probably to be
ascribed at least in part to the different way they implement unimodularity. A more detailed
analysis has shown that the beta function of A is actually gauge-dependent, so that it is not a
sufficiently good test. There are two terms in the beta function of A that are the same in all
gauges and are the same across all calculations we could find in the literature, whereas other
terms have strong gauge dependence. For the future, it will be important to identify a genuinely
universal combination of couplings, or another observable that can act as a benchmark.

We conclude with some comments on the cosmological constant. In UG, a “cosmological
term” % [ d*zw in the Lagrangian is just an additive, field-independent term that does not
affect the equations of motion and can be absorbed in the overall normalisation of the functional
integral. Thus, it has no physical effect. GR is only (classically) equivalent to UG if we impose
that the total volume of spacetime is fixed. In this restricted theory the cosmological term
in (6.2) is a Lagrange multiplier, whose value is ultimately related to the volume through the
equations of motion.

Computations of the beta functions performed in the so-called unimodular gauge [131] show
that the cosmological constant decouples from the system of beta functions. This resembles
simpler calculations involving the functional renormalisation group, where a field-independent
contribution is generated by the flow and can be cancelled by a proper normalisation of the
vacuum energy, see [135]. This suggests that its quartic running is unphysical, This is in line
with other hints coming from different directions [136-139]. This and related issues deserve to
be investigated further.

8The equivalence of GR and UG in the presence of an independent connection, deserves a separate investi-
gation, which is ongoing.
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Chapter 7

Renormalisation of Poincaré gauge
theories

After gaining some understanding of quantum structure of metric theories of gravity, we move
on to consider some models that are subclasses of MAG. We will apply the off-diagonal heat
kernel technique, explained in the section to compute the one-loop RG flow.

In the case of antisymmetric MAG,one can view the frame field (or vierbein or tetrad) as
a gauge field for translations, which can be combined with the Lorentz connection to form a
Poincaré connection. The natural Lagrangian for such a theory is quadratic in the curvature
of the Poincaré connection, i.e. quadratic in the curvature of the Lorentz connection and
quadratic in torsion. Theories of this type are called Poincaré gauge theories (PGT).

We will show that PGTs are not renormalisable in strict sense: one loop effects generate
terms that are not quadratic in curvature or torsion. This is a priori highly likely, since there
exist dimension-four terms that cannot be written as squares of curvature. An enumeration
and partial listing of such terms has been given in [86]. They are of the form (VT)? T?VT and
T*, where V is the Levi-Civita (LC) covariant derivative. The only thing to check is that such
terms are actually needed for the renormalisation of the theory, i.e. that there are divergences
proportional to these new terms. It will be enough to look at terms of the form (V7).

The calculation of quantum effects in these theories is very cumbersome, for two reasons:
the fields have many components, and the Lagrangian contains many terms. One can reduce
the number of fields by working in coordinate rather than orthonormal frames, but this is a
relatively small advantage: the 16 components of the tetrad are reduced to the 10 components
of the metric, but the number of independent components of the connection remains 24. E] We
shall see that for the calculation we want to perform here, it is actually convenient to work
with orthonormal frames. Regarding the Lagrangian, if we wanted to prove renormalizability,
we would have to work with the most general one, but we want to prove the opposite, and
for this purpose, it will be enough to consider a simple Lagrangian containing just two terms.
We will find by an explicit one-loop calculation, that one needs to introduce counterterms
proportional to other contractions of two curvatures, but also counterterms proportional to
the square of covariant derivatives of torsion, which do not appear in the Lagrangian of PGT.
This means that PGT is not renormalisable, or, in the more modern language of effective field
theory (EFT), that at a given order of the low energy expansion one has to consider a larger

!The choice of frames is a choice of gauge. The theory in coordinate frames can be recovered by imposing
that the tetrad is symmetric.
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set of invariants in the Lagrangian.
The standard action for PGT is quadratic in curvature and torsion:

1
S(g,A) = —Q/ddx V9l [— agF + TH" (alTupu + OLQT,W,;) +asT"T,

(7.1)
+ Frree (ClFuupa + 3 Fpop + C4Fupwf) + P (C7FW + CSF”“) + Cl6F2] ’

where T}, = T)*,. The non-consecutive numbering of coefficients is for compatibility with
the action of more general MAGs in section [3.5.2] In writing this action, we have made two
choices. We have chosen to work with coordinate bases, so as to have the lowest number of
field components compatible with locality. One can write the action in orthonormal bases,
simply changing the middle index of torsion and the last two indices of curvature from greek to
latin. This is a mere gauge choice and is completely inconsequential to the physical content of
the theory. We have also chosen to think of the action as a functional of the metric and of the
independent gauge field A. This is the choice of variables that makes MAG more similar to a
YM theory, and in [86] we called it the Cartan view of the theory. One can choose to present
the theory in what we called the Einstein view, where the action is regarded as a functional
of the metric and of the tortion (or equivalently of the contorsion). This change of dynamical
variables is performed by using . In the Einstein view, the action consists of the action
of higher derivative gravity (with the Hilbert term and three terms quadratic in R) plus terms
of the form RVT and (VT)2 [

In the following we shall consider the case where the only nonzero couplings are ¢; and aj;.
The Lagrangian in orthonormal frames can then be written

‘C = _% |g|g,upguanab (CleuachodeCd + alTual,pro) (72)

This writing clearly exposes the variables that have to be varied. Here the metric is to be
regarded as a composite of the tetrads, as in and F depends on A but not on the tetrad.
It is a general fact that calculations tend to be easier when one works in the Einstein
formulation. In the following we will use mostly the Einstein formalism, in the sense that we
will write covariant derivatives in terms of the Levi-Civita connection. For tensorial quantities
such as curvatures F' and R, they can coexist in formulas. In the end, to read off the beta
functions in the Cartan basis, we obviously have to convert everything back to Cartan form.

7.1 Perturbative Expansion
The basic variables are the tetrad and connection. Their variations will be called

56%, = X%, | 0AS% =27 . (7.3)

2Note that whereas in Cartan view torsion is a derived quantity, being constructed from the connection (in
coordinate frames) or from the connection and tetrad (in orthonormal frames), in the Einstein view it has to
be regarded as an independent field.
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Then we have
0g = /9X")
VG = VG (XX = XX,y
Sghv = — XM — XH
§2g = 2(XM XY, + XM X,V + XVPX M)
5F/u/ac = D/LZZ/ab - DVZ,uab + T,upVZpab
8 F, e =2[Z,, Z,)%
o1, =Db,X*, -D,X+2,*, -2, +T,, X%,
8T, = 2(Z,% X", — Z,",X",) .
Varying the action and using these relations one arrives at the Hessian, which is a quadratic

form in X and Z. It is convenient to rewrite all D derivatives as V derivatives plus terms
linear in torsion. The terms with two derivatives are

a1 X, (—=V2g"7 + VV)XF, + a1 2,7 (=V2g" + V'V 2o (7.5)

where the bar over the covariant derivatives indicates that they are computed with the back-
ground metric. The occurrence of the nonminimal terms would greatly complicate the calcu-
lation, but can be avoided by choosing a suitable gauge. We observe that this is only possible
using the vierbein formalism. Working in coordinate bases one only has the diffeomorphism
invariance (4 parameters) and one can fix this gauge in such a way as to remove the nonmini-
mal terms in the X-X sector. In order to remove the nonminimal terms in the Z-Z sector one
needs in addition a Lorentz gauge fixing. We shall see this in detail in Section [7.3]

7.2 Gauge algebra

Due to the structure of the gauge group, the gauge fixing conditions for gravity in tetrad
formulation (whether the connection is independent or not) is more complicated than imposing
separate gauge conditions for diffeomorphisms and local Lorentz transformations. This kind
of complication already occurs in the case of Yang-Mills fields coupled to gravity [140, [141]. In
the case of Einstein-Cartan theory it has been discussed in [142-146]. We will broadly follow
these references, but with some significant differences.

The fields of antisymmetric MAG are defined on OM, the bundle of orthonormal frames
of the base manifold M, and its associated bundles and the action is invariant under the
automorphisms of this bundle. One can parametrise locally this group by diffeomorphisms of
M and local Lorentz transformations, acting in the standard way on Latin and Greek indices,
respectively:

5L, = —wh0°,
6EA = Dy’

620, = L£,0%, = v°0,0%, + 0°,0,0°
61;DAuab = EUA,uab )

where wg, = —wp, is an infinitesimal Lorentz gauge parameter and v* is an infinitesimal
diffeomorphism (a vectorfield on M). Note that the latin indices are inert under this definition

(7.6)
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of diffeomorphism. The algebra of these transformations is

[651’ 6062] = 5[16:11,012}
[6vD1’ 5vD2] = _6[1'31,1)2] (7'7)
[611D7 5(5] = 5£vw

This shows that the local Lorentz transformations are a normal subgroup of the full gauge
group, and the diffeomorphisms are the quotient of the full group by this subgroup.

Now we see that whereas the general fluctuation X¢, transforms properly under local
Lorentz transformations, the gauge fluctuation 6,6, does not. This would become a serious
obstacle in the following, because 0,6, is used in the construction of the ghost operator,
and this definition would lead to a non-covariant ghost operator. E| The solution consists in
defining a modified action of diffeomorphisms on the fields, which consists of the original action
defined above, plus an infinitesimal Lorentz transformation with a parameter €%, = —v*A,%, =
—(U . A)ab' E| _

§D — 5P — 6L, (7.8)
The action of these modified diffeomorphisms on the fields is

0P, = 0° )V ,0° + 'K,

B (7.9)
(%DAuab = v F,%
where K is defined in (1.35)). Their algebra is
D 5D 5D L
|:51)17 5’1}2:| = _5[111,7)2] - 6F(U1,U2) (710)
[55’, 55} ~0.

where F(vy,v2)% = vfv5F,,%. This is just a different way of parametrizing the full gauge
group of the theory, where the normal subgroup has remained untouched.

In background field calculations we have to define how to split the transformation of a
field into transformations of its background and fluctuation parts. In the so called “quantum”
transformations 69 the backgrounds are invariant and the whole transformation of the field is
attributed to the fluctuation:

6@k, =0,
03 A% =0
y ’ 7.11
552LXau — _Wab Gbﬂ ’ ( )
(SSLZMab = Duw“b y

69Pg*, =0,

0P A, =0,
vy (7.12)

S?DX% =0°,V, 0" + v’ K,

QD a a
51) Z,u b—Upr,u b

)

30ne can try to covariantize £,0%, by adding and subtracting v*T',”,,0%,,. However, the resulting covariant
derivatives are only covariant under diffeomorphisms: the derivative acting on 6, is not Lorentz-covariant,
with the result that £,6%, is not a Lorentz vector.

4Here we follow [142, 144} |145]. Alternatively one could also use €%, = —vkT,% = —(v - A)%, where I'),%,
are the components of the Levi-Civita connection in the orthonormal frame. This would lead to a simpler
transformation for 6 (the second term would be absent) but a more complicated one for A.
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The “background” transformations 6% are defined in such a way that the backgrounds trans-
form as the original field (in particular, A transforms as a connection). In detail, the back-
ground Lorentz transformations are

55L0_au — _Wab g_bu 7

(55LAM0’17 = Duw“b s

6BLXa a c (713)
w p= "W ¢ X P>

55LZuab - _Wac Z,u,cb + Z,uac ch )

and the background diffeomorphisms are given by the Lie derivative on all fields. The back-
ground diffeomorphisms can be covariantized as above, in particular

5EDG, — 0,7, + oK,

)
SR _ 7.14
5vBDAMab = Upruab 5 ( )

7.3 Gauge fixed Hessian

We gauge fix by choosing the Lorentz-like gauge conditions

h=V'X",
D (7.15)

XLab = vVZVGLb .

In the latter expression it is understood that the covariant derivative is defined in terms of the
background Levi-Civita connection for both types of indices. Then, the gauge fixing action is

a’l — o Cl a Cc
Sar = /d433\/ lg] {@ganpDXD + a—L%cnbdXL oX15d| - (7.16)

This breaks invariance under the “quantum” transformations while preserving invariance under
the “background” transformations. Since the total background covariant derivative of the
background tetrad is zero, in the second term we can harmlessly transform all the latin indices
to greek ones. Then we only have background diffeomorphism invariance, and we do not need
to worry about the covariantization that was discussed in the previous section. That discussion
will only play a role in the definition of the ghost action.

Setting the parameters ap = oy = 1 (Feynman gauge), integrating by parts and commuting
derivatives one gets

Sar = /d4x\/ lg| [ —ay X, VX, — 1 Z,P°N N 2y
(7.17)
+ a1 X RO Xy — ay X, R X g + €1 Z s RY 2,7 — 2clzua51?zﬂpwngﬁ]] .
We see that the first line exactly cancels the unwanted nonminimal terms in the Hessian.
At this point, rescaling
—>1X“ Z“alZ“ (7.18)
1 \/a_l 122 w b \/a wb :

and performing some integrations by parts, one can write the gauge-fixed Hessian in the form
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1 V24 VEV, +Wxx Vi, Vu+Wxz X
H=:= 4 X 7 XxVp xzVu 1
5 / ey (X Z) ( VEV 4+ Wox VP VE, W) \2) (719

where the V’s and WW’s are matrices in the space of the fields, with the appropriate free indices.
More compactly

1
H= 5(\11,(9\1!). (7.20)
where U = (JZ() and
O=-VI+V'V,+W, (7.21)
where y ) y
V. % Wxx V,
V(S ) e (T )
(v Vi Vi Vi, (722)
The operator O must be self-adjoint, which implies the conditions
viA\[aB af|\[uv
V)[(HX] [aB] _ _V)[(X} (1]
v|A\[aB afyA[uv
V)[(MZ] [aBv] _ _VZ[XV] (wv]
vp|\[af afyA[uv
VZ[MZ PN aBy] _V)[(X’ﬂ [uvp]

(7.23)
W)[?)”(] [aB] _ W)[?)lg] ] _ v/\v)[(u)l;}k[aﬂ]
W)[?;] [aBy] _ Wé@f’v] (o] VAVZ[C)M?V]/\W]

W%jp] [aBy] _ Wéazﬁ’ﬂ lwvp] V/\VZ[aZﬁw]/\[qu]

With the rescaling ([7.18)) the quantum fields X and Z have canonical dimension one, V' has
dimension 1 and W has dimension 2. We do not give the components of these tensors but just
indicate the general structures that they contain:

Vxz ~Vzx ~ (\/ﬂ ; \/2F>
C1 aq

Vg ~T

Wyx ~ (T2 VT | ﬂﬁ) (7.24)
a1

Wxz ~Wgx ~ (UﬂT, HETF)
8] ai

sz~(@, F, T, VT) .

