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Chapter 1

Introduction

I still remember seeing the full starry sky, during a small trip to the countryside as a child. Marveled, won-
dered, or feared, such are but small words.

However, the experience of being flushed by the universe is nothing peculiar. Since the dawn of time,
mankind has been fascinated by the cosmos. In some ways, one could claim that cosmology is one of the
oldest fields of study for humanity [5]. The questioning of the universe could have been first called 'mythol-
ogy’. One of the oldest pieces of literature is Epic of Gilgamesh from 2750 B.C., a Mesopotamian mythology
that supported the cultural belief of astrology, the fortune-telling of stars. Such trait was popular among
preceding mythologies. When mankind started to venture off into the unknown, stars were also a prominent
tool to know directions during the voyage of the seven seas. The history of mankind is thus the history of
dissecting the universe.

The universe we know today does not revolve around the earth. However, it was not until the 16th
century we have firmly obtained such a picture. Indeed, both heliocentrism and geocentrism were prominent
among scholars. Although it was noticed that planets do not revolve in a perfect circle around the earth, by
‘correcting’ the orbits through smaller circles, geocentrism maintained its predictability. This changed when
Nicolaus Copernicus published his book De revolutionibus orbium coelestium (On the Revolutions of the
Celestial Spheres) on 1543 [6]'. This book was scientifically supplemented by a series of observational data
conducted by many, such as Galileo Galilei, Sir Isaac Newton. Thus the center of the universe was shifted
from Earth to the Sun.

The center of the universe did not shift from the sun to the ’universe’ until the late 18th century [7].
Cosmology was yet to be a scientific field, however, since it lacked data. One prominent research is the
observation and analysis of stellar parallaxes conducted in the 1830s by Friedrich Bessel, Friedrich Georg
Wilhelm von Struve and Thomas Henderson [8, 9, 10] see also [11]. Which led to William Herschel proposing
a universe model from the observational data into what today is known as galaxies, Fig.1.1 of [12], see
also [13]. Soon after John Michell modified Herschel’s model, where the luminosities of the stars were fixed,
into a different and more accurate galaxy model®. After a fair number of controversial discussions [16], in
the year 1802 Herschel settled on Michell’s analysis, and thus the first galaxy model was constructed and
introduced. Hence, the center of the universe was shifted from the sun to our galaxy.

1Which tragically was also his death year.
2John Michell is also known to have invented the Cavendish experiment, found the square law, and first use statistics to
analyze the universe. However, he is notably famous for being the first to consider ’black holes’ [14, 15]
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It was not until mid 20th century the center of the universe shifted from the fore-mentioned galaxy [17]. In
1915 Albert Einstein introduced General Relativity which in concept introduced the cosmological principle;
the belief that ’there is no special place in the universe’ [18]. Such theory is governed by the following
equation,

G =—

The construction of the theory was brought upon such a principle and along with the observational data
shown how remarkably the theory fit to illustrate the universe. Moreover, the theory gained much publicity
and was proven repeatedly and consistently that it was and still is the best gravitational theory mankind
knows today [19, 20, 21, 22].

However, though Einstein’s theory is still the best, there are problems that are yet to be answered [17].
One famous problem is the dark sector of the universe, namely dark matter, and dark energy. Even before
the rise of General Relativity, observationalists have noticed that the inertial mass of the galaxy, thus the
velocity of the galaxy arms, does not coincide with the mass calculated with observational light. For example,
Lord Kelvin in his 1904 textbook, page 274, mentions that “Many of our supposed thousand million stars,
perhaps a great majority of them, may be dark bodies.” [23]. This was later supplemented by Fritz Zwicky,
in his fascinating 1933 paper Die Rotverschiebung von extragalaktischen Nebeln, using the virial theorem,
quantitatively showed that there exists some unseen matter and thus calling it “dunkle materie” or “dark
matter”. This dark matter, which feebly if not at all interacts with anything besides the gravitational force,
still could not be clarified by the Standard Model of Cosmology, which is constructed on the shoulders of
two giants of modern physics; General Relativity and the Standard Model of particle physics. Another dark
sector is called dark energy which was first observed in 1998 [241] and shows that the current universe is
undergoing an accelerated expansion. Since gravity is currently only known to be attractive and never re-
pulsive, it was commonly thought that the universe is retracting and if not at least decelerating. However
recent observations indicate that the universe is actually expanding with acceleration. Thus this unknown
type of energy, if matter at all, is called dark energy.

In contrast, the dawn of time also envelopes riddles of its own. One major problem is inflation. In 1979,
Alexei Starobinski demonstrated that quantum correction to the Einstein equation computes that the early
universe could have gone through an accelerated expansion [25, 26]. Meanwhile, big bang cosmology had
certain problems called horizon and flatness problems raised in [27, 28] which needs fine-tuning for the initial
conditions of the universe. Alan Guth, in the early 1980s, proposed a solution to these problems through

/;; 4

Figure 1.1: Herschel’s Image of the 'universe’ which what we know now as the Milky Way.



'inflationary’ scenarios [29, 30], which may come from phase transitions of the early universe as shown by
Katsuhiko Sato [31]. This scenario was later refined by Andrei Linde in [32] and analyzed through a model
called “chaotic inflation” [33].

All these questions call for reexamination of the current framework of the standard model of cosmology.
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Figure 1.2: History of the Universe, taken from www.jpl.nasa.gov/


www.jpl.nasa.gov/

CHAPTER 1. INTRODUCTION

This thesis is constructed as follows,

Part I1:

Part III:

Part ITV:

Part V:

Part VI:

Part VII:

The theoretical preliminaries for the thesis will be oriented. First, the framework of the standard model
cosmology will be brought up. Then the troubles that arise from such a framework will be initiated
and as concrete examples, inflationary mechanisms and the dark energy problem will be computed.
To unravel such problems, modified gravity will be proposed with a focus on Palatini/metric-affine
formalism and scalar-tensor theories.

The application of metric-affine gravity to inflation will be investigated. After presenting the ambiguity
of covariantization in metric-affine gravity, such a loophole will be utilized to construct a viable yet
simple inflationary scenario that is consistent with current observations. Thus this work deduces the
possibility of probing the geometry of the universe through observations.

This section is based on the paper [34].

Construction of viable scalar-tensor theories through metric-affine formalism will be established. Tack-
ling the covariantization of Galileon theories and generalized Galileon theories, it will be shown that
ghost-free properties are protected by a new symmetry called projective symmetry. This work is thus
a pioneer for ghost-free metric-affine scalar-tensor theories.

This section is based on the paper [35]

Based on the previous part of the thesis, further investigation of scalar-tensor theories within metric-
affine formalism will be presented. It will be both qualitatively and quantitatively shown that, although
in general gauge projective symmetry does not imply ghost-freeness, in the unitary gauge such theory
is totally expelled from Ostrogradsky instabilities.

This section is based on the paper [36]

The cosmological perturbations for theories within Palatini formalism will be executed. After the
orientation of three possible frames in such gravitational theories, it will be presented that each frame
computes the same physical quantities. Furthermore, established on this result, Galileons are shown to
be unstable in general. However, the ghost can be exorcised, and when done so the speed of gravitational
waves is that of light. Thus eluding the current observational constraints.

This section is based on the paper [37].

The summary of the thesis will be mentioned and concluded.

Terminology

The following will be the terminology that will be used throughout the thesis.
Einstein Gravity: a theory in which the space-time metric follows the Einstein equations and

non-interacting matter follows the metric’s geodesics in the point particle limit

Metric-affine geometry: differential metric geometry where the connection is not a priori Levi-Civita
Metric-affine Gravity: gravitational theory in which the connection is not a priori Levi-Civita
Palatini Formalism: a variational method in which the metric and connection are independent

generally, the connection does not couple to matter

Metric-affine Formalism: a variational method in which the metric and connection are independent,

generally, the connection couple to matter

Einstein Cartan Gravity: a theory in which the connection is taken to be metric, while torsion exists
Weyl geometry gravity: a theory in which non-metricity is proportional to the metric.
Weyl-Cartan gravity: a combination of Einstein Cartan Gravity and Weyl geometry gravity
Scalar-tensor theories: theories that have both scalar(s) and a tensor, as a mediator of gravity



Notation

The following will be the notations that will be used throughout the thesis.

Metric:
Affine Connection:

Covariant Derivative:

Lie Derivative:

Levi-Civita Connection: { A }

Torsion:

Non-metricity:

Riemann Curvature:

Ricci Tensor:

Co-Ricci Tensor:

Homothetic Tensor:

Riemannian variables:

3 dimensional Curvature:

g
| ROPS
r
\7

Le

Nz

2
T
o

r
A
R oy

r
R
r
P,
T
H,,

g
|
I
A
R opy

a symmetric 2-rank tensor with the signature (—, 4, +, +)
a asymmetric 3-rank matrix

derivative with respect to I
r
acts on tensors as VMBUA = B#Bl,)‘ - F"WBU)‘ + FAWB,,”

acts on scalar density of weight w as %Hp = Oup —wpl™,,
derivative with respect to some vector "

acts on tensors as £§Bl,A = 5“8HBV’\ + B, 8,£° — B2 0,
acts on scalar density of weight w as £¢p = £"0up + wpduE*

metric compatible and torsion-free affine connection defined solely from the metric

A o
{ pv } = %g)\ (Ougvo + Ouguo — Ooguv)

an anti-symmetric 3-rank tensor defined solely from the connection Ti‘“, =2

[uv]

a symmetric 3-rank tensor defined both from the metric and connection Q4" = Vg"”
an anti-symmetric 4-rank tensor defined solely from the connection

r

R, = 0., — 0,1, +T%,,I” vo — T, I uc

an asymmetric 2-rank tensor solely defined from Riemann curvature
r r

_ o
Ry,u — R Hov

an asymmetric 2-rank tensor defined from the metric and Riemann curvature
r r

— Ao pp
P pv = Gpud R Avo

an anti-symmetric 2-rank tensor solely defined from Riemann curvature
r r
H pr — Ro-aul/
g g
Variables of Riemann geometry, such as V,, and R, will be denoted with ¢

Riemann curvature tensor of the hyper-surface
For the precise definition, see §A.3.1



Chapter 2

Cosmology in Modified Gravity

2.1 The Standard Model of Cosmology

The Standard Model of cosmology is a model that consists of the Einstein equations, the Standard Model of
physics, and their coupling. In this chapter, each of the topics will be briefly reviewed.