(&1

Here terms without tensors have to be understood as combinations of the metric.

7.4 Ghost action

The gauge fixing has to be supplemented by the ghost action. We define the ghost operators

5gLXL =Arx, 5§D><L =A;pC, 5gLXD =AprY, SgDXD = AppC' . (7.25)
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Here we have the infinitesimal “quantum” transformations applied to the gauge fixing condi-
tions, with the transformation parameters w®, and v* replaced by the ghost fields 3¢, and C*.
Then the ghost action is given by

= [ @B [R5 + 38700 + O 0 + 320

i e A (A Arp) (X

= [#avi (2 0) (ADL ADD) (O) |
where 3,° and Cu are the antighost fields. All indices here have been suppressed for notational
clarity. When one evaluates explicitly the infinitesimal transformations in ([7.25]), one obtains
some operators of the form V'V, i.e. containing both the background and the full connection.
However, we are ultimately only interested in the effective action at zero fluctuation fields, so we
can identify the full and background fields. This means that the ghost operators are constructed
entirely with background fields. Since the total covariant derivative of the background vierbein

with the background LC connection is zero, we can write all formulas using only coordinate
(greek) indices, without producing new terms. The ghost operators are then:

(7.26)

(ALLX)*s = V5% + V(K %75 — 3%, K, 75)
(ALpC)*s = V" (F,,"5C?)

(ADLZ)a = VX,

(AppC)* = V2C* + V¥(K,*,C?)

(7.27)

7.5 One loop divergences and beta functions
The one-loop effective action is given by the classical action plus a quantum contribution
I=S+ATW (7.28)

The effective action could contain non-local terms, but these are related to infrared effects. We
are interested here in the UV behaviour of the theory and in particular in the logarithmically
divergent part, which is local. Thus we can write

I'= Zgi/d4x\/§£,;

where £; are dimension-four operators constructed with the fields and their covariant deriva-
tives, and g; are the corresponding (renormalized) dimensionless couplings. There is a similar
expansion for the classical action S, whose the coefficients gg; are the bare couplings. In the
presence of a momentum cutoff A, the logarithmically divergent part of I' can be written

A
AT},) = —Blog <;) , (7.29)

where p is a reference scale that has to be introduced for dimensional reasons and can be
thought of as the renormalisation scale, and

B= Z / d*z /g BiL: (7.30)
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where the coefficients (; are defined by this equation. Thus

A
o) = am) = prtos (1) (7.31)
Here we assume that the bare couplings depend on the UV cutoff in such a way that the
renormalized couplings are finite and as a consequence the renormalized couplings must depend
on p. Then we find that

g -
so, as is well-known, we find that the coefficients of the logarithmic divergences are just the
beta functions. Note that we can also think of B as

Bi (7.32)

B = —AaAFl(i; . (7.33)
OA
For our theory,
AW = %Tr log O — Trlog Ay, . (7.34)

where both O and Ay, are operators of the form —-V? 4+ V”?u + W. For such an operator,
the logarithmically divergent part of the kinetic operator is

vtoga = -2 1 A /d4 b(A) (7.35)
5 rlog A = 2(47r)209 e /9 , .

where
b(A) = it (Rupoe R — R, R* + 3R?) trl
+ 2teW? — WV, V¥ + e WV, VH
— tRuW + SR trv#\/‘i — L RtrV,V*
+ 1—12tr_QWQ‘i” — L VIV Lt €, [VF, VY]
+ %trtu“ngp — %trVuV“Vpr’ + 5 trV, VIV, VP
+ 1 tr(V,V, = VLV )VAVY — Lr V,V [VE VY] + St [V, V][VE VY]

192

(7.36)

The application of this formula was performed by computer algebra software. The obtained
result for kinetic operator in X, Z sector ([7.21)) is

67 71 43 2 179 5] 25 D
_ 2 FF LFF LFF FF LEF FF FT FT

b(A) = — i - = L - Sty gLy § °L
()121 72773 244+3 72 8 3616 5 Ty
29 8 25 21 3 29 3a Ta 2a
o —LFT . —LFT _LTT o _LTT —LTT —LTT _1MTT o _1MTT _1MTT
6 ° 313+481 82+23+65+4011 4012+c13’

(7.37)
and for and for the ghost operator ([7.27)) we get

31 997 473 39 1303 1 17 11
b A :—LFF——LFF —LFF——LFF LFF _LFF LFT LFT
(Bgn) 1201 7203 +2404 207 +720 8 A T 1278
67 7 9 97 13 27
—LFT —LFT——LTT——LTT —LTT —LTT
+30 9 3071 1607t 80 2 153 2070 7
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Adding up these contributions as indicated in ([7.34)) we finally obtain

1 1 A2 76 107 86 137
ADWD 2 I S /d4 D FF [FF _ S0 FF IFF
tog.div. = "5 772 %9\ 2 W pht Fggtst — gl gl

17 7 91 13 93 39 19

——LFF——LFF——LFT —LFT——LFT——LFT —LTT 739
158 4716 90t 38 10° 513+301 (7.39)
1 7 32 30,1 7CL1 20,1

__LTT - _LTT _LTT MTT o MTT MTT
5 2 303+155+401 ! 4oy 2 +cl 3

In these formulae, the dimension four contributions have been disregarded. As expected, every
term of the basis [3.28| is generated by quantum fluctuations.
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Chapter 8

Field redefinitions

As we have already mentioned in sections|3.3.4] and [3.5.4] there exists a possibility to perform
field redefinitions that may not just remove technically challenging nonminimal terms from
the original action, but also remove local quantum corrections from the effective action. In
this chapter, we will address this issue more thoroughly. First, we will study a combined
effort of linear field redefinitions and a particular gauge choice, designed to cancel nonminimal
terms. After, we will consider also nonlinear redefinitions and their connection with on-shell
renormalisation.

8.1 Gauge-fixing and linear field redefinitions

In this section, we address the question of whether it is possible to cancel all the nonminimal
terms that appear in MAG. Although the complete analysis is yet to be done, we show that
the answer to this question is most likely negative.

8.1.1 Antisymmetric MAG

We note that the first three terms of type TT" give contributions to the kinetic operator pro-
portional to the Laplacian, whereas the others give non—minimal terms. Since these are unde-
sirable, we will look for ways to get rid of them. First let us consider whether the nonminimal
terms could be eliminated by a gauge choice.

For the GL(4) gauge fixing we have

Laray = (Co?]Aung + ClSKSZ + C25f\)5;) X oxty (8.1)
where
Xul/ = glvaTgul/ + §2v0Tauu + €3VO'TMO-Z/ + €4VMTUO'I/ + €5VI/TO'O-M (82)

Thus altogether there are eight gauge fixing parameters. The gauge fixing Lagrangian can be
written in the form

9
Lary = Z AbITHTT (8.3)

i=1
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where

AbiT =0,

AbQTT =0,

ABTT = Go(&] + &) + 2G1&és

AbyT = (& + &) + 206 &

ABIT = 20616 + G(EF + D) (8.4)
AbgT = (G — Q)&
Ab; " = (G — () (& — &)&

AT = 2C((61 + &) + (&2 — &)6) + 20 ((& — &) + (& + &)Es) |

Abg T =206 +G(E+E)+ GG +o -4 — &)

One could now ask whether it is possible to choose the gauge parameters in such a way that
AbIT = —b]T for i=4...9 (8.5)

so as to eliminate non—minimal terms from the kinetic operator.

A priori this may seem possible, because we have to fix 6 parameters in the full (gauge—fixed)
Lagrangian, and we have at our disposal 8 gauge fixing parameters. However, the equations
above are cubic in the variables and it is difficult to solve them. In fact, even though there are 8
gauge—fixing parameters, it is not even granted that the submanifold defined by the preceding
equations has dimension 8. To find the dimension of this manifold we fix generic values of the
gauge-fixing parameters and vary them

G — G +0G , & — & +0&; .
This leads to a change in the parameters Ab?. At linear order these changes are given by

obi =0 ,
6y =0,
bTT—5Co(f4 + £3) + 2016485 + 2084 (Coba + C1€5) + 2085(G1éu + Co&s)
8by "=0Co (&3 4 £3) + 26G1&1&2 + 2661 (Cobr + C162) + 20&(Ciés + Goba)
SbIT=0C1 (67 + &) + 260616 + 2061 (6 + Go&a) + 206(Goét + G1&e)
Sbg "=(8Co — 8C1)&3 + 26&5(Co — C1)&s
SbTT=26C0(&1 — &2)&5 — 261 (61 — &2)&
+2681(Co — €1)&s — 20&2(Co — €1)&3 + 2683(Co — C1) (&1 — &2)
Obg T =20Co((&1 + &3)éa + (&2 — E&3)65) + 20C1((&2 — &3)&a + (&1 + &3)5)
+ 2681 (Coéa + C1&5) + 2082(C1éa + Co&s) + 2083(Co — C1)(€a — &5)
+2084(G(&2 — &) + Co(&1 + &) +20&5(Co (2 — &) + Q& +&3))
Obg T =20C0€aEs + 0C1 (&5 + &3) + 0Ga(6r 4+ &2 — E4 — &5)°
+2(0&1 + 062)C2 (61 + & — & — &)

+2064(C1&a + Go&s — &+ & — & — &) 208 (Coéa +G6 — Qb +6 -6 — &) -
(8.6)
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The matrix of coefficients of this linear system has rank six. The null directions are the two
obvious ones (60677 and §b27) and
&3 &1 — &

_55—35194” 0T — ST 4 T
17— Q2 17 Q2 3

We can construct a non-degenerate submatrix by choosing the rows and columns labelled by

T T T T T T
BIT, BIT BIT BET | pIT ]

and

CQ; 517 527 537 547 55 .

It has determinant

32000 — Q) GO+ Q)& +8) GG+ E -4 —&) (bt G&+&Ea+E)) .

For a generic point in this parameters space the determinant will be nonzero and then locally
the manifold is six-dimensional. Now it seems that we have enough freedom to get rid of
non—minimal terms. However we note that in order to find a non—degenerate minor it was
necessary to include the direction b27, that we are not interested in. Thus we have one less
parameter in the remaining subspace, and we conclude that it is not possible to satisfy
just by using the gauge fixing parameters.

Next we consider the effect of linear field redefinitions:

6Tabc - alTabc + a2Tacb + a3gadedc . (87)
At linear order this leads to the following changes in the Lagrangian coefficients:

obTT=20"Tv) + 201 x|

by T=2b3 Ty + 201 Ty

obaT=2b1T oy + (2617 + 802 T — bi Ty

6byT=2b; Ty + 20t Ty

ob2T=2bI" oy + (2637 4 b1, (8.8)
sbgT=2b{"ay

SbIT=201T 0, + (2087 — b2y

6biT=20E Ty + 2(017 + 0t T + 1T + 261

(5bgT:2b9TT(a1 + Qo — 063) .

One can try to fix some of the b17 in this way. When viewed as a system of equations for the o;
there is an apparent solution oy = —1/2, ay = a3 = 0. For such value, the Lagrangian becomes
identically zero. In fact, this is not an infinitesimal transformation and has to be discarded.
However, since the system has rank 3, one can solve three of the preceding equations and fix
«; as functions of the corresponding db 7. In this way one can remove three of the 6b7.

One can then consider the simultaneous effect of changing the gauge parameters and re-
defining the field. To this end one has to consider the system of 9 linear equations where each
of the §17 is equated to the sum of variations due to the change in the gauge parameters and
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to the field redefinition. It is just the system where the r.h.s. is the sum of the r.h.s. of the
two systems considered above. The unknowns are the 11 parameters 0¢;, 0&; and «;.

Unlike the case when we only considered changes in the gauge condition, now it is possible to
find a nondegenerate subsystem that does not involve b7 In fact, since we are not interested in
what happens to !, i = 1,2, 3, we consider the subsystem of the equations with i =4,...,9.
The matrix of coefficients of this system is a 6 x 11 matrix and it still has rank 6. Thus we
can remove any infinitesimal change of the coefficients bI7, i = 4,...,9, by fixing six of the
parameters 0(;, 0&; and «;. It turns out that a suitable choice is 0(y, 0(y, 0(s, a1, ao, as.

In summary, we have shown the following. For a given initial Lagrangian, suppose we are
able to choose the gauge condition in such a way that conditions are satisfied. Then
the operator acting on the field ¢ is minimal. Then, assume that we vary infinitesimally the
parameters b/ T in the initial Lagrangian. Generically, this will produce infinitesimal non—
minimal terms in the operator. By means of a field redefinition and an infinitesimal change in
the gauge parameters we can return to the condition of having a minimal operator. Note that
we have not taken into account the RVT terms.

8.1.2 Symmetric MAG

We note that the first five terms of type Q@) give contributions to the kinetic operator propor-
tional to the Laplacian, whereas the others give non—minimal terms.
For the GL(4) gauge fixing we have

Laray = (Cogad” + 10505 + (20507 XX (8.9)

where

Xpv = flonouu + £2V<7ngu + £3V<7Quau + £4V<7Q;wg + £5onuuU
+ gﬁquJUV + §7VMQVO'J + fSVVQUJu + £9VVQMUU .

Thus altogether there are 12 gauge fixing parameters. The gauge fixing Lagrangian can be
written in the form

(8.10)

9
Loy =Y  AbPOHP? (8.11)
i=1
where the quantities AbiQQ are presented in . As in the antisymmetric case, this cubic
equation is too complicated to solve, so we limit ourselves to an analysis of its linearisation.
The coefficients of this linear system form a 16 x 12 matrix of rank 8. Removing the rows
that correspond to bI7, i = 1,2, 3,4,5 does not reduce the rank. Thus one can keep fixed 8 of
the 11 parameters that produce nonminimal terms by readjusting the gauge fixing condition.
We can then consider the effect of field redefinitions. These are given by

(SQabc = QlQabc + CYQCcha + a3Qcab + Oé4gadedc + aEygachdd

J p 4 J (8.12)
+ 69acQdb + 79acQba” + 896 Q " da + 9 GbcQad
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and produce a variation of the Lagrangian parameters
Sb7? = 267%a; + 269%, |
Sb9? = 209%a; + 267%an + 2(b7° + b5%)as |
0699 = 269%a; + (2699 + 099 s + bz + (2679 + b + 2099 + 8bF? + 679y
+ (2699 + 2099 + b9 a6 4+ (052 + 2699 + b$9 + 2699))as |
3b$? = 269% + b9%s + (90 + 2699 4 4689 a5 + (265 4 2099 + b2 a7
+ (2679 + 077 + 8679 + %) ey |

5b29 = 2b2%; + (2099 + 199y + 2(099 4 099 s + (b99 + 2099 + 4099y
+ (2699 4 b9%° + 2699 4 899 + b¥) a5 + (2099 + 2099 + b29) g
+ (2699 4+ 2099 + b9 ar + (2099 + b9 1+ 8D99 4 b9V + (DD 4 2(bF9 + bI9 + 2099 )y |
039 = 269%; + b3y
5b99 = 20990 + b3, + 208%05
b3 = 2% + (2679 + b3 a3
b9 = 26§ + 2(b¢° + b9° + b9 a2 + (2657 + b57) a3
0b99 = 20990, + (2699 + 99 + 199y + (D99 + b9) g
+ (4699 1592 + 2(099 + 99 + bE9) )y + (b99 + b9° 4 299) g
+ (099 + 409° + 299 + 199 g |
(8.13)
6b99 = 2099, + (092 + b9 + (b92 + 699 ay
+ (4692 4092 + 2(09% + 99 + b¥9))as + (D99 + 92 4 299 0y
+ (099 4+ 469% + 2639 + 199 g
0b92 = 20990, + (092 + b9 oy 4 (b92 + 692 ) s + (4092 + b92 4 2099 0y
+ (092 + b9° 4 099 g + (092 + 46592 + 2699 g |
0b90 = 20990, + (B9 + b9 s 4 (4692 4+ 092 + 2089 a5 + (052 + 092 + b3y
+ (092 + 4692 + 2699 g |
Ob9R = 20990 + b9y + (b9° + 209° + b9) a5
+ (099 + 92 4+ 2099 1 4p9° + b9y 4 (b99 + 8D9R + b9 4 2099 )
0b990 = 20990 + b9y 4 (2699 4+ 99 g + (D92 + 209 + b99)
+ (099 + b92 4 8699 1 p%2 1+ 299 4 2099 g + (D99 + 2099 + 4b92 4+ DP9 ag
0b92 = 20990, + 2(b9° + b9y + (2092 + b9 s + (BD2 4 2099 + b9y
+ (b99 + 2699 + 199 a5 4 (b99 + B9 + 2090 4+ 499 1 pE9) g
+ (099 + p92 4 899 1 p%° 4+ 299 4 2b99) vy
+ (9% + 8699 + 199 + 2699 g + (D9 + 2699 + 4b92 1+ b8 0y

This system has rank 9, so each parameter «; can be used to modify one Lagrangian coefficient.
This however falls short of the 11 parameters that contribute nonminimal terms.
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When we put together the variations produced by the field redefinitions and the changes
in the gauge parameters, we find a linear system of size 16 x 21 of rank 16. It is therefore
possible to readjust all the coefficients in such a way as to maintain the minimality condition.

8.2 Nonlinear field redefinitions and on-shell reduction
of the effective action

Let us denote all the dynamical fields of a theory as ¢ and consider the following infinitesimal
redefinitions thereof:

¢ — o+ Vg, (8.14)
where ¢ > U[p|. The corresponding change of the effective action is

or
Ple] = Tle] + @\PM (8.15)
Therefore, terms proportional to the equations of motion can be (infinitesimally) eliminated
from the effective action. We assume that the perturbation theory is applicable, which means
that the quantum effective action can be expanded in powers of A:

I=S+) hr® (8.16)

where I'®) is colloquially referred to as “k-loop” effective action and
S>> ar®,  TE s prtl ye s, (8.17)

Then, at one-loop level, we can separate terms of the effective action that are proportional to
the equations of motion:

T~ T o+ 5, VIl (8.18)

Here the quantum action is replaced with the classical one because their difference would give
contributions of the second order in hA. We conclude from that the second terms can
be removed. We call inessential those terms whose quantum corrections can be removed by
field redefinitions and which therefore do not enter the observables. The other, essential terms,
comprise what we will refer to as the on-shell effective action. Generalizing the same logic to
higher orders we obtain:

r®~r® + = (S + Z r ”) (8.19)

This means that higher-order terms proportional to the equations of motion obtained from the
lower-order terms can be eliminated from the effective action by appropriate field redefinitions.
Note that by higher order we mean those related to the expansion in A. This may or may not
correspond to expansion in mass dimension. We stress here that the assumption about the
perturbative character of the theory is important for our considerations.
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There exists, of course, some ambiguity when it comes to choosing a basis of on-shell
independent terms. Since in this note we are interested in the behaviour of the propagator,
we will focus on reducing the number of independent contributions to it. In the following,
we will write down equations neglecting any contributions to the potential and terms of mass
dimension higher than 4. We will denote the corresponding “equality at the level of the flat
space propagator” as ~~

In the following, we apply this recipe to Antisymmetric MAG. The general Lagrangian,
including the terms of order up to four that contribute to the flat propagator, is given by
, or with ) = 0. We consider all possible contractions of the equations of motion
with arbitrarily chosen functions of the fields, according to a recipe discussed above. In the
formulae below integration over space-time is omitted and in their derivation integration by
parts was used.

0S

2—— 5g I mi T Mpp +mit My +mi T M3, — m2R (8.20)
nv
5S 1
QWRW ~miHpp — EmgH%R (8.21)
puv

59
2—— 5 ——guw R~ —miHpp (8.22)

g

These three equations show that one-loop divergences of the types m2R, R* and R? can be
reabsorbed into appropriate field redefinitions. This is well known in the case of metric gravity.
However, in the case of gravity with torsion one can choose the function ¥ in and get
two additional equations

55
59 V TIW - mOH?%T7
5 g, . (8.23)
259 g;wv T ~ m(Q)HI?’%T + §m3H}5%T7
nv
which show that the divergences in the mixing sector be reabsorbed in a similar manner.
55
6 S 1 TS (8.24)
afy

oS 1 1
2 Tay = SORT Hi + SO iy + 617 Hipy + 57 By + U1 By + b Hip + V1T H
aBy
T H o VT g 6T Hy 4 07 H o Mg M+ A
(8.25)
0.5 L rr s L o5 TT 771 T TT\ 172 TT 173 rr  Lirry
mTaﬁvz§b3 HRT+§b5 Hpp + by " Hpp + (2017 — by ) Hip + by” Hip + (b +§b7 JHrr
ay

1 1 1

0T = L) g+ ST 6 T 28— L g

+ by " Hyp +my  Mpp + (2mi T —mg ) Mip 4+ mi T My : )
8.26
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oS 1
o e =]

1
+ (01T +biT — EbgT + 30 Y HY + 2mTT + md™ + 3miT) M3,

1 3
(b5 4+ 665V H Yy + (2677 4- 027 + 3627 + 5bgTT)lqr;’ﬁT + (bTT 4+ 2T + pIT 4 §b§T)H§%T

(8.27)
After considering all such combinations we conclude that all terms of the dimension up to
four that contribute to the flat propagator can be rewritten in such a way that their small
quantum corrections can be reabsorbed into field redefinitions. This means that at order four
in mass dimension our one-loop EA is
' ~ 6—@[g0] + interaction terms. (8.28)
2
In our terminology, that means that all operators that contribute to the flat propagator are
inessential at one-loop level.
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Other projects

Whilst pursuing PhD degree, I have been involved in two other research projects, one of which
was published and another is in progress. They have not been included in this thesis for their
topic is somewhat different from the main line thereof. The main objectives and results will
be briefly explained here.

Primordial Horndeski Cosmology

Horndeski theory is defined as the most general scalar-tensor theory with second-order field
equations and incorporates several other well-studied theories. It is of especial interest for
it admits a stable violation of the Null Energy Condition (NEC), and at that time there
existed a hope that it could allow one to describe non-standard gravitational solutions such
as Lorenzian wormholes and semiclosed worlds [147]. Another class of solutions of Horndeski
theory concerns the cosmological domain. The stable violation of the NEC opens a plethora
of possibilities for considering cosmological solutions such as bouncing Universe and genesis
[148, 149]. In the latter scenario, Universe starts from an asymptotically flat space with an
asymptotically small effective Planck mass, and then expands transiting into a hot epoch later
on. As pointed out in |[150] the effective Planck mass then goes to zero in the asymptotic past,
which may signalise a potential strong coupling problem. It was of interest to see whether
one can present a model that would describe the evolution of the Universe from the earliest
times that is governed completely by the laws of classical field theory. We proved that in a
wide range of parameters, the inverse time scale of classical evolution is much smaller than
the strong coupling energy scale, thus showing the classical analysis of time evolution to be
legitimate [151}, 152]. The analysis was done at tree level and the strongest bound comes from
the scalar sector of perturbations. It was recently proven that, surprisingly, the same bound
from the scalar is the strongest one when also compared to all loop orders.

Essential Renormalisation Group

The Functional Renormalisation Group (FRG) is a non-perturbative approach to renormalisa-
tion that deals with a scale-dependent effective action called Effective Average Action (EAA).
The Essential Renormalisation Group is a modern approach within FRG in which only essen-
tial couplings — the ones that cannot be changed by field redefinitions — are allowed to flow,
whereas the inessential ones are kept fixed. An important notion is that of a theory space,
which is defined as a space of all couplings of EAA. A physical theory can be represented as
an RG trajectory in that space. By performing invertible field redefinitions one can alter a
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given trajectory, however any observables must obviously remain unchanged. All trajectories
then fall into equivalence classes, with each member of a class describing the same physics.
This approach was initially developed in [153] and applied to Quantum Einstein Gravity in
[87], where the usefulness of nonlinear field redefinitions was advocated. The independent
terms of the EAA in the fourth order of derivative expansion are the cosmological constant,
the Hilbert—Einstein term, the Gaufi-Bonnet (GB) invariant and the two terms quadratic in
curvature. We identify the Einstein equivalence class which describes classical GR at large dis-
tances within the vicinity of the the Gauflian fixed point. Quantum Einstein Gravity is based
on the existence of the ultraviolet (UV) Reuter fixed point which provides the UV completion
of Einstein’s theory. Within this class the only essential couplings are the Newton coupling and
the one in front of the GB term, which however does not contribute to the dynamics. All the
other couplings are inessential, including the cosmological constant, meaning that they can re-
main fixed along the flow. In an ongoing project, we study the gauge dependence of the critical
exponent. Due to the approximations made, such as the derivative expansion, some degree of
gauge dependence may appear, and the smaller it is, the better the applied approximations are.
The main technical difficulty in studying gauge dependence in gravity are, again, nonminimal
kinetic operators, which are usually cancelled by a gauge choice (de Donder gauge). Using the
same code for tackling nonminimal operators mentioned in the previous section I computed
the nonperturbative beta functions at order 4 in derivative expansion and used them to find
the position of the Reuter fixed point. The gauge dependence of the critical exponent turned
out to be reasonably small in a certain parameter range. At the moment we are investigating
whether it is possible to further eliminate the dependence with another type of cutoft.
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Outlook

Toward more general computation of divergences

As we have understood so far, in order to compute loop divergences in MAG one needs to
develop a computational algorithm that can deal with nonminimal operators of the general
form. Here we discuss a project in progress, in which such an algorithm was realised by means
of computer algebra techniques and applied to the Antisymmetric MAG. The starting point
in it is equation . The first task in it is to find the curved space propagator, which is the
solution to the equation

FGy=1. (8.29)

This can be done in the following way. First, we find the solution of the corresponding equation
in flat space:
Fy Gy =1, Go = Galp,—v,, R0, T—0 (8.30)

where the operator F{ is obtained from F\ by replacing the covariant derivatives with vectors
(or performing a Fourier transform) and putting background curvatures and torsion tensors
to zero. One can use an ansatz for GGy with arbitrary coefficients and then find a solution for
them. Then we replace momenta vectors back with covariant derivatives in G, ordering can
be arbitrary. After plugging it back to instead of the full G we get

F Goly,—p, =1+ M(V,R,T) (8.31)

Now the full G can be expressed as a geometric series in —M:

1

G =G

=Gy [l =M+ M- M+ M*— . ..] (8.32)

And important notion at this stage is the one of the background dimensionality of a differential
operator, which is defined as the mass dimension of the background quantities that enter in it.
If derivatives act on the background quantity, they add 1 to the background dimensionality. If
the operator contains several terms, the background dimensionality is the least one of them.
As long as is satisfied, M will contain terms of background dimensionality of at least
one. We are looking for the one-loop contributions to the EA that are of the same form as the
terms in , they will correspond to logarithmic divergences. Therefore, calculation can be
seen as an expansion in terms of the background dimensionality, and we only need to keep the
terms up to order 4. The geometric series in is needed to be considered only up to order
4.

Let us look at the case when mass parameters are present in F'. If the aforementioned
procedure is applied directly, the inversion coefficients will come out momenta-dependant.
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However, this complication is unnecessary due to the following E| Let us assign background
dimensionality for masses. This by itself is harmless, since background dimensionality solely
controls the expansion and tells us terms of what type we are looking for. Then Fy will be the
principal part of the operator and a solution for the inversion coefficients as rational functions
of dimensionless couplings can be found relatively easily. Geometric series will now be
infinite, because when mass parameters are not small (in our case they can be of the order
of Planck mass) and terms that are higher order in M will also be large. However, the same
argument as before applies and such terms will contribute only to the convergent part of the
EAQ

Let us split the kinetic operator as
F(\) =X(\)+Y, (8.33)

where X contains all terms with background dimension zero and lambda multiplies nonminimal
terms and

X(A) = Foin. + AN. (8.34)

We assume that F' and X are invertable and positive definite, the latter means that all their
eigenvalues are positive. Then we can define the “propagator” as the full (including curvature
corrections) inverse of X

XANG(A\) =1. (8.35)
and the unique positive definite square root of X. Introducing identity operators on the left
and on the right we have

1
§TT log [X +Y]

1 1 1

—_Trl \/X—X+Y—ﬁ]

L7 log [ XY

L log X 4+ S Tr 100 |14y L (830
=—1rlo + =1rlo + —=Y —

SRR g{ VX ﬁ}

1 I 1 1
==Tr log Fpin. + —/ d\Tr [NGO\)|+=Tr |YG—--YGYG
2 2 J, 2 2
In the third row we used the identity

tr log(AB) = tr logA + tr logB, (8.37)

which is valid for any (non-commuting) positive definite operators, while in the last row we
used ([1.54)) and the trace cyclic identity. Since Y contains terms proportional to at least one
power of torsion or curvature we can replace G with its flat-space version Gy in the last term:

1 1
Tr [YG - §YGYG} =Tr [YGO(l — M) = 5YGoY Gy (8.38)

T owe this trick to Christian Steinwachs.