2.1.1 The Einstein equations and the Friedmann equations

Einstein, on November 25th, 1915, in his paper Die Feldgleichungen der Graviation equation (2), introduced
the prized Einstein equations [15],!

g 831G

Gl“’ = CTT/“’7 (22)

which governs the dynamics of the space-time metric,
ds® = g datdz”, (2.3)

through the distribution of matter which is characterized by the energy-momentum tensor 7}, .
The tensor G, is called the Einstein tensor and is expressed through a series of definitions which relates
it to the metric as follows,

g g 1 g
G;w = R,uy - §g,uuRa (24)
é = gﬂyquuy, (25)
g g)\
le = R BAV (2'6)
g, o o B o o P _ o P
Ry, = aﬂ{w} a”{m}*{up}{m} {Vp}{w}, (2.7)
A L o
{ |4 } . 59)\ (OuGvo + Ouguo — OoGuw) » (2.8)

g g g A
with R the Ricci scalar, R, the Ricci tensor, R, v the Riemann tensor, and v } being the Levi-Civita
connection. The Levi-Civita connection, is by definition symmetric in the lower indices and compatible with

g
the metric, i.e. Vﬂg‘”‘ = 0.

IThe celebrated Einstein equation in presence of matter Guv = Ty, does not appear in the paper of November 25th. The
gravity-matter equations he derived was

g 1
Ry = —k(Tpw — 59;WT) (2.1)

as could be seen in equation (2a) in [18]. (The G;; = R;; + S;; notation Einstein uses is actually the modern day Ricci tensor

R;;, whereas the S;; is the term that disappears under the unimodular constraint \/—g =const. )
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The formal investigation of Einstein equations and Einstein gravity will be conducted in §2.3.1.
Now consider the isotropic and homogeneous Friedmann-Lemaitre-Robertson-Walker metric [38, 39, 40,

I,

2

1 — kr2

ds® = —dt® + a*(t) ( +12(d6? + sin® 9)) : (2.9)

where a(t) is called the scale factor and it is taken as ¢ = 1. Calculating the Ricci tensor, one obtains,

g .
Ry = -3(H+H?), (2.10)
g : 2 kY o
Rij = H+3H” + 2; a (Sij s (211)
g . 5 k
R = 6|(H+2H"+ prl I (2.12)

where the Hubble parameter was defined H := %‘fi—‘; The term k is called the spatial curvature term, since
the 3-dimensional part of the metric,

ds? = _dr +12(d6? + sin? ) (2.13)
371 — k2 ’ '

computes the 3 dimensional Ricci curvature,
g
R = 6k . (2.14)
As for matter, one may take the perfect fluid form of the energy-momentum tensor,
TNV = (P + p)u#uu + pg;w ’ (215)

with p being energy density, p being pressure, and u,, being the four-velocity time-like vector of the fluid.
Let this ansatz of the metric and matter be substituted into the Einstein equations with the cosmological
constant,

G + Aguy =81GT,, , (2.16)

for future convenience. Then one obtains the celebrated Friedmann equations [35], which is the one Friedmann
obtained in his 1922 paper Uber die Krimmung des Raumes equation (3) and (4),

k 1 8rG
o242 2y = O 2.1
+t 53 3P (2.17)
: k

Taking the derivative of the first equation, and substituting the second equation one obtains,
p+3H(p+p)=0, (2.19)

which is none other than the energy-momentum conservation law,

g
0 = Vv, T, (2.20)
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Now consider a scenario with multiple matter, p = >, p;, in such case, energy-momentum conservation holds
for each type of matter,

pi+3H(pi +pi) =0. (2.21)
Let each matter have a constant equation of state parameter of

_ni

o (2.22)

wj

Then the equation (2.21), can be solved as,

a 73(1+w1)
Pi = Pi,0 () ) (2-23)
ag

with ap = a(t = t9),pi,0 = pi(t = to) for some moment ¢t = ty. For non-relativistic matter with p; > p;,
w; ~ 0 and for relativistic matter p; = 3p;, w; = % Former is usually called matter denoted as p,, and the
latter being radiation denoted by p,. The spatial curvature term and the cosmological terms can also each be

thought as matter by defining, py = —% with wy = —% and pp = %. When the universe is dominated
by a single component, say p;, then the scale factor and Hubble parameter can be solved as,
w(£)™ o
a(t) = 0\ % g (2.24)
A
aoe\/; w; = —1
2 lo gy £
Hpy = R (2.25)

Moreover, the Friedmann equation can be further rewritten as, defining Hy = H(t = o),

2 a —3(14w;)
with the dimensionless energy density parameter defined as,
8’/TG/)¢ 0
Qo= —5—. 2.2
,0 SHg ( 7)

By taking t = tp, one obtains that ); o represents the ratio of matter at that moment of time,
1= Qi (2.28)
i

Furthermore, defining redshift,

ag
=1--2, 2.29
z . (2.29)

one obtains the conventional dimensionless Friedmann equations,

H? .
72 = D Qo (14207 (2.30)
0 i

Thus by knowing the current ratio of matter, one can extrapolate back in time.
Using the current observational data from the Planck satellite [4], the future and past evolution of the
cosmological parameters of the ACDM model can be computed as Fig.2.1
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Evolution of the Cosmological Parameter

T T T T T T T
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08l ]
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O
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0 2 4 6
log,,1+2

Figure 2.1: Evolution of the Cosmological parameters

2.1.2 Matter Coupling and Dynamics

It is said that Einstein got his idea of General Relativity through the equivalence principle. The equivalence
principle is a principle of the coupling between the gravity sector and the matter sector and implies that
there are some coordinates that 'turns-off’ gravity. In this section, the dynamics of matter and its relation
to the equivalence principle will be analyzed. First by computing autoparallels and geodesics directly from
the equivalence principle, what type of matter follow such equations will be investigated.

2.1.2.1 Autoparallels and Geodesics from the equivalence principle
Consider a certain coordinate X*, a free-fall one, in which there are no forces acting on the particle,

G

0=—%, (2.31)

where ) is an affine parameter that characterize the motion. This equation is not a tensor, and thus does not
hold for every coordinate system. In order to construct a tensor equation of the dynamics, one can consider
the following coordinate transformation X* — x#. Then, from chain rule,

B 2 XxH -~ d2z” QXM O?XH dxP dz°

0 = + —_— 2.32
dN\2 dX2 9zv  OxPOx® dX\ d) ( )
Since X* — x* is considered to be a one-to-one invertible transformation, there exists an inverse of %ﬁf,

. a v
that is 5%, thus

A2z oz’ O2X* daV dz°

e T axr owrome an dx (2.33)

For this to be a tensorial equation, one needs to introduce a three-rank non-tensorial matrix A/\l“, that has

the following transformation law,

oz 0XP X 92X~ 9z*
o a5 0 X+ g e

0X* Ozt Ozv v Oxtozv 0X«

AN (@) (2.34)
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such that, the substitution into (2.33),

R u
0 = Iz +A(

(oo 12" da”
vo) d\x d\’

is a tensorial equation.
Since a general affine connection has the similar transformation law, which under coordinate transforma-
tion, is,
oz 0XP oX7_, 92X 9z

A H = = = M gy
I (uv) (Z‘ ) 00X Ozt Oxv r (Bv) (X ) + OxtOxy O X’ (235)

the non-tensorial matrix A/\l“, can be chosen to be associated as an affine connection. Furthermore, since one
can choose any general affine connection to be null in the original free falling coordinate frame FO‘( 67)(X ) =

0.2 Substituting this back into (2.33), one obtains,

d%zt " o dz? dz?
0 = W + F (VU) (fE )ﬁa (238)
r
= u’Veu”, (2.39)

where %u is the covariant derivative with respect to the affine connection F’\W (z%*) and the four-velocity
was defined as u? = %. This equation is called the auto-parallel equation. Such equation is invariant under
affine transformation of the affine parameter, i.e. A — X\ = a\ + b with a, b being some constant.
Now assuming integrability of this equation, i.e. there exists some Lagrangian that computes this equa-
tion3, one finally obtains,

0 = d;;:+{ M }(xo‘)(g/(?: (2.40)
= u”%gu”, (2.41)
where
H _ 1,
{ o } = 59" (0po + 0o Gov = Dpluo) (2.42)

g
is the Levi-Civita connection of some (and not necessary space-time) metric g, (z) and V being its covariant
derivative. This equation is none other than the celebrated geodesic equation [43].

2Tt can be shown that the symmetric part of the connection always has a coordinate in which F‘?B_Y)(x’a) =0 [42].

Consider a coordinate where F/\(;w) (z*) # 0, the transformation z# — x’#, up to second-order is,

1
M =gt QGMWJ;VQ;U 4 (2.36)

with a'},, some constant independent of x which is symmetric in its indices (vo). Substituting this into (2.35),

F)\(p,u) (x/#) = F)\(y,y) (x,u) - u‘A,uz/ . (237)

Thus by choosing T'*

(z*) = a?,,, there is always a coordinate transformation x#* — z'# such that T (z/*), at least
(nv) 4 (nv)

locally.

Note that this indicates only the symmetric part of the connection (which includes torsion) can be made null, while the
anti-symmetric part (which is a tensor) cannot. Nonetheless since it is only the symmetric part of the connection that couples
in the autoparallel equations (2.39), it is sufficient enough [12].

3Strongly note that the equivalence principle itself does not imply the existence of the metric. Only when one assumes the
existence of a Lagrangian, can the metric be introduced, which then has to be specified that such metric is the dynamical
space-time metric nonetheless. This topic will be extensively discussed in §2.4.3.3 and §B.1.2.
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To summarize, the existence of a freely falling frame in a certain coordinate indicates it to be, in any
coordinates, to be a tensorial equation with a certain non-tensorial matrix A>‘W that has the transforming
* . has a similar transformation law, one can assume that
A’\W is the affine connection F)‘W, which leads to the autoparallel equation (2.39). Further assuming the
integrability of this equation, i.e. the existence of a Lagrangian, computes it to be the geodesic equation (2.41)
which may or may not be the space-time metric. One must note that, although the equivalence principle
hints at the existence of a metric, it does not precisely lead to one, and there are many (hidden) assumptions

in between.

property (2.34). Since a general affine connection I'

2.1.2.2 Dynamics of 'Standard’ Matter

Whether matter, from the Standard Model, follows the derived geodesics is a question that is asked next. This
boils down to the minimal coupling ansatz between the (covariantized) Standard Model and (not necessary
Einstein) gravity. If the action of the flat space-time Standard Model is pedagogically written as

SSM, flat = /d4IESM(‘1’SM,3‘I’SM)7 (2.43)

with ¥ being the Standard Model particles, it can be shown that covariantized action under the minimal
coupling ansatz, written as

g
SSM,curvcd = /d4$v _QCSM(\IISMv Vl:[/SM) ) (244)

computes the classical point particle motion to be geodesics when not interacting with other matter.

Since theories of matter, in general, are field theories and not point particles, one must use some approx-
imation. To do so, one can refer to geometric optics and use WKB approximation.