2The only situation when things could go wrong is if operators Gy or N contained inverse dimensions of
mass, that could happen if we chose the field space metric to be dimensionfull. Then inside the traces of the
second term in ([1.54)) ratios of dimensionfull couplings could appear. This explains the advantages of the simple
form of the me.
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Then, using the definition of G ({8.35)) and the fact that the trace of unity does not contribute
to logarithmic divergence we have:
TriGANX(A)]

=Tr [G|y_y Finin.] = Trl‘log.div. =0 (8.39)

log.div. log.div.

Which allows us to rewrite the term under the integral as

1 1
Tr [N G(\)] = XTT [(X(A) = Foin.) GV)] = XT’/’ 1 — FohinG(\)]
1 1 (8.40)
= ST7 GO Fain] = 5T [(GON) = Gly_g) Foin]
Notice that these identities hold even when integrated over )\, because we first take the traces
and then integrate. Therefore, within our approximations we obtain for the logarithmically
divergent part of the effective action:

—toop _ 1 X 1
Fllogl.dif. = §TT lOg Finin. +/0 T TIr [5 (G()‘> - G‘A:O) Frin.
(8.41)

1 1 1
+Tr {§YGO <1 — M — §YGO>} —Tr log Agn. — §TT log (Ygn.)
A=1

By means of computer algebra, in principle, one can compute one-loop divergences in any
theory of fields defined on curved space-time, that may dynamically mix with gravity. At this
moment, such calculation for the general Poincaré gauge theory is in progress.
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Appendix A

Background field method and kinetic
operators

When the background field method is applied dynamical variables are split into their classical
background value and quantum perturbations. Consider linear perturbations of the metric and
torsion field about a generic background:

gl“’ — gﬂl/ + h,UJ/

A A A
Tp n:Tp n T+t

(A.1)

where the bar stands for background values. Using the condensed DeWitt notations the latter
can be represented as a column ¢, where index a carries both all the internal structure and
the space-time dependence. We will call the linear space of all p® the configuration or field
space V. Therefore, in the case at consideration we have:

o= () @ (A2)

On the configuration space one can define metric, torsion and nonmetricity, which can be
arbitrary in general. Since we have chosen to work with the Levi-Civita derivative the latter
two vanish. The kinetic operator is defined as a linear differential operator acting on the
space of linear perturbations of fields, F' : V' — V. For operators of this type one can define
determinant, trace and logarithm which are basis-independent, meaning give the same result if
a linear transformation of fields ¢* with a unite Jacobian is applied. If the Jacobian is not unity
the value of traces may differ, but such a change will be compensated by the corresponding
change of the functional measure. The Hessian on the other hand is a bilinear form, acting
from a Cartesian product of field spaces to real numbers, H : V x V' — R. One cannot define
a trace of a Hessian. We must instead transform it into a proper operator first, by multiplying
it with an inverse field space metric:

F*, = G*H,, (A.3)

The metric G is a bilinear form itself which in general can be quite arbitrary. The results for
divergences will contain a nontrivial dependence on the choice of this metric. Let us focus on
the simplest case of ultralocal metric, meaning not containing derivatives:

1a6,/1,u_A aff uv 0
gab:(S g9

— ). A4
0 Las 765 P\ — B ¢ gsrg’" — C 5§5297p) o(z — ') (A.4)
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It is nondegenerate if A # 1/4 and b # 1 and B # —2 and C' # —(2 + B)/3(in 4 dimensions).
Here 1, and 1,, are identities in the spaces of symmetric 2-rank and antisymmetric 3-rank
tensors correspondingly. For A = 1/2 the metric part of it represents the DeWitt metric which
is usually used in metric theories of gravity. In principle, there could be two additional overall
factors in (A.4) which will however drop out from the final result.
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Appendix B

Multiplication of pseudo-differential
operators

The main sources of difficulty in such computations are the large number of terms in interme-
diate computations, the large number of derivatives in each term and the complicated tensor
structure of each term. Operators under consideration contain background structures (such as
curvatures, torsion tensors and derivatives acting on them) and several derivatives acting on
perturbation ﬁeldsf_-] When trying to calculate the product of two such operators, it is easy to
get overwhelmed by the complexity. This is mainly the reason why there has not been much
progress in the field since the late '90s (see however |78, |[154-160]). In what follows we try to
shed some light on how to manipulate such structures, aiming to accelerate the work in this
direction.

From the technical point of view, the challenge is about writing an efficient computer
code that can perform three following operations. The first one is multiplication of pseudo-
differential operators, containing derivatives and rational functions of [1’s. The second one is
sorting the covariant derivatives, in such a way that all the contracted derivatives stand on
the very right (or very left). The third one is the replacement of terms of mass dimension
4 with contracted terms from the Lagrangian (explained below). After such replacement,
some previously uncontracted derivatives will become contracted, and one can try and sort
the derivatives again. It is technically advantageous to perform the second and the third
operations after each multiplication several times in order to reduce the number of derivatives
in the expressions as much as possible before going to the next step.

It is more efficient to sort the derivatives so that they contract each other rather than trying
to bring different terms to the same form.

Sometimes further simplification is possible due to the symmetries of the tensors involved.
For example, a term of the following from:

RPN, .. V. g (B.1)

can be replaced with several terms each of them having two derivatives less than the original
one however proportional to two Riemann tensors, after which the third operation can be

In the case of dimension 4 truncation of Antisymmetric MAG we deal with 8-index background structures.
Therefore, an operator acting in the space of perturbations of the torsion can have up to 8 + 3 x 2 = 14
uncontracted derivatives. The matrix M, which is what we expand in, cannot have more than 3 derivatives,
however, it has around 1000 terms.
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applied again, etc.

Contributions from commutators

For an arbitrary operator X and function f, using the Laplace transform, one can derive the
following formula [79):

=3 -1 [x, a9 o) (5.2)

We define the special product ® of two pseudo-differential operators as the product com-
puted in the usual way except that all (functions of) boxes are assumed to commute with
derivatives:

O1(V) £1(O) ® 02(V) f2(0) = O1(V) ® O5(V) f1(O) f2(O). (B.3)

Technically this means that while computing it with a computer program boxes can be treated
as mere constants. Then it is easy to see using (B.2)) that for the usual product x of arbitrary
operators L and R we have

1 1
L><R:L®R+L’®[D,R]+§L”®[D,R]2+§L”’®[D,R]3+..., (B.4)

where primes stand for derivatives with respect to [J and the dots denote terms with higher
background dimensionality. This way instead of computing all the corrections due to the
commutators separately, one can put everything into one expression. For example, we have

M*=M®M+ M ®[0,M] +%M”® [0, M, +
M3 =M2@ M + (M2 @ [0, M] + ... (B.5)
MY=M@M+...,
and for the curved space propagator we get from (8.32]):
G =Gy ® (1—M+M2—M3+M4) +Gy® [O0,—M + M? — M?]

1
+§G’O’®[D,—M+M2} + 'G’” O, —M], +

3!

Replacement of dimension four terms inside traces

The third operation was discussed in [78], section 6, and concerns only the terms of the max-
imal background dimesionality that we allow in our truncation of the EA - in our case, four.
Eventually, all we want to compute are traces, and such terms can be traces with metric only.
This means we can replace them with scalar structures multiplied by tensors 7 (¢) which are
constructed with metric tensors only. Therefore, at any intermediate stage of the calculation

98



we are allowed to make the following replacements:ﬂ

D, D RR1 RR RR2 RR RR3 RR
RaﬁnyRqu)\ — 7-04,B’y(§uup)\H + EﬂvéuupAHQ + Eﬁfydwfp)\H?» )

<

TT
aTB Z/p/\ — Z ,By&;u/p)xH

(B.7)
T/B’stv VP/\ - = Z 575quAHTT

RWW\V}LTUW\ — TRT3 HRT TR HRT

apByspvpA afyduvpA
T = D RT3 RT RT5 RT
Tup)\vuR,uup)\ - 7-o¢ﬁ’yéul/p)\H 7;4,876;11/,0)\}]

The structures 7 are complicated, but we only need to compute them once.

Computing terms of [' separately

In principle, one can compute all contributions to the EA up to a certain order in background
dimensionality at once. In this way one has to keep the background arbitrary in order to
distinguish the counterterms from each other. However, in practice it is easier to perform
several separate computations, each of them aiming to a specific term (group of terms), while
considering the backgrounds that are only necessary to distinguish such term(s) from the others.
This way we compute the same EA, but piece by piece. Indeed, let us say we want to compute
the counterterms proportional to the kinetic terms for torsion, (VT)Q. This means that one
can assume that the background metric is flat at any intermediate stage of computation.
Furthermore,

vT)?
Go, 0] "2 0 (B.8)
However,
(V1)?
(M, O] # 0. (B.9)
The relevant contributions to the propagator can be then computed as
(VT)Q ! 1 1
G ~ Gy|l+M+MxxM-—-M ®[M,D]—I—§M ® [M,0O|, (B.10)

where ,
MY rec-1. (B.11)

When computing the running of mg, «, 3 we set T = 0. In the last computation we only
keep the five contributions of the type RV T .

2In [78] it was correctly stated that after performing the Ricci decomposition (expressing the Riemann
tensors in terms of Weyl tensor, traceless Ricci tensor and Ricci scalar) the number of invariants will be the
lowest. However, the commutation of covariant derivatives produces Riemann tensors, and in this case one has
to constantly jump from one basis to another.
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Further remarks

To perform the calculation computer algebra packages zTensor [161], Invar [162, 163], Sym-
Manipulator |164], and xTras [165] were used. It was found to be necessary to introduce some
small modifications of certain functions of z7Tras to make them efficient for such involved com-
putations. In short, one has to make sure that the Ezpand function is not applied whenever it
is not needed. It remains to investigate whether the usage of other computer algebra systems
such as Cadabra 166, |167] can give a significant gain in computational efficiency.
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Appendix C

Trace technology

C.1 Universal Functional Traces

Here we discuss the procedure of calculating the traces of type
Te[V,, ...V f(A)] (C.1)

with f being a smooth function, A = —V*#V , 4 E is a minimal Laplace-type operator, V is the
Levi-Civita derivative and E contains no derivatives. They are commonly referred to as the
Universal Functional Traces. The first step is to rewrite the expression in terms of symmetrised
derivatives. Then for the function f we introduce its Laplace transform

f(A) = /000 ds e_SAf(s) , (C.2)

which allows us to write them in terms of the generalised heat kernel traces:
[V, - V) f(A)] = /ddx\/g/ ds (2| Vi - Ve 2 |x) f(s) =

e e [ e “"”

Expressions of H via off-diagonal heat kernel can be found in [79]. Dependence on s can be
factorised as

_ n— (n)
Hoyy oy (z,8) = (1ms) d/2 ZS LN/2JKM1 NN)(x), (C.4)

n>0

with |x] being the floor function and

K;Sn (x) =V, a,

K((ZZ) (x) = ;gwan + V.V an1 (C.5)
K((Zim(%’) =— gg(puvman +V Vi Vyan
K((ZZ,JA)( ) ig(/\pgw) =390 Vo Van-1+ ViV, Vi Vyyan
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. 15 -
K((Mipm)(x) :Zg(w\gpvvu)an =959V Vi Vi an1+ V(aVAV, ViV )y

n 15 __ 45
K((,uz)/p)\aﬂ)<x> = - gg(ﬂag/\pguu)an + Z

+VEVaVAV, V.,V ya,_3
The bar stands for the coincidence limit of the off-diagonal heat kernel coefficients |76, [79]:

g(ﬁag)\pvuvp)anfl - _g(ﬁav)\vpvuvp)aan

2

a =1,

V#ao = 0,

=—=— |1
V(Vvu)ao = BRW“

1

V@VeViao = 1 Rua)

3 1 5
VeVaViViao = 15 Bwuap) + 75 fallny + 12 R oty

10 1 5
@ =—E+ R,
Var = —%Ew — éQW” + iR.
VoV —%E( — 6R,WE 69 o(u ) + 69 W% + 2—103. () — %APLW
- %RRW - ERWR“M - QORQBR%% - QOR Y, Ry
a3 = %AE + %E2 — %RE + EQWQW AR + 72R2 1;0}?,#?, + %R;}mg ,

(C.6)
where ) is defined in ([1.49). Then after substituting (C.4) in (C.3) and introducing Q-

functionals as -
Qmlf] = / ds s_mf(s), (C.7)
0

we obtain a master formula:

T (Vi - Vo [(A)] = 0 )M ;Q_n+ s lf] -t / d'z oK\ (@) (C8)

The Q-functionals here can be reexpressed as integrals over momenta, see [27]. For m positive
integer we have

1 = r—1
Al =g | an A (©9)
whereas for non-positive integer we can choose k such that m + k£ > 0 and then
— (_1>k = r+k—1 ¢k
Q= pp | aA AT, (.10)
For r nonnegative integer:
Q- [f] = (=1)"f"(0), (C.11)
and for r =0
Qolf] = f(0). (C.12)

This way all integrals over s are transformed into the integrals over the momenta.
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C.2 Extracting logarithmic divergences

In order to regularise the momenta integrals let us introduce a momenta cutoff A. In the traces

(C.8) the functions of our interest are:

A = -— -1
Fa) = (€13
with positive integer m. Let us consider first the case when r > 0, m # r. Then from (C.9))
we have , A2
1 r M 1 A
= = =— AR — . C.14
@ [Am} [(r) /Hz LCryr—m 2 ( )

This expression is UV convergent for r < m and power-law divergent for r > m. Forr =m > 0
we get the logarithmically divergent contribution:

1 A?

Qnm {ﬁ} = ﬁ log A% = mzog <?> (C.15)

We will compute the traces with up to four uncontracted derivatives for further convenience
and then give the general expression for any number of derivatives. First, we consider the case
without uncontracted derivatives. The formula ((C.8]) gives

Tr [ Alm] _ (47T1)d/2 S, {ﬁ} S / 2 JGE ™ (). (C.16)

n>0

This expression is logarithmically divergent if n = d/2 —m, m > 0.
From here on we set d = 4. Using the first line of (C.5)) we get:
1

T[ } L 1, (AZ) t/d4 T2=m (C.17)
r|— = ————log| — | -tr /g Qo_m, .
A™ ] pdi, (4m)2T(m) I ’

This formula is inapplicable when m = 0 and the expression on the lhs is in fact finite, see
below. It is convergent for m > 3.
For the case of a single uncontracted derivative, in four space-time dimensions,

1 1 1 .

which gives logarithmic divergence if n = 2 — m. Then the two nontrivial contributions that
we obtain from (C.5]) are

1 1 A? 4 v
IrVig] = womloo\ () i | v Ve,
1
Tr VME:| =0 for m > 3.
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For traces with two uncontracted derivatives, in four space-time dimensions,
L] 1 1 4 (n)
Tr [V(ny)m] = 1672 ;QS—H [E] 'tr/d /9K (@) (C.20)

gives logarithmic divergence if n = 3 — m. Therefore,

[ 1 1 A? 1 —
Tr V(#V,,)Z] = 167T2log (F) -tr/d4a:\/§ <—§gw,a_2—|— V(#Vl,)ch) ,

i 1 1 A2 ] 1

Tr V(MVV)P = 167]'2 lOg E d x\/_ ——gu,,al + V Vl,)ao
' 1 11, (A2

Tr V(MVV)E] = Wé lOg <?> /d4x\/_ <——gm,a0)

Tr V.V,

(C.21)

Am

For traces with three uncontracted derivatives, again in four space-time dimensions,

[v V.V, Am} o 2ZQ3 " [Aml tr/d%\/_[((;‘yp( ) (C.22)

again gives logarithmic divergence if n = 3 — m. We have

[ 1 1 A?
Tr V(HV,,VP)K} = 167T2log (E) /d4x\/_( Vyaz +V,V,V, )

1
—}:0 for m >4

1 A? 3
Tr V.V, V, Az} = 1620 (M_) -tr/d4:v\/§ (__g(puv“)al +V(pV,,V#)a0>

L C.23
Tvvvl—llz A /d4 o
" i A3 T 16m22 Y 12 W9\~ Vinao
TTVVVAlm}:O for m>4
And finally, traces with four uncontracted derivatives are
1 n
{V V.V, Vy Am} 162 ZQ4 n [Am] tr/d%\/_K(Wp/\( ) (C.24)

again give logarithmic divergence if n= 4 — m. We have

( ) d4l’\/_ < g(/\pgll,u Sg()\pvuvp)a2 + v()\vpvl/vu)al) )
2
2

i 1
Tr v(uvyvpvk)z] —

Tr V V \Y V)\ AQ = 167T2 ( ) d4$\/_( )\pgl/u)GQ 39(/\pvyvu)a1 + v(/\vpvuvu)a())
: 17 11, (A -

Tr V V \Y V)\ A3 = 1672 2 l _2 d* f\/_ g()\pgu,u 39()\pvuv,u)a0
: 17 11 A2

Ir V(NVVVPV)\)B = 1672 6 lo 09 (F) /d4$\/_ gAPgVH)ao
- 1 N

T?“VVVV,\Am]:O for m>5

(C.25)
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In general, for traces of the type (C.8) with (C.13), the logarithmic divergence comes from
the n-th term of the expansion for which the following equation is satisfied:

d
—n+tg+ IN/2| =m (C.26)
or p
n=g+ |IN/2| —m. (C.27)
Therefore, for any positive integer m:
1 1 1 A? (24(N/2)—m)
Tr |V, ...V —] = —————log (—) -tr/ddx gK,}? x) (C.28
(n MN)Am ogdin. (47T)d/2 F(m) 12 \/_ (B1--pinv) ( ) ( )
The case of m = 0 should be considered separately. For » > 0 gives power divergences
1 1 AN
1] = —— dA A" = — C.29
@rl1] ['(r) /uz L(r) r 2 ( )
whilst for r = m = 0 it is convergent
Qo[l] = 1. (C.30)
Therefore we conclude that
T [V - Vi L iog.aie, = 0- (C.31)
C.3 Second order minimal operator
Let us now consider a minimal Laplace-type operator of the form
A+FE, (C.32)

acting on fields that may carry either spacetime or internal indices, where
A =V?

and E is an endomorphism (a linear map acting on the fields, without derivatives). The
covariant derivative V is constructed with the Levi-Civita connection on spacetime indices,
plus any other connection may be present that acts on the internal indices.

First, we perform a simple consistency check and derive a formula for the logarithmically
divergent contribution of this operator using . Since we are looking at high momenta
divergences we can assume that A > E when E contains no or one derivative. Then, using
the relation

tr log(AB) = tr logA + tr logB, (C.33)

which is valid for any positive definite operators A and B, and expanding the logarithm we
have:

%T’f’ log(A+E) = %T’f’ log {(1 + E%) A] =

34
_rons b lpl Jlplpt Jlptplpd .
Tt TIR T AT E N TSP AT A T3YATAYA T
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For the divergent part, the expansion is finite because E possesses a positive background
dimensionality. Then in four space-time dimensions we have

1 I A2\
§Tr log Aljog.div. = ~ 35,2 /d z4/g log (E) as (A) (C.35)

Focusing on the case when F does not contain derivatives and commutes with A we get from

(C.17)):

1 1 A2

TP - 2 ! AE .
' |: A:| log.div. 167T2 lOg (:u2) i / d x\/§ 4 ( ) ’ (C 36)
T | B2 L =L (B / d'z\/g ag (A)E” (C.37)

Az log.div. B 162 J [L2 g o ) .

1
Tr {Em—m} =0 form>3. (C.38)
A log.div.

When A = —¢"'V,V, we have qy = 1 and a; = R/6, and we get

1 1 1.1 .1
=Tr |[logA+ E— — -E—FE—+ ... =
2 ' |: % " A 2 A A " 1log.div.

A2 . (C.39)
~ 392 /d4x\/§ log (F) [ag (A)—a1 (A)E + 500 (A)E* — .. }
using (|1.48)) for £ = 0 we obtain
L log (A + B) = —— /d4 g (L) 2B (C.40)
51T log =352 x+/g log e as , .
which is exactly what was expected.
Now let us consider an operator of the form
A+V+W, (C.A41)
where V = V#V,, and W is an endomorphism.
Now we find
1Tl (A+V+W)—1T1 A—I—lTl 1+V1+W1
5 11 log =5 Trlog 5 1 log A A
1 1 1 1 1 .1 .1 1.1 1 1 1
==Trlog A —T[V— —— V-V e—V-IWe—W_-W—
prlogat o VR +WR —3VaVa ~Vaa QWA(C )

We stop the expansion at this order since we are not interested in terms with three or more
powers of V or W. The leading term is

1 A2 4 1 vpA v 5 2 1 2
§TrlogA =332 log (F) /d T\/g tr [@ (RMVP)\RM PP — R, R" + §R + GDR> + EQ’“’]
(C.43)
The term linear in W is
1 1 1 1 A? 1
—Trl — | ==———1 — d* —Rt ) A4
5 1rlog {WA] 2 (42 og(/ﬂ)/ x\/EGR W (C.44)
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and the term linear in V is

1 1 1 A2 1
- 7 — 4 = I
5 Trlog [V V. } > ) log <M >/d x\/§< 12> RtrV, V. (C.45)

In order to evaluate the remaining terms with the universal functional traces computed in the
preceding section, we have to bring all inverse powers of A together in the extreme right. This
involves commutators of V' and W with the inverse of A. Such commutators can be computed
from , leading to the expansion

{X,ﬂ N N [X,A]2$+... (C.46)

for an arbitrary operator X. The remaining multiple commutators in the r.h.s. have to be
computed separately in each case.
We start from the term with two W’s, that is easier. We find that

W, A] = (V*W) +2(V*W)V,, . (C.47)

Since this multiplies 1/A3, the first trace is finite. Similarly, the double commutator [W, A,
contains at most two V on the right, and since this multiplies 1/A%, the second trace is also
finite. This means that

%(%) Tr {WAWH —iTr {WQAQ} - i(47lr) log (f) /d4x\/§trW2. (C.48)

It is a bit more complicated to evaluate the mixed V-W term. First of all, we can write

S [w g = e e (g - w5 )

1 1 1 1
= —§Tr {V“(V W)AJ — §Tr {V“WVNP} + =Tr {V“V {VV, A]
(C.49)
The first term is equal to

L1, A /d4\/_tV“VW
T .
2@z B\ Ve g

The second vanishes because it contains V,ag. For the third we use (C.47) to write it as

1 1 1 1 A?
i PRIV .V, — | = 1 4 VA W
2 I‘{2(V ) P #A?’} 4(471‘) 0g (M )/dSE\/EtI‘ H )

plus terms that contain fewer free V’s and are therefore convergent. Adding these two contri-
butions we find

1 1 1 A?
‘f,LLv ‘Ir 4 o
QTF{ YA A] 4 (4m)? to g(/i )/dx\/gtr[[ Vi Vi (C.50)
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Finally, we come to the term with two V'’s, which are the most complicated ones. Using
the commutation rules,

—iTr [wv —V'V, 1] = —iTr [wv V'V, — + V*V, [vvvwl] 1]

PA A A2 Al A
1 v 14 1 14
= _ZTI {(V”V V")V, P +VEVYV (V) Az + V“V V., V, ]A
1
H "V,, A # V., Al
+VEV, VIV ]A—l—VV[VV }A }
(C.51)
The first term vanishes because it contains V,a9. The second evaluates to
1 1 A? 1 1
—= 1 d* ——Rt P SR VRV 52
NESE og(ﬂ)/ x\/_( 12R rV,V +6R“ rVV) (C.52)
The third term is equal to
1 1 1 1 A?
—=T FVYQu—| = 1 4 Q koYY )
g T {V V WAQ] ~16 ()2 g(u )/d x/gtrQ,, [V*, V"] (C.53)

In the fourth term, we need the single commutator
VIV, A = VI(VPQ,,) + V' (R, —2Q,,) V/ +(0OVH)V,+2(VV)V,V,. (Cb54)

There is an additional V on the left that needs to be brought to the right. When this is done,
there are terms with zero, one, two or three free V’s. Because of the presence of 1/A3, only
the ones with two or three V’s are logarithmically divergent. The term with three V’s gives
zero because it contains m. The remaining terms with two V’s give finally

1 Y 1
— ZTI‘ [V“V“ [V Vl/7 A] E:| |lag.div4

11 A2
= — log (u ) / d*z\/g (tr V,V°V? 4 2tr VIV, V, VP + R, trV*VY + tr Q,, [VF, VY]) .

16 (4m)?
(C.55)

For the last term, one needs to evaluate the double commutator. It gives
VAV, Al = —4(VPVHVY)V,V,V, + ...

where the ellipses stand for terms with fewer free V’s. When we further act with V2V, from
the left and bring V, to the right, because of the presence of 1/A%, the only term that gives
a log divergence is

VAVAVEV,, Aly ~ —AVA(VPVH*VY)V,AV,V, Y,

We can assume that the covariant derivatives are totally symmetrised, because all the com-
mutators will decrease the number of V’s and produce convergent terms of higher dimension.
The result for the fifth term is then

1 1
— ZTI' [V“VH [VVVV, A]Q E:| ’log.div.
s (C.56)

A? )
= 24 (471‘) log (M ) /d4x\/§ (tl“ ‘/pVQVP + tr V“V#VPVP Ttr Vuvyvﬂv ) .
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We can now sum up all the contributions. There is some freedom in the presentation of
the result, and we choose the following way. The terms of the form VVVV sum up to

1
= (V,V?VP +4VPV,V, V7 = 2VPV,V,V7) .

Half of the third term is left alone, and in the other half, we commute the covariant derivatives,
using
Vi, Vo IVP =R, V7 + [Qu, V7]

In this way, we generate a term cancelling the Ricci term, while the other adds to the QVV
term. All the remaining terms of the form VVVV are then integrated by parts. In this way,
we arrive at our final result

1
§Tr log (A + VIV, + W)liog.div. =

_lLl A_2 /d4 Vatr L R, yRMP» _ R R/U/_|_§R2
2 (4m2 %\ 2 VI IR0 \Teer w 2

1., 1 1 L1 Lol
— — = S — S — C.57
W2 = cRW = S WVVE 4+ SRV, VY — RV, (C.57)
1 1 1
—Q, 0" ——-Q, VY 4+ —Q  [VE VY
_'_12 12 6 M V + 24 H [ ]
1 1
VAV o (VLYY - VMVVV”W)}

We emphasise that there are further log divergences containing higher powers of V and W,
that we are not interested in here.

C.4 Other trace formulae

We have fields with values in a vectorbundle V' with connection and covariant derivative D,,.
The “gravitational” part of the connection is assumed to be Levi-Civita. We denote A = —D?.
Tr stands for functional trace and tr for the finite dimensional trace in the vectorbundle.

Let F(A) be some function of the Laplacian. From [79] we can derive formulae for traces
of a function of A with insertions of covariant derivatives.

We define the -functionals

Qu(F) = [ dss ()

- ﬁ /0 " dem R (),

(C.58)

F being the Laplace transform of F. In this section all Q-functionals will always be evaluated
on the same function F', therefore we shall often omit the argument for notational compactness:

Qm:QM[F]‘

The trace of F(A) can be computed with the usual formula

TrF = @ /d4x\/§{Q2[F]bO + Q1[F)by + Qo[Flby + ...} . (C.59)
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where b,, are the usual heat kernel coefficients of the operator A. Since the operator will always
be the same, we shall not need to write b,(A).

The untraced heat kernel coefficients are bilocal: b, (x,z’). The overbar denotes evaluation
at coincident points: b,(z) = b, (z,z) is an endomorphisms in the fibre of the vectorbundle
over x. Its trace is b,(x) = trb,(z). Below we will need the covariant derivative of the
coefficients. The quantity D,, ... D, b, is the coincidence limit of the covariant derivative of
b,, and is not to be confused with D, ... D, b,, the covariant derivative of the coincidence
limit of b,,. Our notation is related to that of [79] by

by, = A, .

Now let E be an endomorphism in the vectorbundle. We have

1

TTEF =
' (47)?

/d4$\/§{Q2 [F]trEbo + Ql[F]tl"EbQ + QQ [F]trEb4 + .. } . (CGO)

Now let V = V#D,, where V¥ are endomorphisms of the vectorbundle.

TTVE = / dsF(s)Tr (V#D,e %)

~ 1
~ [P s [ v (VDb VD VDB -} (CO
1

- (4 )2 /d4x\/§ {QQtrquubo + QltrV“Dubg =+ Qotl"V“DMbZL + .. } .
v

Now let W = W* D, D, where W* are endomorphisms of the vectorbundle, symmetric
in u, v.

Tr (WF) = /dSF(S)Tr (WMVDMDVe—sA)

- Jorgghs [ v (L)

1 1
+ WH (_ég/ﬂ’bQ —+ D(uDy)bo) + sWH (_iglwbél —+ D(MD,,)bQ) 4+ ... }

1 1 1
= (47T)2 /d4l‘\/§{— §Q3trW”Mb0 + QQ (—itrW“ubg + tI'W’uVD('uD,/)bo)

1
+ Ql (—ﬁtrW“ubZL + tI‘WMVD(MDV)b2> + e } .