The Standard Model consists of scalars, vectors, and spinors. Therefore, instead of approximating the
whole model with brute force, let each particle be simplified and then analyzed for this section.

First, consider calculating the dynamics of a scalar field. The (dimensionful) Lagrangian is,

1,,[(9 2
£=30 (D—T;;>¢, (2.45)

which computes the equation of motion for the scalar field,

{ﬁ+<_mm>2}¢:o. (2.46)

¢= e (=ih)"ay, (2.47)

n

Now consider the wave expansion,

The equation will then be expanded as,

0 = Y ef5(=ih)" [{(9,8)? + m*}an + (OS + 20"0,)an—1 + Dan—s] - (2.48)

Let the wave number vector be defined as

k= 0,5 . (2.49)



12 CHAPTER 2. COSMOLOGY IN MODIFIED GRAVITY

At zeroth order, the equation of motion computes,

(KK, +m?]ag = 0. (2.50)

Thus by defining the velocity as,

ull + O(h) (2.51)

- =u i

m K ’
which is a time-like unit vector normalized as u*u, = —1, one can shown it follows geodesics, since

g
0 = u'Vyu,

g 1

— H _
uhv,, (maﬂs) +O(h)

© o 1

g
= u'V,u, +0O(h).
Thus the scalar field, follows the geodesic equation up to zeroth order in A.*

Similarly, for the vector field , consider the Maxwell Lagrangian

1
L= F"F, (2.55)

g
which computes the equation of motion of the vector field, under the Lorentz gauge V- A = 0,

g g
OA" + RMA, =0. (2.56)
Now consider the following wave expansion,

At =" RS (i) al, (2.57)

with a? being a vector that includes the polarization modes of the original A*.
The equation of motion, under this wave expansion computes,

i . g9
0 = Y et [{(ausf}az + (08 +20"50,)al,_, + (R, +6)0as | . (258)
n
41f the scalar is charged, and couples to some (external) electromagnetic field A, the action is
1 2 m? 2

L= ((Dm) +o5 ), (2.52)

with D, = 0y, + i%AM, then one can use the same WKB approximation to obtain,

v g q v
u’'Vyu, = —u’Fyu + O(h), (2.53)
m
at zeroth order, with the unit velocity being
1

up = — [0S — qAu] - (2.54)

Indeed this is the well-known motion of a charged particle in a presence of an electromagnetic field. Therefore, one has to
keep note that, geodesics are obtained when the test particles that follow are not interacting with (external) fields other than
(minimally coupled) gravity.
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Thus at zeroth order,
E'k)al =0 2.59
0

with the wave number vector defined as k, = 0,5. As expected, since the vector is massless, the resultant
wave number vector is a null vector®. Again, using similar computation computes,

g
AV (2.60)

o
Il

KNk + O(F) (2.61)

Thus a minimally coupled vector too follows the geodesics at zeroth order of 7.

As for a spinor field, it will be discussed later on in the context of torsion coupling in §2.4.3.4. However,
(even in the presence of torsion), spinors also follow geodesics for zeroth order in /. Nonetheless, all Standard
Model particles follow geodesics when their covariantization is taken with the minimal coupling ansatz (2.44).

One can also take a macroscopic point of view, on the other hand. Consider a perfect fluid, which
energy-momentum tensor takes the form,

T#V - (P + p)uuuv + pg;w 9 (262)
with p being the energy density and p being pressure. Since energy-momentum tensor is conserved,
g
0 = Vv,

g g g
(p+p)u"V, u” +u"V, {(p+p)ut} +V'p, (2.63)

Taking a contraction with w,, one obtains,

g

g
Vi{(p+p)u} = u"Vup. (2.64)
Substituting this into (2.63), the final result is,

g
W7 p (2.65)

g
7 v _
ut'V,u” =

7y
p+p

where the projection tensor 7v,, = gu. + u,u, was defined. This shows that when the pressure does not have
a spatial gradient, perfect fluid follows geodesics. Moreover, pressureless dust follows geodesics.

To conclude, when the Standard Model of particle physics is minimally coupled to gravity, the non-
interacting particles follow geodesics at zeroth order of h regardless of the gravitational equations. The
gravitational equations govern the deformation of the metric that the geodesics follow and not the structure
of the geodesic equations itself. On the other hand, even if one takes gravity as Einsteins and matter as
the Standard Model particles, if the coupling between them is some non-trivial, the equivalence principle
may be violated. Thus it is important that when one goes beyond the Standard Model of cosmology, the
gravity-matter coupling must also be re-investigated.

5Similar calculations can be conducted for massive (Proca) vectors and although in such case the wave number vector becomes
time-like, the calculations that precede do not differ.
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2.2 The Unsolved Problems of the Universe

Although the current Standard Model of cosmology explained countless observations throughout the ages,
some phenomena elude the predictability of the celebrated model. In this chapter, the giants of these
incomprehensible problems will be reviewed. Firstly, the inflation mechanism, which questions the beginning
of the universe, will be shown. After introducing the problems of the Standard Model of cosmology it solves,
cosmological perturbation theory and its quantization will be used to deduce the observational parameters.
Then dark energy, questioning the end of the universe, will be introduced. Walking through the observed
late-time expansion and the theoretical severity of the cosmological constant, recent observational progress
will then be examined. Finally, other cosmological problems, which are not directly related to this thesis,
will be qualitatively inquired.

2.2.1 Inflation

2.2.1.1 Inflation Preliminaries

From the Cosmic Microwave Background (CMB) observations [14] it could be said that the universe was
highly homogeneous during the early epoch of time. However, currently, the observable universe is so large
that the two arbitrary edges of the universe must be causally independent. To see this consider introducing
a useful parameter called the conformal time, which is defined as

T = /O;Z:) (2.66)

@ 1
1

The —4 that was factored in is called the comoving Hubble radius which shows the causally connected
regions of our universe. Now using the Friedmann equations (2.17), the comoving Hubble radius can be

shown to be,

1

— = Hylaz(43w) (2.67)

Thus the conformal time has the following relation with the scale factor.

T o a3 (2.68)
a RD
where RD stands for radiation dominant with w = £ and MD stands for matter dominant with w = 0.

3
This implied that the comoving horizon is monotonically increasing for general matter. Thus the observed

waves (of photons) that enter the horizon now was outside of the horizon during the CMB. Therefore, for
the CMB to have such a high homogeneity, the universe during decoupling must have been even also highly
homogeneous. This is called the horizon problem.

Let the causally independent regions be estimated through the temperature dependence of the Hubble
parameter and scale factor. For the following ¢ and 7 is reintroduced for clarity. Recall that a distribution
for relativistic momentum is

o) = (exp {E(p)iubl{ +  FermiDirac 270)

kT — Bose-Einstein
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with E(p) = v/p?c? + m2c*, p being the chemical potential and kp being the Boltzmann factor. Then the
energy density for g degrees of freedom can be calculated as,
_ g 3
p = W /E(p)f(p)d p (2.71)

dx . (2.72)

2
2mc? mc?
g(k:BT)4 /oo ﬁ x + k5T (l‘+ m)
2m2h Jo exp [:c +mE 1}

Now consider the relativistic limit in which kg7 > mc? and kgT > |u|. Then one obtains the relation of
energy density with temperature as,

2[4 7 ST
T°RKB" 14 {% Fermi-Dirac (2.73)

P~ 306303 Bose-Einstein
If one considers the universe to be at thermal equilibrium, all of the particles have the same temperature.
Thus by summing up the energy density for all particles,
2k},
30c3h3

pr = g9.T*, (2.74)

where g, is called the effective degrees of freedom and defined as,
7
" b~bZ g 1:f Z " o

The Hubble parameter thus become a function of temperature as,

(438Gt o

Since during the radiation dominative epoch p oc a=4, the scale factor is ,

at) 1

a g T

(2.77)

If the big bang singularity was at GUT scale and thus 10'®GeV and noting that the big bang nucleosynthesis
is 0.1MeV, the ratio between the size of the universe, the comoving Hubble radius is,

1/aH|cur
1/aH‘BBN

with assuming that the degree of freedoms is approximately the same. Thus are the causally independent
regions.

The other problem is the flatness problem. Recall that in §2.1.1, the energy density of spatial curvature
was defined as,

~ 101, (2.78)

k

Q= ——s
a’H?’

and for the current observations it is constrained as,

O — —0.04470 518 Planck TT,TE,EE +low E (2.79)
= 0.0007 +£0.0019 Planck TT, TE,EE +low E+lensing+BAO '’ ’
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each for 68% confidentiality of the combination analysis [1]. This indicates that the universe is (extremely)
flat, which suggests that the Big Bang cosmology must be extremely unstable. To see this recall the Friedmann
equations were

8rG k
H?> = —/—) pi——. 2.80
3 2P (2.80)
Defining Q; = 82€ £& |
k
1-) Q=- )
2=y
Taking the derivative of this equation with respect to Ina,
dQy; k
= T3 1+ 3w;) Q;,
—~ dlna (aH)in:( +3wi)
and thus the (near) flat solution becomes unstable. Furthermore direct calculations [17] indicate that
‘ Z Qi (tBig Bang Nucleosynthesis) - 1| < 0(10_16) ) (2'81)
i
1D Qlterr) — 1] < 0107, (2:82)
1> Qtpranc) — 1] < O(107") (2.83)

Thus needs to be fine-tuned severely. This is called the flatness problem.

To solve these two Cauchy problems, the inflation theory was proposed[29]. This is simply done by
considering that the comoving Hubble radiusﬁ is not increasing, which is what causes both of the problems,
but actually was decreasing at the early epoch. For example, the horizon problem could be directly solved by
allowing the comoving Hubble radius decrease into the observable universe scale and thus causally connecting
the two arbitrary edges. The flatness problem could be solved through this mechanism where the comoving
Hubble radius decreases. Since

k
‘1 _Z:Ql| - (aH)2 ’

> ;€ = 1 becomes an attractor instead of an unstable point and thus solving the flatness problem. Without
explicit dynamical calculations, it seems that the decreasing comoving Hubble radius solves the two problems
of the Big Bang theory.

Now consider the necessary conditions of causing inflation. Since during inflation, it must be

d 1
— [ — . 2.84
di ((aH)) <0 (2:84)
It can be calculated as
da
— 0. 2.85
o (2.85)

Thus indicating the universe must have an accelerated expansion. During such a condition the Friedmann
equation can be re-written as,

% — H(1-¢). (2.86)
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With the Hubble slow-roll parameter € defined as,

H
H2’
dlnH

dN ’

E = -

with dN = Hdt = dlna is the parameter of necessary e-folds of inflation. Thus, the conditions of inflation is
re-expressed as,

e<1. (2.87)

Furthermore, from the Friedmann equations, during an accelerated expansion,
p+3p < 0, (2.88)

and thus pressure must be negative. Such is called the violation of the strong energy condition. All of these
conditions are necessary conditions of inflationary dynamics.

Now for simplicity and the upcoming analysis consider an inflationary mechanism where a scalar causes
the inflation. Such scalar is called the inflaton. Taking 87G = 1 for simplicity, consider the following action
of,

S = /d4x\/—g [;]% - %g“V@u(ﬁ&/(ﬁ - V()
= Sgu+ qu .

Here Sgp is the Einstein Hilbert action and Sy is the canonical kinetic term of the considered scalar field.
Since the energy-momentum of the scalar field is

o - 2 087
piv /=g 0ghv
1
= au¢au¢ — Guv <2ag¢ao¢ + V(¢)) ) (289)

and is the form of a perfect-fluid energy-momentum tensor, one can defined the energy density and pressure
as,

po = B V).
1.

and its corresponding equation of state parameter as,

L
Wy = Pe _ M (2.90)
Po 50*+V(9)

The Friedmann equations for this scalar field can be re-arranged as

= 1= Jasw)
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Thus the Hubble slow-roll parameter has the relation,

_ _3_ ¢

N W

The left-hand side of this equation is purely geometrical while the right-hand is solely decided from the scalar
field.
Since the condition of inflation was € < 1, for the scalar to induce a sufficient enough accelerated expansion,

3__¢°
2

1 >> TS .
302+ V(o)

(2.92)

or simply,
P < V(). (2.93)

Such analysis indicates that during inflation, the scalar has much more potential energy than kinetic en-
ergy. Furthermore, another slow-roll parameter could be defined to evaluate inflationary mechanisms. Since
inflation must last for a sufficient time, it must be that

9] < [3H|, |V, (2.94)

Therefore a new parameter could be defined by using € as

(jﬁ.
n = —H—Q.S (2.95)
1 de

Thus the two Hubble slow-roll parameters are defined and derived.
When one is deep within the inflationary regime, one could also introduce potential slow-roll parameters

defined as,
1 (Vs
ev(g) = B ( V¢> ; (2.97)
v
w(o) = 5 (2.98)
These parameters are
ev, nv| <1, (2.99)

during inflation and satisfy the approximation of

1

H? =~ gV(¢>)mzonst. (2.100)
. V¢

~ -2 2.101

¢ 3H ( )

During inflation the (Hubble) slow-roll parameters and the potential slow-roll parameters have the relation
of

~ ey, (2.102)
n o~ ny—ey, (2.103)
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and inflation ends when both sets of parameters satisfy

5(¢end> = 17 6V(¢end) ~ 17 (2104)
Thus could be used on different occasions; Hubble slow-roll parameters are used when the scalar dynamics are

discussed, whereas potential slow-roll parameters are used when the potential is given. For a comprehensive
review of many models of inflation, see for example [45, 40]

As an example consider V(¢) = %m2¢2 which is also called chaotic inflation and is one of the most simple

inflationary models [45]. The potential slow-roll parameters could be derived straight forward as
2
evig) = ek (2.105)
2
nv(¢) = E : (2.106)

Thus in order for inflation to last the condition is ey, |ny| < 1 and by reintroducing the Planck mass My by
dimensional analysis the condition becomes

¢ > V2Mp = bena - (2.107)
Thus the e-folds would be
¢* 1
N E— 2.108
@ ~ Bie (2108)
and to compare with the necessary e-folds of CMB, it could be approximated asN(¢) = %. Therefore
dcmB =2/ NempMp ~ 14.1 — 15.5M (2.109)

allowing the field value of the inflaton to be constrained. Here N¢jsp is taken as 50 ~ 60. ©

2.2.1.2 Linear Perturbation Theory in a Single Field Scalar Theory

The following two sections are dedicated to deriving the observational variables of the CMB, namely spectral
index and the tensor-to scalar ratio.
Instead of starting off with the usual perturbed metric, consider one using conformal time defined as,

todt
nN/O OB (2.111)

with the conformal Hubble parameter defined as H = %g—z = aH. The metric would then be

ds* = a(n)? [-(1 + 24)dn* — 2B;dndz’ + (v;; + 2N;;)da'dz?] (2.112)

6The number of e-folds differ among models. However it is common to take about 50 to 60. Recall that a ~ T~ from (2.77).
Thus, for example, the ratio between GUT scale 101°GeV and recombination 0.4eV, is

N ~1In -2 55. (2.110)
aguT
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Again, consider a single scalar field with an energy-momentum tensor of

T = 0%60,6 — 0 | 760,04 V(9)] (2113)
Perturbation of the scalar could be written as,
¢(n,a') = d(n) +o¢(n, 2'), (2.114)
and thus the energy-momentum tensor could decomposed into,
TV =T+ 6T", (2.115)
where
T = 9"¢0,¢ — 6! Ba"q‘s&,saﬁ + V(a_ﬁ)} , (2.116)
T = 89 0030,6 + 29" (90000,)) ~ 03 | 30" 0r50,-+ 500,00 + V|
(2.117)
Now consider defining the Sasaki-Mukhanov variable,
u=a <5¢ - 7;15) , (2.118)
which is an gauge invariant variable since from d¢ — ¢ — ¢'T and ) — b — HT,
u—>ﬁ:a{5¢—¢_>’T—;i(1jJ—’HT)}:u. (2.119)

Constructing equations using gauge-invariant variables allows one to fix gauges without gauge-dependent
modes causing instability.
Furthermore, the relation between the Sasaki-Mukhanov variable and the curvature perturbation could be
written as

/
Xy
From what follows, consider a spatially flat gauge ¥ = 0 in which the Sasaki-Mukhanov variable could be
written as,

u =

(2.120)

u=adp (2.121)
Under such gauge, the linearized Einstein equations become,
1 /a2 (5/2 !
68" 4+ 2H3Y — (A — a®V.s)d¢ — — ( 2 ) dp =0 (2.122)
a
Rewriting this using the Sasaki-Mukhanov variables result in
1" 1 /a2 (512 !
(Y N L )u-= =0. 2.12
u ( a“V.gp + o bl Gy u=0 (2.123)

Such equation could be computed from an action of the form,

1 ) ) 1" 1 272\ '
S = §/dnd‘3z [U’Q — O'ud;u + {a2V¢¢ + % + (CL;ZZ) H . (2.124)

which is by construction, gauge invariant.
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2.2.1.3 Quantization of the Scalar Field and it’s Quantum Fluctuations

As a next step, let the quantization of the action (2.124) be considered.
The conjugate momentum 7 of the scalar fluctuation w is computed as,

m(n,z') = o = U/(U, z'). (2.125)

The canonical quantization of this fluctuation is,

[u(n, 2*),u(n,y")] = [x(n,2"),7(n,y")] =0, (2.126)
[u(n,oji),w(n,yi)] =i03(zt — y). (2.127)

With keeping the above in mind, one may see that the action (2.124), is none other than a harmonic oscillator
with the effective mass of

a’ 1 a2q’5/2 !
2Meypyp = o + 2 ( ey > . (2.128)

Thus it is possible to expand the fluctuation with respect to plane waves, as

u(n,z') = / % [uk(n)a(ki)eiki“ +uj(n)al (k)e "‘7} , (2.129)

where k = |k?|. By finding out the commutation relation between the annihilation and creation operators
a(k?) and af(k?), one may define a well-defined vacuum.

The equation of motion that uy follows is,

" 1 272\ '
ull + (k2 + a2V gy — C;) we— = (%) u =0. (2.130)

Note that since this equation is linear with respect to uy, one must normalized the solution. It is common
to take the Wronskian condition of

Ouy  Ouy .
Ryl =1. 2.131
Uk on an up =1 (2.131)

The next step is to consider a scalar product defined as,

6¢§ (77’ xl) _ 8¢1 (777 lﬂ)

(p1,02) = —i/d% [¢1(77,£Bi) o o o5, x%) |, (2.132)

for which, due to the Wronskian condition, the fluctuation is simply,
(uk, uk) =1. (2133)

This shows that the operators could be expressed as,

a(k?)

(u, uke’”) , (2.134)

af (k) = —(u,u,te_iki“). (2.135)
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Thus the commutation relation for the operators could be calculated as,

[a (K1), af (k3)] = (2m)°6° (ki — K3) (2.136)
[a(k}), a(ky)] = [al (k1),a' (k3)] = 0. (2.137)

The vacuum is then defined as,
a(k")0) =0, (2.138)

and indeed a(k*®) becomes the annihilation operator.
Now, using the Fourier transformed fluctuation (nk?), define the power spectrum of the fluctuation as,
(0 |a(n, k})a(n, k3)|0) = (2m)6% (k" — k3) Pu(n, k), (2.139)
with using the commutation relation, implies that,
Pu(n, k) = |ux(n)]*. (2.140)

Noting the relation between Sasaki-Mukhanov variable and curvature fluctuation was (2.120), the power
spectrum of the curvature perturbation could be written as,

Pe(n k) = = lunl* (2.141)

Under the slow-roll approximation |¢" —H¢'| < 3—H¢', the scalar field equation of motion and the Friedmann
equations compute,7

2
b ~ _a3;—/i¢’ (2.144)
H? = %aQV, (2.145)

Inserting this into (2.130), the equation of motion of the perturbation under slow-roll conditions are
computed as,

249y —3
w4 |2 IV, (2.146)
n
Further defining a new variable,
3
v o= 3 +3ev — v, (2.147)
1
F, = Uy , (2.148)
)
"These two equation could be used to give,
H =H>(1—ey). (2.142)
Since, under the slow-roll approximation ey could be considered constant, this could be solved as,
1
H= (2.143)

(1—ev)n
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the perturbation equation becomes the form of

d?’F F
2 k k 2 2 _
S + a +(z*=v*)F, =0, (2.149)
with z = —kn. This is none other than the Bessel differential equation, and the solution is known to be,
2\2 & (—1)k z\2
, - (z —(2) &, 2.150
Tu(2) (2) kZ:Ok!F(u+k+1) (2) (2.150)
No(z) = cos(vm)Jy,(z) — J_(2) 7 (2.151)

sin(v)

with the Gamma function defined as I'(z) = [~ t*~te~"dL.