(C.62)
Now let Y = Y**?D,D,D, where Y*? are endomorphisms of the vectorbundle, totally

110



symmetric in p, v, p.

Tt (YF) = / dsF(s)Tr (Y‘“’pDuD,,Dpe_SA)

= / dsF(s)—— (4m) / d4x\/_tr{ =Ymr (—;g Dy )bo)

. 3
+YHP (_ig(uqu)b2 + D(MDVDP)bO) + } (C.63)

1 3
= (47r)2 /d4l‘\/§{— §Q3tI'YMHprbO

+Q (——trY #0 Dby + trY*? D, D, D, by ) +.. } :

Finally, let X = X**?D, D, D,D, where X*"?? are endomorphisms of the vectorbundle,
totally symmetric in u, v, p, o

Tr (XF) = / dsE(s)Tr (X‘“’WDND,,DpDUe*SA)

= / dsF(s)—— (4m) / d*z\/g tr{ — XHee (—%g(wgpa)bo) +} (C.64)
_ (4%)2 / d4x\/§{ZQ4trX,w“”bo +} .

C.5 Derivation of beta functions from the Functional
Renormalisation Group

In the literature, the beta functions of gravity, with or without matter, have been often calcu-
lated in the Functional Renormalisation Group (FRG) framework, see, e.g., |27, [168-170] for
reviews on the subject). Since the FRG is based on a momentum cutoff, the beta functions
contain terms proportional to powers of the cutoff, that are not seen with other techniques.
In this appendix, we discuss the way in which one can recover from the FRG the standard
one-loop beta functions that one would see, e.g. in dimensional regularisation. For a more
detailed discussion of the relation between the FRG and dimensional regularisation we refer
to [171].

In the FRG, a cutoff function R}, is introduced by hand in the quadratic part of the action,
in order to suppress the contribution to the functional integral of modes with (Euclidean)
momenta smaller than a cutoff scale k. This leads to a coarse-grained effective action I'y, which
coincides with the full effective action at k = 0. The flowing action 'y, obeys the flow equation

d 1
b Dn =0l = JTr C® + Ry)'O,Ry| (C.65)
where F,(f) is the Hessian constructed from I'y. For our present purposes, it will be enough

to consider a simple case of scalar fields in a background metric, with a Hessian of the form
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F,(f) = A where A is a Laplace-type operator:
A=-V*+E; E=m>+12\¢* —€R . (C.66)

This derives from a scalar action containing a potential and a non-minimal coupling to gravity.
Then the r.h.s. of the flow equation is a function W (A) that, for constant ¢, can be evaluated
as

1

TrW(A) = an)ie [Qd/Z(W)BO(A) + Qajp—1(W)B2(A) + ... + Qo(W)Bay(A) + ... [(C.67)

with the Q-functionals defined as

Qu(W) = % /000 dz 2Rt ) () (C.68)

In eq.(C.68), n € R, W®¥)(2) stands for the k-th derivative of W with respect to z. If n > 0,
then £ = 0. Otherwise, k is a positive integer such that n+ %k > 0. The heat kernel coefficients
are B,(A) = [d%,/g Tr b,(A), where

R

bO = 1) b2 = E - Ea
be= — (R™OPR, s — R R+ 2R — “RE + (C.69)
* 7180 pas wty 6 27 '

In the flow equation, we are interested in computing @)-functionals of the form

atRk(Z)
W(z) =, C.70
where Py(z) = z 4+ Ri(z). If, m = n + 1, then one can show that
O Ry, 2
R == 71
@ (P,?“) P(n+1)° e

is “universal”, i.e. independent of the shape of R;. For certain cutoff schemes the denominator
in the function W is P, + F, and

Qn (W) =Qn ((P,i—Rg)m) , (C.72)

are, in general, non-universal quantities. Nevertheless, one can extract universal parts of each

Q-functional defined in eq.(C.72)) by expanding in E:

Oy Ry, B Oy Ry, E  mm+1)E* m(m+1)(m+2)E?
C\wrer) =4\ 775 2 P? 3! o))
k k k
(©73)

and exploiting the linearity of the @)-functionals to pick up the contribution which satisfies
n=m+ 1.

112



Consider first a “type III” cutoff, see, e.g., [27, [172]. The beta functional is

Rk Rk Rk

Only the last term is universal. Thus

1

. =
K 3272

(C.74)

I

— / 'z /Gba(A) (C.75)

The relevant terms (up to linear order in R which are not total derivatives) are

1 1
by~-F*>—_-RE
19 6

1 1
~ §m4 + 7202 + 122m*¢* + (g + 6) m2R + 2\(6§ + 1)¢*R.

From here one reads off the beta functions

m
3272
3Am?
on?
9\?
272’
1 4 6¢ m2
9672 ’
A1+ 6¢)

472

By=

ﬁm2:

By= (C.76)

Bzy=
Be=

The same result can be obtained in a more laborious way using a “type I” cutoff. In this

case
Rk 2 Rk 2 Rk 2
By(— By(— By(—
QQ(Pk+E> of v)+Q1<Pk+E> 2(=V7)+Qo P 1 E 1(=V7)+
(C.77)
The universal terms come from all three pieces in this expression when one expands in E: the

third term in the expansion for ()5, the second for ); and the leading term for ()g. In the
latter term, By(—V?) is of order R? and does not concern us. The rest is
1

5272 | <§§> E*By(=V?*) + @1 <§—§> (—E)By(—V?) +

4
322/dx\/_

which is clearly the same as before, and therefore leads to the same beta functions. Note
that the universal parts of the beta functions are those that come from the dimensionless
Q-functionals and therefore are independent of &, see eq[C.71]

1
3272

Ly

kN

1
> 2E-R+...
G +
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C.6 Some General Expressions

In this appendix, we collect some long expressions that were omitted in the main text. In
particular, the beta function of the non-minimal coupling ¢ depends on the choice of metric
parameterisation. Hence, in the exponential parameterisation in a general linear covariant

gauge (6.47), the factor F' in eq.(6.48) is
Fl(CY)ﬁaS) — 3(F2(675) +F3(ﬁ7€) +F4(ﬁ7£) +F5<5a£) +F6(67€))

Fla, ,§) = G ) . (C.78)
with
Fi(a, 3,€) = 24a® + 2a(%(24€ + 1) — 18B(4€ + 1) — 27) ,
F(B,€) = pe?(12¢ — 1),
F3(8,€) = —4p8°€ (3667 + 96 — 1) ,
Fy(B,€) = B (6488 + 3428 + 36¢ — 2)
F5(8,€) = —12/3 (108¢° + 81&* + 15 + 1)
F5(B,€) = 9 (108¢6% 4+ 99¢* +12¢ — 2) .
As for the linear parameterisation, the expression for G(«, 3,€) in is
Glon B.6) = o G1(a, B) + Ga(a, B,€) + 3G4(B.§) (C.79)

(3-0)*
with
( B) = —3a*(3(8 —6)B((6 —6)8 + 18) +259)
Gala, B,€) = a(2B(B(3(8 — 12)8 + 24€ + 194) — 396) — 432¢ + 630),
Gg(ﬁ €) = —138* 4+ 1123% — 45852 + 24(3 — 3)*¢3,
§) =

G4(8, (2(8(58 — 42) + 117)(8 — 3)*¢* — 8(B(5B — 12) + 27)(B — 3)& + 8883 — 657) .
(C.80)
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Appendix D
Other useful MAG formulae

D.1 Lagrangian bases

D.1.1 Antisymmetric MAG in Cartan form: the leftover terms

At the end of Section we give two bases for the dimension-four terms of the type. Here
we give the formulas for the remaining invariants as linear combinations of the basis elements.
Using the first basis (3.27])

Ly" = L{" =3/2L7" — Ly + 3Ly " + L5" —1/2Lg" +2L7"

LET = 1/2(0f" — L)+ T

LEE = -7 120 420t + LI

Lt =Ly 120" - L - L7+ Ly

Ly" =20y + 120" + L]" — Li" — LI" —1/2L§" — 207" + 205"

LET =L —1/2L" + LT, (D.1)
LfT =2Lf — 207" + 2Lf"

L{" =120 — Li" + L§" + L™,

LT = —1/2L5" |

LﬂT — Lf?)T _ L?T + LgT ’

L =120 — LT .

115



Using the second basis ([3.28)|)

LyT = —LiT + 2Ly — 2077 + 205" — 205" + 2L 4+ 2Ly
LFT LFF LFF _ LFT LFT Lf;ST ’
LFT LFF 4 2LFF 4 2LFT
Lyl =1/2(-L{" +2L7" + 2LfT) ,
LFT LFF LgF =+ LgT _ LgT ’
LET = —21f7
Li" =1/2(-L{" +2L{" + L{7) ,
L§T = —L{F 4+ 2057 — 277 + ALY — ALET + 4LTT +4L{" — ALJ" — ALTS + 2037 — 2L,
LTT LFF QLfF + L$F . LgF + LfT + Lé«“T o LgT o Lf?)T + LQTT o L5TT :
LT = 1208 + LEFF — pFF 4 pEF - L ot LT — LT —ontl + 13T - LI
LT =120t — DX + LF — LEF 4 pEF —ortT v ortl — LT+ LT + LI
(D.2)

D.1.2 Symmetric MAG in Cartan form: the leftover terms

At the end of Section [3.4.2] we give two bases for the dimension-four terms of the type. Here
we give the formulas for the remaining invariants as linear combinations of the basis elements.

Using the first basis
LFF _LFF + LQQ LQQ
LEF = 1/2(2LFF — 3099 + 2L§Q +3LE9 + 2099 — 4189 |
LY = 1/4(4L7" - L9 + L) |
L =L —oL{@ + Ly P + L§9 — L§P + 199 —2L9° + LY — LE° + LY,
LEF = 1/4(4LFF — 812 + 4052 — 199 +4L39 — 4L¥P —4LER + 4199 + LER) |
LEF = 1/2(—2LEF 4 218 — LI2 + L[99 — L9° + 199 — L¥%) |
LEF = 1/4(—4LEF 4 aLf@ — 2050 + 199 4+ 2090 — 2197 — 2192 — L¢P + 219°) |
Ly9 =1/2(L7° - L§9)
LY9 = —LFQ 4 LFQ 4+ 12099 — 189 —1/2L99 — [99 42199 (D.3)
Ly® =1/2(2L{ — 2L13 — L§9 + LY@ + 2L§° — 2139) |
Ly? =Lid - L2,
LE9 = —Lig + LfSQ — L9+ L%,

Lg® =1/2(Ly° — LE° + LY — LY + LEY) |
FQ_1/2( QQ_LQQ) :
LE? =1/2(LE LQQ + LY 4+ L¥2 — 199) |
FQ_1/2( QQ_LQQ) :
= 1/2(—LE2 — 21§89 4 [99 4 2199 _ L[99 4 199 _ [99)
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11 - 1/2( - L1Q5Q) ’
LS =121+ LQQ 219 4 2180 — 199~ 190+ 199)
13 - /2( - LlQGQ) ’
ﬂQ _ 1/2(LQQ LQQ) 7
Lis’ =1/2(LF% — L)

L9 = —LF8 4+ 199 — 199
Li2 =1/22L52 + LY° — 1Y% |
Ly’ = —Lid + L¥9 — LE°
L5 =1/2(—2L58 + 2099 — L[99 — 2099 4 199y |
LE? = 1/2(099 — 1Y%y .
Using the second basis (|3.55])

L{° =1/2(L" + LYF) |
LY9 = —prr _pir _pfe  pre
Ly9 =1/2(—L{¥ — L¥F - 2L5" + 2L{f + 2L{° — 2L7°)
F F F
L 9= L Q - LIBQ 9
L° = LFF L — L + L1
F F
L Q LFF Lle + LISQ )
LFQ _LFF LFF +LFQ +LFQ
LY = —oLFF yorl'F 4 opfF _opfF 4 X0 4 19
F F
LY@ —opFF —opFF 4 [Fe 4 [FQ
F F
L@ —opFF _opFF 4 [FQ
LF5Q — 2(LFF o LFF) 7
LIS = PP 4 pFF _pPF  pEF o PO Q.
Ly’ = L™ + Lif + Ly
Ly = L + L + Li)?
F F
LEQ — —[FF 4 pFF PP L o [FQ
L@ = —pfr _prr e pre pre.
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L99 =1/2L8" +3/2L8" + LEF — LEF — LIF — L{P + 2L + 2L — Ly + LYY |

L§9 = LIF + LIF — L — i@ + LY

LY9 = ALt —4LlF + 199,

L§? =2Lf" —2Lf" — o2LTY + 2Lf) — 217 — Lyy® + LYP

199 = —Lf¥ L7+ [9

L3° =L + LI + Lig* + Lig + L?

L% = L8 + LI + L — i + 2L + LTP + LI + L + LY
F F

LE? =2Lf" —2Lf" oLt — 2L — 201 + LYP

L¥ =LF 4 L — LI° — Lif - L2 + LY

LY? =2LE" —oLEF — oLfF + o2Lf) — 2L} — 2L{° — Ly° + LP° .

D.1.3 General MAG in Cartan form: the leftover terms
We give the formulas mentioned at the end of Section |3.5.2] Using the first basis (3.80))

LyF=—L{" + 139 - 189,
LEF=LT" — 32099 + L§9 +3/2L° + 199 —2L9° — 3/2LT" — 3" + 311" + LI
—1/2L8" + 2L + ALT9 — AL{9 + 4L7°
LEF=1/208" — 199 + L$9 + L§9 + L9 — 2099 — 1/2L]" + L + 2L{% — 2L° + 2L79
LEF=—1/2LFF + 1/2089 — 1/209% +1/2LT7 — L7 — LT9 + L{% - 119,
L{F=1/207F —1/2L7" + LT"
LEF=LET —1/4L89 +1/4L82 — LIT — 12087 4+ 2087 + LIT — L9 + Lg® — LT},
Ly"=Lf" —2Li@ + L3° + L§9 — LE° + L3° — 2LP + L — 192 + LY
—2L3° + 2159 — 2L},
(D.7)

L =Lf" —2Li@ + L5° — 1/AL§° + LY° — LY° — LY + LY + 1/ALYP
— L9 4y opTQ [T _opTQ 4 opTe _ [TQ _ [IT _ 1 /201" 4 opIT 4 [IT

LEF—— P 4 [FQ 172089 +1/2099 —1/2099 +1/2099 —1/2L99 4 [T9 — [T9 4 [T@

L =L 4+ 112 — 1/2052 + 1/4L89 +1/2L¢° — 1/2L%° — 1/2L%° — 1/ALYP + 1/2L%°
+ L3+ 12087 = 20T — LgT + Ly — L5° = Lg? + Lig’ — L1 + L1y

Lif=1/2(L99 — LE?)