It is more convenient to use the following set of solutions of,
HM(z) = Ju(2)+iN,(2), (2.152)
HP(z) = J,(2) —iN,(2), (2.153)

which is also known to be called the Hankel functions. Thus the general solution of the fluctuation wuy(n) is
solved as,

uk(n) = /=7 [ (—kn) + B HEP (~kn)| (2.154)
where the constants are constrained from the Wroskian conditon of
4
Jonl” = 1Be)” = . (2.155)

Finally, in order to find the value of these constant, consider a limit of the conformal time to the past as
(—kn — —o0). The perturbation equation (2.146) is then,

ufl + k*up = 0. (2.156)

The solution, that satisfies the Wronskian condition, is

e~ where (kn — —o0) . (2.157)

1
ur(n) = ﬁ

The past limit of the Hankel functions are also given as,

2 (am m

HO() = [ Zeile—5-%) 2.158

v (2) —e iR, (2.158)
2 em m

H® = ) Zemi-E-m) 2.159

v (2) e AT (2.159)

(2.160)
For the solution of the fluctuation (2.154) to hold at the past limit the constant are decided as,

o = \/jeé"(wé), (2.161)
B = 0. (2.162)

Such vacuum that is defined through this procedure is called the Bunch-Davies vacuum .
Thus the final solution for the fluctuations are,

ug(n) = ﬁe?(”*%)Hﬁl)(—kn), (2.163)

WithV:%+3ev—ﬁV
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2.2.1.4 Observational variables and constraints from the Cosmic Microwave Background

Now consider the future limit with 2 = —kn — 0. In such limit, the Hankel function of the first kind is
approximated as,
T .
HD(2) = Vo (Z) B D Pl (2.164)
r'(3)
Therefore,
L D) —ig(oad)gu-3,-v+3 (2.165)

ug(n) — \/727:;1“ (%)

Under slow-roll approximation, the following holds,

3

2v3

1

1+ (36\/ —77\/)1112,

r(3) [+ e -mie(3)]

with the digamma function approximated as (%) ~ 1.19. Furthermore, since from (2.143) —kn = (1 —

ey) ! (%), SO

¢

I'(v)

. k —1-3ev+nv
(—kn)27" ~ (1 —ey) () . (2.166)
H
Thus the fluctuation, under the first-order of slow-roll parameters, are,
1 (143 ) k —1-3ev+nv
U ~ ——e?2 cvonv)l — . 2.167
)= (%) (2.167)

Inserting this into (2.141)(2.144)(2.145), one finds the power spectrum of the scalar perturbations as,

H2 k —6ey +2ny
P(k) = —— (= . 2.168
(0 = o (31) (2,16
It is sometimes convenient to use the dimensionless power spectrum defined as,
k.3 1 H 2 k —6ev +2nv
k)= —P(k)=— | — — 2.169
Pe(k) 272 ¢(k) 2ey (27r> <7—l> ’ ( )

By taking an appropriate wavelength, and by using H ~ %V, the amplitude for the scalar perturbation is
determined fully by the potential as,

V
Pk = =— 2.1
Defining the spectral index of the scalar perturbations as
Pe(k) oc k™1, (2.171)

the spectral index could be written purely with terms of the potential slow-roll parameters as,

ne =1—6ey + 2y, (2.172)
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which is an important observational variable of the CMB.
Following the same procedure for the tensor perturbations, one could obtain the power spectrum

AH? [(k\ 2V
P k)=— | = . 2.173
) = 1 (37 (2.173)
The spectral index for the tensor perturbation ny could also be defined as,

Pr(k) oc k™, (2.174)

with the dimensionless power spectrum defined as Pr(k) := %PT(I{)

Finally, define and compute the tensor-to-scalar ratioas

. Pr(k)
- Pe(k)

= 16¢y (2.175)

which is also an important observationally variable from the CMB. In Fig. 2.2 the most recent Planck 2018
results and the constraints on inflationary models are shown from [1].* For example, the chaotic inflation
model considered earlier with the potential V(¢) = %mzcb?, can be seen to be excluded from observations.
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Figure 2.2: Planck Constraints on Inflation, taken from [1]

80ne may wonder how the spectra of the early universe are precisely the one we observe today. This is ensured through
conservation of curvature perturbation which is a direct consequence of energy-momentum conservation [47, 48].
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2.2.2 Dark Energy

The first evidence for late-time accelerated cosmological expansion was found in 1998 by A. G.Riess et al.
[24] through Type Ia supernova, and later was confirmed by numerous observational data. However, the
origin and theoretical evidence of this expansion are still unknown. One could consider an exotic type of
matter to obtain this accelerated expansion. Such substance is called dark energy and the approach to solve
the fundamental background is called the dark energy problem. For this section, after showing observational
evidence for such late-time accelerated expansion, the origin of this dark energy will be questioned. Then
recent observations that are implied to be closely tied to dark energy will be introduced.

2.2.2.1 Observational Implication of Late-time Accelerated Expansion

Here the explanation of observational evidence, especially the luminosity distance, would be conducted.
First recall that the dimensionless Friedmann equation could be written as (2.30),
H(z)?
Hg

= Qy0(1 + 2)* + Qo (1 + 2)% + Qao + Qo (1 + 2)2. (2.176)

Where Qp0 =1 — Q0 — Qo — Qro By using the relation
dt = —(1+2)Hdz. (2.177)

The age of the universe could be calculated as

o dz
T = /0 Trag (2.178)

Since in the current epoch both radiation and spatial curvature could be neglected, T' could be approximated
as

_ LI (H\/QTO). (2.179)

n
3Hom 1- m

When Qp¢ is taken to be zero, thus in a universe without the cosmological constant, the current age of the
universe becomes

2

= —. 2.1
SH, (2.180)

Defining Hy = 100hkms~'Mpc ™!, one can calculate Hy to be 5= ~ 3.1 x 10'7h~'s, the universe would be
around the order of 10'° or ten billion years. This is inconsistent with the order of the galactic age which is
around the same order, with some exceeding the supposed universe’s age.

Now consider supernova observations. When the spectrum of a certain supernova does not include a hydrogen
line this type is called Type I. Furthermore, when the spectrum includes an absorption line of silicon it is
called Type Ia. Type Ia occurs when the mass of a white dwarf exceeds the Chandrasekhar mass, and the
absolute luminosity that is emitted is almost always the same. This could be used as a beacon to measure
the distance to the supernova, which is called luminosity distance.

When the universe expands absolute magnitude M differs from the apparent magnitude m due to redshift.
This could be held as an expression such as

m — M = u(z) = 5log,o(dr(z)/Mpc) + 25, (2.181)

where the luminosity distance dj, is

dr(z) = I;)(1+z)/oz{ﬂm0(1+x)3+QAo}de. (2.182)
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The comparison between General Relativity without the cosmological constant and ACDM could be computed
as the following figure 2.3. It could be seen that General Relativity without the cosmological constant cannot
explain the observational data.

Relation between Luminosity Distance and Redshift
L I L B B

— GR
NACDM

out24]= X

7 SNeData

Figure 2.3: Comparison of Luminosity Distance of GR and ACDM 3

2.2.2.2 Cosmological Constant and the fine-tuning problem

A natural question, now that it is known that there is some kind of late-time accelerated expansion of the
universe, is whether one can obtain such prediction from fundamental physics, such as the Standard Model
of Particle Physics. [50, 51, 52, 53] The cosmological constant together with Cold Dark Matter seems to
explain the universe quite well. By simply putting a constant in the Einstein equation

g
G + Mgy = 87GT,,, . (2.183)

Recall that the Friedmann equations with perfect fluid were (2.17)-(2.18),

&G k A
S P aty (2.184)
47 G A
- = ——(1 —. 2.1
u 3 (1+w)p+ 3 (2.185)

The cosmological constant, however, seems to have some problems. For the following, two major problems
would be introduced. One is the fine-tuning problem and the other is the coincidence problem.

Fine Tuning Problem

When one wonder about the origin of the cosmological constant, a vague guess would be vacuum energy. The
energy of the vacuum could be calculated as

Kcut off A3k
Pvac = 2/0 W vV k2 +m? (2.186)

3Data taken from https://supernova.lbl.gov/Union/ of the paper [49]
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The contribution to the integral could be approximated by the largest momentum, which is the cutoff scale.
Thus

e o Feuteott (2.187)
vac 167T2 .
Since General Relativity is consider to be valid up to Planck scale the cut off scale could be taken as
Ecut-oft ~ Mpy ~ 10'9GeV. Therefore the energy of the vacuum could be approximated as

Poac = 1074(GeV)* (2.188)
However when one estimates the energy of the cosmological constant, by considering the current epoch

A H?
P~ a ™ 27702 ~ 8.1h x 107" (GeV)*, (2.189)

with h defined through Hy = 100hkms~'Mpc~! ~ 2.1 x 107#2hGeV. This indicates that when considering the
cosmological constant to be the vacuum energy, the mismatch would be extraordinarily 120 worth in order'?.
To solve this problem one could consider a mechanism to subsequently vanish the vacuum energy in order to
accomplish the cosmological constant. One such mechanism is the famous supersymmetry, where the bosonic
vacuum energy is precisely the fermionic vacuum energy with the opposite sign and allows vacuum energy
to disappear. Yet since the universe now has broken supersymmetry, the mechanism still implies very high
fine-tuning to obtain the same order with the cosmological constant. Furthermore, since such a mechanism
only addresses the cancellation of vacuum energy, the 107, and not the cosmological constant 10747, it is
questionable whether the two mechanisms are the same or not.

Coincidence Problem

The coincidence problem is simply could be put into the question, "How do two seemingly different things,
the cosmological constant and ordinary matter, have the same order?”
As could be seen for the Planck data [4] the cosmological parameters, of TT,TE,EE+lowE 68% limits are

Qm,O
Qa0

0.3166 == 0.0084 (2.190)
0.6834 = 0.0084 (2.191)

This indicates that the cosmological constant is the same order with matter, out of any ratio it could have
taken. Recall in §2.1.1, the evolution of the energy density was investigated, and seemingly the ratio between
matter and the cosmological constant could have taken any value. (See also fig. 2.1). The moment when the
cosmological constant and matter was comparable was when it was the redshift,

0 3
21— ( A’O) ~0.23, (2.192)
Qm,O

which is relatively recent or merely about a billion years ago. Since the origin of the cosmological constant,
and whether it couples to matter at all, is not well known, whether this coincidence problem is truly a problem
is up for debate. One may say that although science needs no man, observation is done by mankind, thus
the very existence of humanity bounds the possible observable. Such belief is called the anthropic principle
and some use it to calculate the relevance of the cosmological constant [54]

100Of course one can lower the cut-off scale, but nonetheless, it has to be as low as Kewt—off ~ 10~ GeV for the vacuum
energy to be the cosmological constant in the absence of any mechanism.
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2.2.2.3 H; Tension

Whether the cosmological constant is truly a constant is an important question. This relates to whether dark
energy is a new dynamical degree of freedom or not, which the celebrated ACDM model says otherwise. One
example of such possible observation is the Hy tension.

First results of SHOES project which is based on Cepheids observed from SN Ia [55] and WMAP results [14]
computed the Hubble parameter Hy with some consistency. However, with the first release of the Planck
satellite data, the tension between close and far observations of Hy rose. With the most recent Hy observation
of Planck being from 2018 [4] and from SHOES being from 2021 [2], the tension rose as high as 5.20 for
ACDM 2.4. Although it is still dangerous to conclude that ACDM is excluded, there seems to be some
inconsistency between observation of the universe at low redshift (z < 0.15) and of high redshift (z > 1100).
Future observation may find Hy between these redshifts which may support the tension further.
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Figure 2.4: Hy tension with Planck Data and SHOES, taken from [2]
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2.2.2.4 Speed of Gravity and GW170817

One of the prominent characteristics of general relativity is that the speed that it propagates is light speed c.
Consider the following perturbation of the metric around the cosmological background,

1 . .
guvdrtds” = —dt* + a* <5ij + hij + thkhj?) drtda? (2.193)

where h;; is a transverse-traceless tensor satisfying 0;h¥ = hi = 0 while its indices are raised and lowered
with the Kronecker delta §;;. Substituting this to the Einstein-Hilbert action, one obtains,

2 1 ; 1 2
SéIZV = g /dtd?’.’lﬁ |:hz2] - ; (8hu) :| N (2.194)

up to quadratic order. This indicates that the metric of Einstein gravity propagates in the speed of light.

There are other alternative theories of gravity that predict differently, however. Thus the question is
whether one can differentiate among these theories by measuring the speed of gravitational waves. Indeed
such was the idea proposed in [56, 57, 58, 59]. For example [50] estimates that simultaneous observations of
gravitation waves and neutrinos or photons from gamma-ray burst and supernovae may constrain the speed
of gravitational waves as,

lc —caw| { 9.7 x 10716 Supernova

19| = c T | 4.6 x107'6  Short gamma-ray burst (2.195)

for future observations.

Indeed this was the case for the simultaneously (Atsgrp.gw = 1.74s) observed gravitational waves
GW170817 and its gamma-ray burst counterpart GRB170817A of a neutron star and neutron star merger
[60, 61]. Estimating that the short gamma-ray burst was emitted within 1.74 4 0.05s after the gravitational
waves, the speed of gravitational waves are constrained as,

—3x 107" <5, <7Tx 10716, (2.196)

Thus if dark energy is of gravitational (spin-2) source, then a theory that explains must satisfy the
constraint above. The constraints being strict led many to assume that cgw is indeed unity and thus
’eliminating’ many alternative theories of gravity [62, 63, 64, 65]. General Relativity, of course, evades this
constraint and again shows that it expresses the universe beautifully.

2.2.3 Other Unsolved Problems

2.2.3.1 Reheating

Although inflation cures many of the big bang cosmology’s pathology, since it implies an adiabatic expansion
in the early universe, the temperature after inflation is very low. However, from big bang nucleosynthesis,
it is known that at least the universe was 1keV. Therefore the mechanism to raise the temperature back up
for the sufficient big bang temperature is called reheating. This mechanism, however, heavily relies on the
theory and the matter couplings the inflaton has. Thus, just for simplicity, consider an inflation ¢ with mass
m coupled to a scalar field x and spinor field ¢ as [17],

ALjpy = —gdx* — hopp . (2.197)

Then the decay rates are calculable as,

g2

8mm
h2m

Topny = (2.198)
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Since the inflation, at the end of its dynamics is expected to be oscillating around the bottom of the potential,
the following form will be taken,

o(t) = ©(t) cos(mt) . (2.200)
The energy density of the inflation is,
Lig 1 90 1 5.9
= - e = — (b . . 1
P 2¢ + 5 10) 5™ (2.201)

The effective decay rate I'cff can be defined through

1 d(a®py)
Topf = RALTS 2.202
115 e dt (2.202)

This gives a frictional contribution to the equation of motion of the inflaton as,
0~ ¢+ (3H +Topp)d +m2p? . (2.203)

During radiation dominance, H? = ifﬁ 7> using the relation between the Hubble parameter and tempera-
ture (2.76), the decay rate and temperature can be related as,

4550 \ 1
Try = (%ka ) VMuTess. (2.204)
Thus the temperature for reheating was derived.

2.2.3.2 Baryogenesis

Currently, the universe is known to have extremely fewer anti-baryons compared to baryons. For example,
the ratio of protons and anti-protons are observed by the PAMELA program as [66]

=10 ~10"* (2.205)

RSB RS]]

and it seems certain that there is an asymmetry between baryons and anti-baryon numbers.
This problem first came out when Paul Dirac proposed the celebrated Dirac equation, which can be seen

from the equation (9) and (12) of his 1928 paper [67]. The equation stated is as follows,
("0, —m)p(z) = 0 (2.206)
ba)(iy" D, —m) = 0 (2.207)
This anti-matter was soon discovered by David Anderson in 1932 [68, 69]. Though it seemed that the

relativistic quantum mechanics seemed to be relevant, it was wondered, quite early, why there is very few
anti-matter.

Finally, after a third of a century, Andrei Sakharov proposed three conditions for baryon asymmetry to be
achieved in 1967 [70]. This was because in 1964, a few years before, Christenson, Cronin, Fitch and Turlay
discovered that a certain k meson decay provides concrete evidence for CP violation [71]. What they found
was that the two eigenstates of a neutral k meson K°, one with a short life span Kg and the other with a
long one K, does not decay with respect to CP symmetry. If CP symmetry is protected, the CP charge of
the initial and final states of the decay are conserved. Thus there should be only the channel,

K — 7%0% atr— a0, (2.208)
KY — atr— n%° (2.209)
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However, what Cronin and Fitch’s group found was that there exists the following channel,
K - atr, (2.210)

which violates CP symmetry. Following this discovery, Sakharov proposed his criteria in which baryon
number asymmetry could be attained. Through Sakharov’s criteria, many baryogenesis mechanisms have
been proposed. For example, the famous electro-weak baryogenesis explains the asymmetry through anomaly
in the electro-weak sector and the phase transition that occurs.[72] Others are GUT baryogenesis which
causes asymmetry in the GUT scale[73] and gravitational baryogenesis in which CP is violated through the
gravitational interaction between curvature and baryon number currents[74]. Although many baryogenesis
models are proposed, one interesting model is one that was proposed by Masataka Fukugita and Tsutomu
Yanagida in 1986, where baryogenesis is obtained without introducing GUT scales[75]. This model looks into
the fact that even if a sufficient baryogenesis is attained in the GUT era, the effect would be thinned out
through inflation. Thus they consider a scenario where a Majorana particle N decays into a lepton [ and a
Higgs particle h as follows

Ny = li+hl;+h (2.211)
(2.212)

and thus lepton asymmetry is accomplished.
Sakharov’s Criteria

First of all, Sakharov’s criteria are necessary to understand baryogenesis[70]. The three conditions are
as follows
. Sakharov’s Three Conditions ~

To achieve baryon number asymmetry macroscopically, the physics that governs baryon numbers must
be also violated microscopically. Thus the necessary conditions are

1. Violation of Baryon Numbers
2. Violation of C and CP symmetries

3. Interactions Out of Thermal Equilibrium

This could be explained as the following

1. Violation of Baryon Numbers
Firstly the asymmetry of baryon numbers is trivial. In order to achieve violation globally (in the
cosmological sense), asymmetry must occur locally (microscopically).

2. Violation of C and CP symmetry
CP symmetry, which is the combination of C symmetry of charge conjugation and P symmetry of
spatial transformation, must be broken in order to achieve baryon number violation.
First of all consider a non-baryonic X and Y and baryonic B, with the reaction

X —>Y+B. (2.:213)
When C symmetry is conserved, the charge conjugate of the reaction has the same decay rate. Thus
(X —=Y+B)-TI'(X—=Y+B)=0, (2.214)

and cannot achieve baryon number violation.
Similarly if CP symmetry is conserved

IN(X -Yr+Br) = F(X—>YL+BL). (2.216)



2.2. THE UNSOLVED PROBLEMS OF THE UNIVERSE 33

Thus

(X - Y, +Bp)+T(X =Yg + Bg), (2.217)
~T(X - Y, +Br)-T(X - Yr+ Bg) =0, (2.218)

and similarly cannot achieve baryon number violation.
Thus for global baryon number violation, both C symmetry and CP symmetry must be broken.

3. Interactions Out of Thermal Equilibrium
Baryon number violation cannot be achieved in thermal equilibrium. In thermal equilibrium, using the
CPT theorem ! and that the baryon number operator is odd.
<B> = Z ltwe PR

= Z ' (CPT)(CPT) ‘e PHB

= Z e PH(CPT)"'B(CPT)

= Z_ltre_BH(—B)

= —<B>,
Thus

<B> = 0. (2.219)

Where Z = tre A1
Thus interactions out of thermal equilibrium are necessary in order to violate baryon number conser-
vation.

1 Here notice that the satisfaction of the CPT theorem is needed. When considering a theory in which CPT theorem is
broken, one could conduct leptogenesis within a thermal equilibrium [76]
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2.3 Introduction to Modified Gravity

2.3.1 What is Einstein Gravity

The current Standard Model of cosmology is based on two pillars; the Standard Model of particle physics
and General Relativity. In order to explain such puzzles, there are two major approaches. One is go beyond
the Standard Model of particle physics and the other is to explore alternative theories of gravity. There are
also other approaches where one may consider special initial conditions.

Therefore, at least for this thesis, the following will be called Einstein gravity, whereas any other theories
of gravity will be called Modified gravity.

- Einstein Gravity ~N

When a metric g, is governed by the following 4 dimensional second-order differential equation called
the Finstein equations ,

g9

Gy = Ty, (2.220)

and classical non-interacting matter in the point particle limit, follows the geodesic equations of the
fore-mentioned space-time metric,

d2z° o dx* dx”
d\2 { uv }d)\ dx 0 (2.221)

for some affine parameter A, it will be called Finstein gravity.

Here the metric g, is only a function of coordinates g,,, = g, (¢) and is a local, 4 dimensional, 2-rank
and symmetric tensor.

J

Thus any action that both computes the Einstein and geodesic equations are not considered Modified gravity,
whereas higher or lower dimensional Einstein equations will be considered as theories of Modified gravity
in this thesis. Moreover, if the metric does follow Einstein equations, but matter does not follow geodesic
equations in the point particle limit, it will also be called Modified gravity. Finally, all considerations are
classical and not quantum.