LEF=1/4(—L99 + 199 — 21T 4 2119 — 2179y |

LEF=1/4(L99 — 2099 4+ 2199 — 2[99 _ [9Q 1 op9@ 4 o1 TQ _ o119 4 91 TQ)
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LET=Lf] + 1207 — Lf7 — LIT + LIT — 119 4+ 17219,
L= —1/2L]" + LT + L¥7 — LI7 4+ 179 — L79 + 179 — 1/2L3°
Li'=2Ly + 120" + L3 — L' — LET —1/2L{" — 207" + 2Lf"
— L9+ LI°+ LI® — Lg® - LT% + 139,
Ly"=Ly —1/2L§" + L{T +1/2L4% |
Lf"=2Lt —2LT" + 2L + L®
LET=—Li] +1/208" — LIT — L9 + Lg® — 1/2L3°
LfT=—2L{f + 207" — 2L + 2179 — L°
LET=1/2(—L5" — 2057 + 208" + 2L — Li% + LI — LI + L1{?)
LT—y/2~LfT + L9 + L)

(D.8)

LEr=1/o08" + LI7 — pIT 17— pT9 4172019 4 LT — 172179 +1/2072 —1/2LT9 |

Liy=1/2(L51 + Ly’ + Liy”)

Ly =1/2(Ls° + Liy’)

L =L — LT+ L§" +1/2149

Ly =Lty + Lg% - L9,

Lig=—L + L7 — LT + 179 — 1/2L4° |
LiF=1/2L" — LY" = 1/2L49

Lig=—1/2L§" + L§" + L3% — Lg? + 1/2L5°
Lig =1/2L5% ,

FT__7TQ
LQO _L9 )
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Ly°=1/2(L7° - LZ?) ,

LyO= L2 + LI2 + 172099 — 199 —1/2099 — 199 + 2099 — 179 + L9 — LI% |
LEO_[FQ _ [FQ _ 19199 4 1/2189 4 [99 _ [0 4 [TQ_T@ 4 T@

LEO-LF9 — L9

LEO=— IR + I - 199+ 199

LE9=1/2(LyP — L9 + LT — LE° + LYY — 2L3° + 2L°% — 2L1Y)

LEO1 /2L + 190 - 189),

LEO=1/2(L3? — L+ LEP + LEP — LT — 2L59 + 2L — 2L(7)

Ly ®=1/2(L3y* + LY’ — L)

LEC=—1/20F@ — 199 4 1/2L99 + 199 —1/209° 4 1/2099 —1/209° + 19 — [TQ 4+ [TQ |
LiP=1/2(—Ly? + LY — LY9) |

LER=—1/205@ + 1/2099 — L99 4+ 199 — 172090 —1/209° 4 1/20%° + 119 — [T9 4 [T9 |
Liy=1/2(-Ly? + LY — L)

LiP=1/2(Lg° - LF?)

)

(D.11)
Lig=1/2(L? — LYY)
Lif=—Lig’ + L — Ly
LER=LF@ 4 1/2199 —1/209@ — [T 4 [T@ _ [TQ D12)
LE9=——LF@ 4+ 199 — 199 '
LEO=—LF@ + 199 — 12099 — L9° +1/219°9 + 19 — 19 + L19 |
Lyy=1/2(L¢° — LY .
Using the second basis
LfT=1/2Lf" — L5~ LT
L=~ L™ + LLF — LEF — LEP 4 LFF — L7 — LE7 4 L7 + L — LT + LT
LT=1E7 4 L7 — L~ I+ I+ L
Lg T:2Lf4T )
L=t — LI
LIT=pfF —opl" — o1 (D.13)

L =—LfF + LEF — LEF 4 L5 + L+ L4
DE=LfT + 1

LET=1 /208 — [EF — 1fT

Lif=rfr —pif v LiF + L - LI,
Lig=1/2L5 + Li{ + Li;

LET=LEF +2L4F + 2L
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LEO=1/2 (LFF + 157 |
Ly®=L{" — LI" — Li? + L1

LgQ:_LgF - LgF + LgF + LﬁF + LfoQ - Lf7Q )

LY9=LFe — LTQ

LyC=—L§" — Lif — L’ + L1

Lg9=—LTF - Lif + L,

Ly %=—L§" - L + Ly

LYC=2LF —opFF 4 12 4+ LIS (D.14)
Ly“==2L{F + Ly’ + Lyy°
LER——oLlF 4 [FQ

Lis=Ly

LO=LFF 4 PP 4 112
LEQ=LFF 4 [FF L [Fe
LEQ—LFF 4 [FF L LFR
LY@——pIr _ gk pFoy pfe
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LiT=—1/2L1" + L + 12077 |

Lit=—LEF oL fF —oLXF 4 4LEY 4 arE?r —4nfr v altf +anf™ —ani® — 4Lty

4Lt 420" — 2Lt

TT TT
+ L2 - L5 )

LiT=—1/2L]" + L{F — Ly" + 2Lf" + LT7 — LfF — 120 + LT — L™ — iy

— 2L +2L{] + LT - LIT

LiT=1/2L057 — LT + L{T — 205" — L7 + L{T + 1/2L7 + 217 + 2L — 2L

_LgT‘{'LgT‘i‘LgT ’

LYO=[FF yopFF 4 [FF _ pFF _ [FF_ [FQ 4 opFQ 4 opFQ _ [FQ 4 [QQ

LYO=LEF + LI — L1 — Ly + LS

L{P=2Lt) + LY |

LEO=—2LF 4 2LfF —2Li? — 132 + L7,

L= LfF — 1§74 199

L§O=L{" + L + Lig? + L + LY,

LEO=Lt + LI + L{° + Li® + LY,

Lg9=Lig’ + Ly’ + Ly’

LEP=—2Lf] — oLt —2LiP + LY,

LO-LET 4 LIF — LI — L0 + 137,

LEP=—2LF +2LfF — 211 — 2LP — Lo + LYY |
LEO=LEY — LEF + D — LT — L§T — L~ 15T 4 10
L3TQ:2Lf2T - L1T2Q )

LiC=—1/20FF 4 FF _ [T [FT 4 19
Ly®=L{) + LIS + LI + L1 — L + L1 — L,

L®=—L{" + L{" + L + LIP + L — Ly — LT+ L§" + L + L — LY

T T
+ LIOQ - LllQ )
FRO=1 /2T — LT~ LT LT

T FF FF FF F F F FT FT FT T T
Lg QZ_L? + Lg" + Lyy + L14Q + L18Q - L19Q —Lg" + Ly —Lijg + LlOQ - LuQ

Ly O=Liy +2Li[ +2L5y
LI@=ort™ 4+ [T — T2
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D.2 Maps

D.2.1 General MAG in Einstein form: ¢ <> T'() map

Concerning the dimension-two terms, the relation between the couplings in the Einstein form
and those in the Cartan form has already been given in (3.10). Given the Lagrangian in the
form ({3.8)), it can be rewritten in the form (3.11)), where the couplings are related as follows:

T =1/4(3m3? — 3m5” + m%® +m3? —ml?) ,
2T =1/2(m7” = m5? +mg? +mi® —me?)
m:];T mé’d) + mc?qﬁ _ m%w :

= 1/4(3m® — m3® 4 3m% — m$? — me?) |

—1/2(— ‘f’¢+m¢¢—m¢¢+mf¢+m§¢) ,

= 1/4(m&° + m2 + m&® — m& + m? — m?) | (D.16)
QQ ¢

= 1/2(— 2 mg? +miy)

TQ —2m + 2m 2m§¢ + mg’d’ ,
=1/2(2m%° + 2m?? — 2m%® + m% —m?7) |
mgQ = —2m?¢ + m§¢

Similarly, the dimension-four terms are related as follows: H:

b3RT = béw - bslaw ) bsl)%T = bl b12 )
C—1/20b5° — b L pE?Y . BP9 = bl (D.17)
be® =1/2(b1y — b1 +b7y), b =0,

b7 = 1/4(3b7% — 3b5% + bg” + b” — b)) |

03" = 1/2(07° — b5° + 05 + b57 — 057)

bgTT _ bg@ + b$¢ _ b¢>¢>

pIT = 1/2(b¢¢ - b¢¢ + DYy 4 bE + by 4+ b0 — bys — b53)

by" =1/2(=b +m+%+%+@—%—%m (D.18)
A P S )

b7’ = 1/2(2b75 ~ 2bf§’ + bE — b — b3 + b57)

biT =gy — b5Y — by + b5y

by =057 + b7 — bES

'We are choosing the basis (3.71)) and basis (3.73)
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bPe =1 /4(3b¢¢ by? +3b37 — b3® — b5%)
D99 = 1/2(—07% + 5% — b§° + b5% + 2% | D99 = b2°
D39 = 1/4(b; ¢¢ - W’ F050 - by? by —0T) . bEY =1/2(—208 + by + b7Y) |
© = 1/4(08F + B + 077 + bIF + b + 077 — fF — B§ + b5 + 05 — b5 — b3)
9 =1/2(b75 — b¢¢ + byy + b1S + big — 0P — bl +b57)
b =1/2(- W’ + by + bY% — bl + bl + by — b37) | (D.19)
b9 = 1/2(—2 00 b +b‘f§’+b22+b ),
bio’ = 35 bQQ = 1/2<b — 05+ 055) L T = 1/2(058 — b5E + BEY)

bQQ = 1/A(B5F — B35+ bS8 — b37 + 5T — B35 + 5 — bi7 + 0F)
b = 1/4(bg5 + 057 + bY — b3e + bg,'f? —b%9)

bR = b5 b’ = 1/2(—2057 + bl + b53) |
bi? = —2b7% +2b5% — 2b5% + b7, by = —2b%7 +b37
9 = U2
01 = 1/2(=2077 — 267F — 2055 — 2077 + BT + 55 — bg — 57 + 2055 + 2055)
br@ =1 /2(—2b‘f§’ + 2090 — 2000 + 2692 — P + BT 4 2050 — 2090 + P — b7) |
be®@ = 1/2(—2b%9 + 2099 + 2007 + 2690 + 9T — bP — BT — b33 (D.20)
bI9 = 1722095 — 2079 4 2077 4 2098 — b3S + 5T — b5 — b37)
bi@ =30 — 120 . BLY =1/2(650 — b3 + b3 — bI + 130 — bED) |
bTQ = %2 — bgg L bR = 1720059 — b3 — B3P + b90 + b5 — b3 |
2 = 1/2(— 34 - 2535 + 536 - b37 + %38) ) b13 = 2b§f - bg)g

D.2.2 Einstein + Cartan map

Here we report the linear map between the coefficients of the general MAG Lagrangian in the
Cartan form and in the Einstein form. In order not to rely on a particular basis, we give the
general relation between the linearly dependent terms, namely the map from the 99 c-type
coefficients to the 53 b-type coefficients. In order to derive the map between coefficients in
fixed bases, one has to remove from the r.h.s. all the c-coefficients that are not part of the
Cartan basis and from the Lh.s. all the b-coefficients that are not part of the Einstein basis
(this happens only in the b¥7" and b7 sectors).

=’ =g "+ + (@ =g +eh)/2,
R e S R e S S (D.21)
bRR CFF

- v16 >
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bfT+2()§T+b§T:SCfF—8cFF+8cFF—|—4cFF—4CFF—|—405F+205F—|—205F
—2cF —2chF +c T e 4 2e8T + T 4 2™
T —2cfT —l—cFT—cﬂT—cf;T,
—1/2bfT+b5RT:c7 + +c ey —cﬂF—c12 + 4ckf
—1/2(cg" ey )+ 1/2(erg +ert’) +ea
be—i—be:—llcFF—i—llcz — 4ckT = 2cFF 1 9cf T —ockt  FF I
A e e R e @y fe ke
b9 4 bF9 = 4L —4c2F+4c§F+2ch—2c§F+2cF 42087 4 2T
+C§Q—63FQ—CFQ+CFQ+CF8Q+CF —cgoQ—cng,
bEC 4 209 = _(IF _ (FF _ (FF_ FE L FE L FE g I
T e — ey — e 20

by + 2689 = 2c5 "

T TT FF FF | FF
Wit = I 4 (2e8F — 2cEF 4 FF —05 +c
TT TT , FF , [FF _ FF
Bl =T v cff 4 cbF — b — T 4 Y

biT =T (=28 4 2cEF 1 4ckt 4 F

+20§T)/2 ,

+ 2cFF — P FF gl 4 F@ 4 FQ Fe fR

Fpoct™ ok 42657 /4

—05 e R e A e A e

; + Cl4 - Cl5 - C16 )/2
FF

FF FF
+2¢y" + 2¢y
FF FF
Cg  — Cyp
FF FF
— €1 T Cpg
+ 265462
(D.22)

+cFF

FF
— Cpo

—ef =y — e T+ AT+ e T 2T —06 — 28T 4 ¢
bit =kt +(2c =25 AT+ =T+ AT T A

—df + el C§T+ch+QC§T—06 —20 + cl3 +014 —015 —016 )/2
bgT:ch+(—20FF+202FF—4C3F —ahrdT =gt AT = gt

— ol +ety —2e8T — 28T + 2l + 2ef — 2e8) /4
bIT =T — 2kt 4 2cfF —04 —|—c —ch

FT FT FT FT FT

bgTTZCgT—2C$F—265F+2CFF+CFT—C%T—CI3 —i—cFT—c17 +c

T TT FF FF
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leQZC?Q—F(GCfF—20§F—ch—C§F+305F)/4+(05Q+C§Q—ch)/Q,
b9 = G+ (2T + 2T + T+ T - )2 -9

50 = 90 fF 2

QQ _ QQ FF FF FF FF FF FF FQ FQ FQ
by = ¢4 +(C7 +cy —op +205 —oy o )/4+(_C8 + Cp" + Oy )/27
QR _ QQ FF FF FF FQ FQ FQ FQ
b =57+ (=2cg" +cip —cy —C 0 eyt — 20" +6y7)/2
ng=c6QQ—|—(—QCfF—Zc§F+4c§F+SCfF—ch—ch+c$F+ch+cgp+cfoF
FF FF FQ FQ FQ FQ FQ

—cp —ep )/A+ (=Y —ey T e = Har)/2,

b?Q:C$Q+(—20fF—|—20§F+CfF+c§F—CgF—Fch—l—ch%—ch—c%F
FQ FQ FQ FQ FQ FQ FQ FQ

—Cy "t C3T —Cy T —Cy T (gt T Cgt T Gyt — Cy )/27
ngQ:ch—i-(QCfF—chF—i—chF—i—ch—C§F+C€F+C$F+05F—05F+0%F