2.3.1.1 Uniqueness of the Einstein Equations: The Lovelock Theorem

In order to understand the distinctiveness of the Einstein equations, one needs to refer to the Lovelock theo-
rem. In 1970-1972 David Lovelock proved a theorem[77, 78] where, when assumed locality, diffeomorphism,
Lorentz invariance and the following conditions,

1. AR = Auy(g,uuaguy,paguu,pa)v

2. %#A“” =0,
3. AWV = AVH,
with g,.p = 0pgur and gy, po = 0,059, the only tensor satisfying these assumptions in D-dimensions is
[D/2] n o, S
A= 5" a0t ] Rays, (2.222)
n=0 =1
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Here the Gauss symbol and the generalized Kronecker delta were defined as,

_ D/2 D : even
(b2 = {(D—l)/Q D:odd
a]‘ ... al
B1 Bn
Sugr = det Do | = nldg a5y

Qn Qi
B 6ﬁn

For the D = 4 case, the well known Einstein equations with the cosmological constant in the vacuum are
obtained,

g 19
APV = aog;u/ _ 2@1 (RMV _ 2Rg””> . (2223)

Thus the following claim,

s Uniqueness of the Einstein Equations ~N
Einstein equations with a cosmological constant are unique under the following conditions,
1. Equation of motions is constructed purely from the metric gW1
2. 4 dimensional
3. Diffeomorphism invariant?3
Lorentz invariant

Local*

Equation of motion is at most second-order in derivatives®

N e o e

Exists an action®

N J

Thus if any of these conditions are not satisfied, the uniqueness of the Einstein equations does not hold.
Conversely, one can explore alternative theories beyond the Einstein equations by loosening one or more of
these conditions.

1. non-metric or extra fields that mediate gravity

INotice that this does not require that there could be more fields in the action, since if non-dynamical, one can eliminate
these auxiliary fields. This later can be seen in the context of Palatini formalism where although there is an independent variable
that is not the metric, the connection, it still computes the Einstein equations. See§2.4.2

2Tt can be shown that if the equation of motion are diffeomorphism invariant, i.e. tensorial, the action too is tensorial
up to the surface term, see §B.2.3. Therefore ensuring the equation of motion being tensorial is enough for the action to be
diffeomorphism invariant.

3Diffeomorphism, here, is the full D = 4 diffeomorphism invariance. Noting that spin is a D=3 concept, if one relaxes full
diffeomorphism invariance, one can show that the Einstien equations are not the unique massless transverse and traceless spin-2
theory as shown in [79]

4The precise definition of locality differ among literature, while a naive one may be that a field is only dependent on the
position as ¥ = ¥(z) while a more formal one would be ones using the Wightman formulation of field theories and following
the classifications outlined by Jaffe in [30, 81], see also [32]

5This is due to the fact that higher derivatives in the equation of motion may cause instabilities. This will be reviewed in
§2.5.1

6By assuming the existence of an action, A,, = A,, is assured since it is the equation of motion of a symmetric metric.

g
Furthermore, with diffeomorphism invariance of the action, one can also obtain V,A*” = 0 for any action £ = L(gu..
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D #4

Diffeomorphism violation
Lorentz violation
non-local

Inclusion of three or more derivatives

NS o e N

No action

Such is the landscape of Modified gravity.

2.3.1.2 Proof of the Lovelock Theorem

For what follows, the proof of the Lovelock Theorem will be introduced for D = 4 following Lovelock’s original
paper in [77, 78]. For 4 dimensions, the symmetric condition is not necessary, thus the only two assumptions
one has to take is,

AR = Alw(guuaguu,pv guu,po) y (2'224)
g
VAR = 0. (2.225)
First, introduce the following short-hand notation,

: 0B
Bilvpo , (2.226)
OGuv,po

where B is some arbitrary rank tensor. The defined tensor has the following symmetric properties

ARviaBYS _ puviaBoy _ ANWﬁa»’WS’ (2.227)
Ayu;aﬁ,’yts + AMV;OL’%&B + AP«V?O‘&’B'Y =0. (2228)
Thus
Ap,l/;oz,B,’y5 _ A/J«V;’Y&aﬁ . (2229)
g
Using VA" =0 (2.224),
ARviaBad L gnvieBdv | AnsieBuy — (. (2.230)

The next step is to define a tenth order contravariant tensor as such

viaf,yé
v — AT (2.231)
896(,7]9
From the definition of both sixth-order and tenth order tensors, one obtains the following symmetry,
ArviaBydie¢nt _ ppvieCndiaBys (2.232)

Now when D=4, since any tensor with 5 or more indices have at least 2 indices that overlap, using cyclic
symmetry and calculating each possibility of when the indices are equal with one another([78], Appendix A),
then for any index the following holds true,

AmviaBsieCnt _ (2.233)
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This indicates that, there are no second-order derivatives for the following tensor,
AviaByd Auu;aﬂmi(gab’ Gab.e) »

Moreover since A*:*P:79 ig a tensor, and there are no sole tensors only consisting of Jab,c»

ArviaBd — auV;aB,'v5(gab) )

Integrating the relation computes

A= ety s B (ga)

2 . g
= gaw,aﬁ,WRaﬁw + Bg™ .
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(2.234)

(2.235)

(2.236)

Here the last row was obtained by cyclic symmetry and noting that the only tensor that consists of the metric

and has two free indices is the metric itself.

Finally, from cyclic symmetry, a/"i*#7® is either the combination of “only metric tensor” or “one metric
tensor and one anti-symmetric tensor the Levi-Civita tensor e#V??”. Thus o*:*%7% must have the form,

alvsaB s — quviaB,yd + b#l’§0¢57’¥5,

with
glvieBd alg””gaﬁg’y‘s + a2guuga'vg<5ﬁ + a39uvga5gl3’v
+a1g"*g"? g7 + az9" 9" g"° + agg"*g"° 9"
+arg"?g 9" + agg"’ 9" g™ + agg"’ g’ g7
+a109"7g"* 9"’ + a119"7 9" ¢*° + ai2g" g*° g7
+a139"° 9" 9" + a149"°¢"7 g*7 + a159"° g7 g"* .
and

prviaBs blguveaﬁvé + bgg“o‘e"”f‘w + bgguﬁeatsw
+b4gu'v€V6a5 + bg,g“‘se"'yﬁo‘ +bﬁgua6u57ﬁ
+b7gv,36ua'yé + bggV7€At6a5 + bggvéeuﬁ’va
+bloga5€w”5 + bllgavﬁyﬂué + blzgaéew’gV
+b13g" 7€M 4 byag MY 4 bysg e

By using cyclic symmetry the coefficients of a#i*%7 are computed as,

a n=>5,6,8,910,11,13,14
ap = —2a n=2,3,4,7,12,15
da n=1

(2.237)

(2.238)

(2.239)

brviaBd will disappear due to the characteristic of the symmetric properties of the Riemann tensor

b“y;aﬁ’vaRWX’@g =0.

Therefore, the Einstein equations and the cosmological constant
AP = —8aGH + BgM

is the sole equation that satisfies the conditions mentioned prior in (2.224) and (2.225).

(2.240)

(2.241)
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Furthermore, in D-dimensions, the Lagrangian that computes the equations of motion that satisfied the
conditions are [77],

nog V2i—1V2i
Ln =V _96511#22: H RN2i—1N2i ’ (2'242)
i=1
which is called the Lovelock Lagrangian. For D = 4 one sees that there is another term, besides the
cosmological constant and the Einstein-Hilbert action,
1 g g g g g
S=—7 / d*z\/—g (R2 — 4R, R" + RW*“RWM> : (2.243)

This term is called the Gauss-Bonnet action, which in D = 4 is topological and does not effect the equation
of motion. This can be shown by varying this action and show it is total derivative,

g g

6Ly = 4\/—gea5766“””"RaﬂWVp6{ (;yé } (2.244)
g g

= —4\/ _geaﬁry(;@“*l/PUV[pRl“j]aB(s{ Or'yls } + s.t. (2245)

= 0+st., (2.246)

due to Bianchi identity. Thus one can conclude, that the most general purely metric Lagrangian in four
dimensions that computes an equation of motion that is at most 2nd-order is the Einstein-Hilbert action and
the Cosmological constant.

S = / d*z/—g (f?, - 2A) (2.247)
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2.4 Palatini and Metric-affine Formalism

2.4.1 Metric-affine Geometry

Metric-affine geometry is a metric differential geometry with an affine connection that is generally is not
Levi-Civita. It is a straightforward and minimal extension of Riemannian geometry and attracted much
attention both in and out of gravitational theories. Many of the geometrical preliminaries can be found in
the enlightening textbook by Schouten written in 1954 [33] and references therein. See also [84, 85, 80]

Recall that in §2.1.2.2, it was commented that the autoparallel equations can be derived from the equiva-
lence principle, and then once one assumes the existence of a Lagrangian, these autoparallel equations (2.39)
become that of geodesics (2.41). Which gives an important, but often overlooked conclusion; the equivalence
principle itself does not support the necessity of the metric but the connection. Thus, one could question:
what is the physics for a metric and a general affine connection?

2.4.1.1 Curvature, Torsion, Non-metricity

Consider an affine connection I', which gives the covariant derivative that acts onto scalars ¢ and contravariant
vectors A" as,

Vb = 0.0 (2.248)

I
VuAY = 9,AY 4T 0 A% (2.249)

Since the contraction between a contravariant vector A* and a covariant vector B, is a scalar, from chain
rule, the rule for covariant derivatives acting on covariant vectors become,

I
VuB, = 0,B, —T°,,B,. (2.250)

Since now one obtained a covariant derivative, it is natural to ask what field strengths it may compute.
As for acting on scalars, one obtains

r T \
Vi, Vil = =T7,0x¢, (2.251)
where Ti‘“, is called torsion and was defined as,

A A A
T =T% —17,. (2.252)
If Ti‘”, = 0 such connection is called a symmetric connection.. Gravitational theories that have torsion (and
a metric) is known as Einstein-Cartan-Sciama-Kibble theories and was first proposed by Cartan in the paper
Sur une généralisation de la notion de courbure de Riemann et les espaces @ torsion in 1922 [37]18.

Field strengths of the covariant derivatives acting on a (contravariant) vector would be computed as,

I I N FA T N
Vo VAN = RN AP — T3 VA, (2.253)

18Cartan, in the 1922 paper [37] however, only qualitatively mentions torsion and do not have concrete computation. In 1923,
he releases a (lengthy) paper titled Sur les variétés a connexion affine et la théorie de la relativité généralisée in which he
outlines the quantitative proposal for torsionful gravity [38]. For further details, see his (English) book [39] which also matches
most of the computation of [33].
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r
where R/\puv is called the Riemann curvature and is defined as,

r
Y = Ol — 0% + T\ =TT 5. (2.254)

This Riemann curvature, which is purely defined from the affine connection, does not have the usual (anti-)
r r r r
symmetrical properties, i.e. R, p0 # —Ruupe and Ryuupe # —Rpopw. Furthermore, there are three possible
r

r

contractions that lead to three Ricci tensors, the usual Ricci tensor R, := RAMV, the co-Ricci tensor
r r r r

P, =R, s and the homothetic tensor H = R’\A - The first two are asymmetric whereas the last one

r r
is anti-symmetric. The Ricci scalar is unique however, and defined as R = g“”R;\L/\V.
Now consider introducing the metric g,., once done so, one may define the incompatibility of the con-
nection to the metric as,

r
Q)" = Vg = O\g"" + T 9" +T",,9" . (2.255)

If Q/\“ ¥ = 0 for a certain metric, such connection is called a metric connection..