+C§Q—ch—cfQ+c§Q+cﬂQ+cﬂQ—cgoQ—l—cng)/2,
139 = 9 —208F — kT oEF T (T 4 o) 2

+ (ch + chQ + 305(‘9 — c5FQ + QCﬂQ — cféQ — cf;)Q +C§OQ + cng)/2 ,
QQ _ QQ FF FQ FQ FQ
bio” = 10" —2¢5 " + 0" — 7 — e°
QQ _ QQ FF FF FF FQ FQ FQ FQ FQ FQ
bii® = cii” + (2cg7 — ¢ oy 200" —cp” 0t = g Gyt ) /2,
QQ _ QQ FF FF FF FF FQ FQ FQ FQ FQ
biy” = ciy” + (2cg7 —2¢)y —cyp —Clp +Cg et — et eyt —205%)/2,

QQ _ QQ FF FF FF FF FF FF
biz* = ci3° + (=77 —cg” —cg +cg tey — o

tee? e — e ey’ — gty — )2,
b9 = S0 4 (T 4 I — EF —9elF 4 FF — FFY a4 o
+(—eg ey — ey —26°)/2
b?sQ = 0?562 + CfoF + CfGF - CﬂQ + C§4Q )
b?GQ = C%Q + (=2cif + eEf 4 BF —4ck) — cfQ + 9 - 205369 — R4 205362 — 205462)/2 ,
(D.24)
blTQ = c{Q —4ctF Akt 4 2cf T 4 T - 8T - C§Q+C§Q ,

TQ _ TQ FF FF FT FQ FQ
by* =" —2¢g +cjp —cp — Gt o,

9 = L0 7o e o2 4 o2 4 (e k4 o2 4 ok
O = (10 ek 2l 4 ¥ oFF _oEF T T T 4 O
(el T — T — 268 4 T 4 2T I — T+ oI + BT 2
L
9 = (T4 26— 2cfF 4 2T 4 I — P 4 ol — b 4 ol (W — )2
+ T T L P (9 — 9 — 9 O fE — A — R+ 592,
B9 = T4 26— 2cfF 42l 4 ol — ol 4 o T 4 T (T 1 )2
+ (ch—c§T+ch+2c§T+ch—2C$T+cﬂT+cﬂT+cﬂT—cﬂT
t—a = gl o ey — o’ - )2,
(D.25)
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B = 49 9el 4 2k ¥ 2k 4 ofF — ofF o eEF o kF (el el
+ (—CfT + c§T —|—ch + 2c§T — ch + ZCfT + cf?)T + cﬂT — cﬂT +cf6T)/2
+ (—=cb9 + ch — 94 ch — cf;Q — cng - c§0Q —c£®)/2,

bg’Q TQ +9 CgF _ FF FT CfST + CFQ FQ

= Cg 11— G5 — 6 —Cio >
TQ _ TQ FF FF FF FF FF

FT |, FT _FT , FT , FT FT F F
— 3 tC5 —Cp g + g + 20 + 2 9 2012Q)/2 )

bTQ TQ +9 CEI;F N CﬁF + CFT FQ + C{;Q FQ + c§0Q 7

10 — G 10 — €16 — (g
TQ _ TQ FF FF FF FF FF FT FT FT FT FQ FQ
by =c° —¢;t —cgt —cg +oy tap + (08 +Cy —Cp T )/2 — Cjg° +Cy1"

TQ _ TQ FF FF FF FF FF FF
by =" + (_2C8 —2c1g +2¢ —cy oy — 8
+ ch — chlT + cf;T — 2C§1T + 20?‘2 — 2cﬂQ + 4059,@)/2 ,

bngQ = cngQ + QCﬁ]F — cf;F + 4cf6p + cﬂT + cng + cfQ — cle + 2054Q .

(D.26)
D.2.3 Map with decomposed variables

2 T 1 T T
my = gml —|—§m2 +m3,
ma = (=™ + i) /o,

1

mg = mipT + émgT,

b o _ 1 oo qo
my = Eml — EmZ +ms 7,

4 1
ms = §m(f2Q + §m2QQ + mfo,

2 4
Mg — _§m?cz n §mgzcz + mQ (D.27)
my = mI9 4 mQQQ,
1

mg = leQ ém;"?@,

1
o = L@ — @,

3

1

myp = _gm,{Q - mTQ)
my1 = m{Q )
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1
r = ébgT + b?T,

RT
o = b3 5

2 R 1 R R
ry3 = §b4Q+Eb5Q+b6Q,

D.28)
1 5 (
Ty = §be + Ebg)RQ + b?Q,
rs = b3 + b5,
1

re = by — §b5RQ ,

2 1 1 2 1 1
dy = — BT — BT BT — BT — ST T ST

2 1 2 1 1
dy = —§b4TT - 55? + §beTT + 55? + gbgT — by,
dy = (367" =305 T + b —bIT + T —bIT) /18, (D.29)

dy = (67 + 57— BT 607 /18,

1
ds = —bi" = 03",

dg = —by " — 205" — b7,
d7 = —b5" + 2057 + b7 7,
2 4 2
ds = —2by" — 2bg" — 2brt = b7
1 1 2 1
dy = 3by" = 3bs" = 2"+ gbrT

_ 900, 100 00 100 13,00, 9,00, 1,00, 1,00 9,00
o b +18b2 i 162b6 16267 +162b8 +81b9 +18611 18b13’

(D.30)

M 00, T e 1Moo, 100 2,00, o0 00
di = ﬁba ﬁ@ ﬁbs +ﬁbg §b11 +§b13 by,

4 1 8 5 4 2 2 1
dip = —=bP9 — ~bF9 — bF9 — —bF9 — PP+ —bg9 — P9 — ST + by

9" 79 TR TR TR TR gt Tt
4 16 25 1 1 4
diz = —8—1ng —~ 8—1ng —~ 8—1b§?@ —~ 8—1ng —~ §b?0Q —~ 55?;3 — b,

01 T 81 81 s1% T g Tt T g
9 10 8 99 9 | 1 4
dis = 7B — b7+ b — STbC — b’ — b’ + bR — 0 - b

18 12

2 4 4 7 11 7 1 2 5 1
dig = 2079 — —bF9 — bFP + —bF9 + —bP9 — —b9? — PP+ bP — SbE — b+ b

(D.31)
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dig = b7 — b3°,
dir = —bg9 — PP — bP? — b3°,

1
dlg - —b?Q + §b2QQ,

1
dig = —b¥% — §b§Q + 099,

d20 = _b’?QQ + ngy

1
2 4 4 1
do = §ng —~ §b‘;?Q —~ §b§Q —~ §bg?Q —bP? — b,
8 2 2 5
= o0 2i90 TigeSye g0 00
1 11 7 5 1
dos = — b5 — WFY + Sob39 + b+ S0 — b
4 4 5 1 1
ds = 05 + b7 — U7 — g + b’ — o,
1 1 1 1 5 1 1 5
dog = —gbe - 5—4be - §b5TQ - 5—456“3 + 5—4ng + gng - Ebﬂ? + 1—8bf1Q,
7 1 2 1 1 2 1
oy = —gzba g5+ gbe — b = 3y + Ghig’ — ghii? b
1 TQ TQ 2 TQ 1 TQ 2 TQ 1 TQ 1 TQ 2 7O 1 7Q (D33)
dag = §b1 +0,° + §b4 + §b5 + 2_7b6 - 2_7[77 + gbs + 5510 - §b11 ;
1 1 8 5 1 1 4
dag = ﬁbZQ - §b5TQ - ﬁbem - 2—7ng - §bsTQ + §b1ToQ + §blT1Q — by,
1 1 1 5
d30 - _]__8sz — gng — 1—8ng + 1—8ng + ng,
2700 Lo 270 L1, ,10
dg]_ - §b4 + §b5 + 566 - §b7 + bS N
1
d3s = g(bZQ F b9 ) b1 4012,
Lrg 1o lro l,0o l,7¢ .10
dys = —=b, * — =b- % — =b b, — =b b
33 64 25 66 _'_37 210+117 (D34)

du = (82 + 52 = 4) 6,
dss = —b) @ —bi? — b€,

dys = =0y,

dsr = —b) @ +b29 + b9,

das = ~2619 — B + 7,
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D.3 Some variational expressions

A9 =0

AP =0,

AbF9 = Go(&8 + &) + 20186

AP = (& + &) + 206G

AP = 2(o(€6&r + €so) + 2C1 (Esbo + &x&s)

AbQQ (Co + C1)§1 )

AP = (3 + & + & + & + 268 + 268) + 206 + &) (& + &)
AbZ? = 200(E2 + &) (& + &) + (& + &) + (& +6)7)

Ang =2(C+ )& (S + &3 +8a+ &)

AT = 200 ((&1+ & + &)&6 + (&1 + &+ &5)&s)
+ 201 (& 4+ &3+ &5)86 + (&1 + &+ Eu)és)
ABP? = 2Go((€1 + & + Ea)&r + (&1 + &3+ &5)6)
+2G (& + & +E)6 + (& + & +E4)8)
AbE? = 2G0((&5 + &) + (& + &)&s) + 201 (& + £ + (& + &)s)

AbZ? = 20((&3 + &) + (€2 + E)&) + 26 (& + €& + (& + &5)&o)

AbPE = 20087 +2G1 (6 + ) +2G(& + & + &)

ABE? = 20086&s +201(6 + &) + 20+ &+ &+ &+ & + &)

AbE? = 2Go(€a8o + Ens) + 261 (Er + Exbo) + 20 (bo+ &3+ Ea+ &5+ &6 + ) (& + & + &)

(D.35)
And the linearised version of the same relations is

%9 =0,
89 =0,

QQ 2 ¢2 (D.36)
0bs ™ = 0Co(&s + &5) + 20¢186€s + 2086(Coe + C16s) + 20€s(Coés + C166)
SbF9 = 6Co(E2 + €3) + 26G1&1Eg + 2667(Cobr + C1€o) + 20&9(Gobo + (i&7)
3bF9 = 25Co(E6&r + Es€o) + 201 (Esbo + ExEs)

+ 20&6(Co7 + C1&o) + 20&7(Coée + C1€s) + 20€8(Coéo + C1&7) + 2089(Coés + Cié6)

0b¢? = (6Co + 0C)ET + 2661 (Co + G)ér D37)

3029 = 6Co((&2 + &) + (&3 + &)%) +20C1 (& + 1) (& + &)
+2082(Co(&2 + &4) + C1(& + &5)) +2083(C1 (82 + &) + Co(&s + &5))
+ 2084(Co(&a + &a) + (&3 +&5)) +2065(C(6e + &) + (& +&5))
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% = 200(&2 + &) (& + &) + 00 (G + &)’ + (& + &)
+2082(C1 (&2 + &a) + Co(&3 + &5)) + 2083(Co (62 + &) + C1(&3 + &5))
+2084(C1 (&2 + &a) + Co(€3 + &5)) +2085(Co(E2 + &a) + C1 (3 +E5))
3b§° = 20Go61 (G + &+ &+ &) — 20C6 (G + &+ &+ &) + 206G+ Q) (e + &+ + &)

+2085(Co + C1)&1 + 2683(Co + C1)ér + 2084(Co + C1)61 + 2685(Co + C1)éa
(D.38)

6b9°% = 24¢,
+20¢,
+20¢,
+ 2086

~—~

(&1 + &+ 84)86 + (61 + &3+ &5)&s) +20C (& + &3+ &5)86 + (61 + &2 + E4)s)
o+ C1) (&6 + &s) + 2082(Coés + C1&s) + 2683(C1és + Coés)

Co&e + C16s) + 2085(C1&6 + Cos)

o0&+ &+ &)+ G+ & +E)) +2086(G(6 +&+E&) + G+ &+E5))

PN

—~

032 =20C0((&1+ &+ E)& + (G + &+ 6)&) +26G (G + &+ &) + (G + &+ &)&)

+ 2681 (Co + C1) (&7 + &o) + 2682(Coér + C1&o) + 20€3(Cié7 + Coo) + 2084 (Coér + (16o)

+ 20&5(C1&7 + Codo) + 2087 (Co(&r + & + &) + (& + &+ &)

+2689(G (& + &+ &) + (6 + &+65))

(D.39)

0b%? = 20Go((€s + &) + (&2 + Ea)s) + 2061 (&2 + €a)és + (63 + &5)%s)

+ 2082(C1&6 + Coés) + 2083(Coée + C16s) + 20€4(Cié6 + Coés) + 2685(Cos + (16s)

+ 2086(C1 (82 + 1) + Co(&3 + &5)) +208s(Co(§2 + &a) + G (&3 + &5)) (D.40)
SO = 20Co((&5 + &)&r + (&2 + &)&o) + 20C1((&2 + E0)&r + (&3 + &5)o) .

+ 266,
+26&;

Ciér + Coéo) + 2083(Co&r + Ci&o) + 2084(Ci&r + Qo) + 2085(Co&r + Cio)
Ci(&a + &) + Co(€3 +&5)) + 2089 (Co (&2 + &) + (63 +&5))

—~

0BT = 28Co&r€y + 0C1(E + &5) + 0Ca(&1 + &7 + &)
+ 26810281 + &7 + &o)
+2687(C1&7 + Coéo + (&1 + &7 + &o))
+ 2089 (Coé7 + G160 + (2(&1 + &7 + &)
5b(f25Q = 20Co€6Es + 0C1(6 +63) + 0 (o + &+ &+ & + & + &)
+2(0& + 03 + 664 + 085)C2(Eo + &3+ Ea + &5 + &6 + Es)
+2086(C1é6 + Coés + G(§2 + &+ &+ 6+ &+ &)
+2683(Coée + C1&s + (&2 + L&+ &+ &5+ & + &)
0bs” = 26C0(&rs + Eoo) + 20G1 (€6t + Esbo) +26Ca(6a + &s + Ea + &5 + &6 + &8) (&1 + &7 + &)
+2081Ca(Ea + &3 + &4 + &5 + &6 + &) + 2(0& + 083 + 064 + 085)Ca (€1 + &7 + &)
+ 2686 (G167 + Cobo + C2(§1 + &7+ &o)) + 2087(Crés + Cobs + Ca(§2 + &3+ &+ &5 + &6 + &s))

+2685(Coér + C1éo + G (&1 + &7+ &) + 2080(Cos + Crés + (&2 + L3+ + &5 + &6+ E&3)) -
(D.41)
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