Geometry with a metric and a connection, expressed through curvature, torsion and non-metricity, is
called metric-affine geometry, and gravitational theories expressed through metric-affine geometry is called
metric-affine gravity.

Once torsion and non-metricity are defined, the connection can be decomposed into three parts, the
Levi-Civita connection, the torsion tensor and the non-metricity tensor, as

1
F/\/u/ - {Ba’y} + 5 (T)\[Ll/ + 7:/)\“ - 7:1,”)\ + Qu)\p, + Q/u/)\ - Q/\;Ll/> 9 (2256)

where the indices have been raised by the metric g". Here recall that {44} is the Levi-Civita connection
that is defined by

o 1,
{iv} = 59°7 Ougov + 095 — Iaguv) - (2.257)

From the expression (2.256), one immediately can see that for Ti\w = Q¥ = 0, one uniquely obtains the
Levi-Civita connection.

Using the expressions, (2.253) and the Jacobi identity, one may obtain the following metric-affine version
of the Bianchi identities as,

Zeroth: JF%W)W = %[u Q7 + %Tf;w Q. (2.258)
T T
First: — RY50 = ViaT 89 = T 0T o (2.259)
r T I
Second: Vo R, 5, = T/\[aﬁRM\um)\ . (2.260)
I I

r
Rg,,, does

].

For the rest of this section, let the geometrical meanings of curvature, torsion, and non-metricity be
explained and analyzed.

These identities show that the covariant derivative acted on the Einstein tensor G, := R, —

1
. . . . 5
not conserve. This leads to a different type of energy-momentum conservation laws as shown in |
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Firstly, a parallel transport of a vector A* from point P to point @) along a vector B* is
Ap_o(Q) = AM(P) —T",, A7(P)B"(P), (2.261)

up to first order in B*. Similarly, a parallel transport of a vector B* from point P to point R along a vector
AM s

By z(R) = B*(P) =T, ,B°(P)A"(P). (2.262)
The parallelgram of the vectors A%, 5(Q),Bp_, z(R),A*(P), and B*(P) has a difference of
{Ab (@) + B*(P)} — {A"(P) + Bp_ z(R)} = Th,A"(P)B°(P) . (2.263)

Thus torsion quantifies the dislocation of the parallelgram of parallel transported vectors. Now consider the
parallel transportation of a inner product between two vectors A* and B* along a vector C* from point P

to @,
9ur,P—Q(Q)AD_o(Q)Bh_o(Q) = g (P)A*(P)BY(P) — Quu(P)A*(P)BY(P)CA(P), (2.264)

up to first order in C*. Therefore, non-metricity quantifies the variation of an inner product, that is length
and angle, along parallel transport. If the angle between the two vector A* and B* was defined as,

nRY
§ = cos! < I A" B ) (2.265)

V9 AP AY /g, B*BY

the change of the angle when the vectors were parallel transported along vector C* from point P to point @
is

1 ArAY B*BY ArBY N
cos(0(Q)) — cos(6(P)) = ~3 cos(6) O <ga5Ao‘Aﬁ + gusBoBP 2gagAaB5) ch, (2.266)
where all terms of the right-hand side are evaluated at point P. Notice that for A* = B* the right-hand side
vanishes meaning that a single vector stays as a single vector for parallel transport.
Consider non-metricity to have a special form of

v 1 LV
Q) = g (2.267)

Such geometry is called Weyl geometry for torsion-less connection and Weyl-Cartan geometry for torsionful
connection, and the vector W* is called the Weyl vector. Furthermore, such connection is called a semsi-
metric connection . For this case, the right-hand side of (2.266) also disappears thus implying that for such
geometry the angles preserve along parallel transport while the length doesn’t.

Finally, in order to understand curvature, consider a parallel transport of a vector C* from point P to @
along A" and from point @ to S along B*,

Ch_os(8) = CH(P) =", ,C7(B” + A”) — O\I",, A" B C7 + ", .T7, ;A" BCP + ", T, APB C° .
(2.268)

Similarly one may also compute for a parallel transport of a vector C* from point P to R along B* and from
point R to S along A* and obtain Ch_, ,_, 4(S). The difference of these are,

I
O g s(S) — Oy 5(S) = — RV, AYBAC7 —TH, T%, , A" BPC” | (2:269)

up to second order in A* and B*. Thus curvature shows the displacement of vectors along two parallel
transports.

For further examples of metric-affine geometry and its structure on the manifold, refer to the book by
Cartan [39]
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2.4.1.2 The Distortion Trick

Now notice that in (2.256) the torsion parts and non-metricity parts are tensorial while the general
connection and the Levi-Civita connection is not. One may then introduce a tensor,

Ky =Ty = {5}, (2.270)
which is called the distortion tensor. The relation between distortion and torsion, non-metricity is thus,
1
/Q)\uu = 5 (T)\;w + 7;)\” - 771,1/)\ + Ql/)\u + Qul/)\ - Q)\py> . (2271)

Most literature uses non-metricity and torsion to express equations. However, throughout this work, both
tensors will be implicit and the calculations will be done through the distortion. The translation between
distortion to the two geometrical tensors could be done through,

Trw = 26N (2.272)
0., = QK(BQV) . (2.273)
Now by using the distortion tensor x, the Riemann curvature tensor could be re-expressed as
L « g leY J [eY J « « A « A
sy = R+ Vuk®ups — Vur® g + K%k 0 — K50rE" g, - (2.274)

g g
Recall that 1%, is the Riemann tensor defined by the usual Levi-Civita connection { }, and V,, is the
covariant derivative defined through the Levi-Civita connection. For further details of using the distortion
trick see §A.2

2.4.2 Palatini Formalism

Metric-affine geometry, by itself cannot be a theory without being embed onto some Lagrangian. The most
popular method that is usually considered is Palatini formalism, a misnomer, which was originally proposed
by Einstein on June 9th 1925 in his paper Finheitliche Feldtheorie von Gravitation und FElektrizitaet as could
be seen in equation (5) [00] , see also [91]. 19

Palatini formalism is a variational method in which the Lagrangian consists of a metric g,,, and F)‘W and

are varied independently. Furthermore, matter is usually taken such that it only couples with the metric.
Thus an action in Palatini formalism would look like,

S(g,T,¥) = /d4x\/jg£(g,F) + S (g, W), (2.276)

with each of the variable’s equation of motion being,

05

= — 2.2
0 = o (2.277)
0S
0 = : (2.278)
5I‘>‘W
6S77L
0 = . 2.279
50 (2.279)
19As mentioned in [91], the well cited Palatini’s paper Deduzione invariantiva delle equazioni gravitazionali dal principio di
Hamilton [92] is about the Palatini identity that is,
g g A g A
0Ruy = V6 w [ V.6 S (2.275)

as seen in the first equation on page 208, and thus not related in any way to the “Palatini” formalism. Palatini’s paper is
phenomenal in the sense that it showed how to obtain the Einstein equations through variational methods from the purely
metric Einstein-Hilbert action as seen in the third and fourth equation on page 209. Although a misnomer, this thesis will keep
using the term Palatini formalism for the sake of conventionality.
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In some literature, as is Einstein’s original paper of [90], the arbitrary connection is taken to be symmetric,
either a priori or a posteriori, however, in general, it does not have to be so. For what follows, unless specified,
the connection is taken to be asymmetric and thus having all of its 64 components.

2.4.2.1 Palatini Formalism with the Einstein-Hilbert action

As example, consider the Einstein-Hilbert action within Palatini formalism [90],

r
S = /d4x\/—gR + Sp(g, ). (2.280)
The equation of motion is
1 48 r 1 T
0= 7,7—9 591“, = R(;w) - ig;wR - T,ulu (2281)

59 r r , ,
0=sro— = —ValV=09"") + 02Vu(V=99"") + V=9 {0007 Tir + 6" T8 = 9" Tl = 7" Tha}
By
(2.282)
where the energy-momentum tensor was defined as,
1
Tyw 95m (2.283)

V=g g
One notices that both of the equations of motion are first-order in derivatives, thus Palatini formalism is
sometimes refered to as first-order formalism of gravity. However, since there are other first-order formalisms
such as is electromagnetism?’, in this thesis the term will not be used.

Since both of the equations of motion are first-order, and thus are constraint equations, one can solve and
eliminate either g, or F)‘W. The former results in a pure connection theory and usually called Eddington
formalism [03, 94]?! whereas the latter results in the usual metric formalism. For the Einstein-Hilbert case,

20For example, consider the flat Maxwell action

1
Sona = /d4a: (—ZFWF’“’) (2.284)
1
- /d4x ((‘LLF‘“’AV + ZFWFW) +s.t., (2.285)
with Fy,, = 20, 4,) and the equation of motion being J,F'*” = 0. Now, motivated by the action Sazpq consider a new

anti-symmetric field F,., governed by the action,
1
Sist = / d*z (@L}"“’Au + Z]—"‘W}'W) : (2.286)

Variation with respect to F,,, computes F,, = Fj,,,, whereas variation with respect to A, computes 9, F*" which reduces to
the Maxwell equations when substituted the solution of F,, .

21Einstein noticed early on the significance of Eddington’s formulation as seen in his 1923 paper [95], which was written on
his way back from Japan on SS Haruna Maru.

Here, very briefly, Eddington formalism will be introduced. Consider matter only being the vacuum energy, i.e. the cosmo-

r
logical constant with £ = R — 2A. Then the Einstein equation computes the solution for the metric as,
1T
Juv = XR““J) . (2.287)
Substituting this solution in the action, one obtains the resultant action is,

[ T
2 detR(l“,)
S=[dta—r—"".
/ A

(2.288)
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the connection can be solved as,

A A 1/ A A
0 = FW—{W}—4 D= o )% (2.289)

which is traceless with respect to (A—v). Substituting this solution of the connection into the metric equation
of motion, one obtains the Riemann geometric Einstein equations,

g 1 g
R(;w) - §g,uuR = T;w (2290)

Therefore, for the Einstein-Hilbert action, whether the formalism is metric or Palatini, one obtains the
Einstein equations. Notice that in Palatini formalism, the connection is not uniquely Levi-Civita, but the
equation of motion for the metric still follows the (metric) Einstein equations nonetheless,

2.4.2.2 Projective Transformation

One may wonder why the 64 components of the connection are not uniquely determined in equation (2.289).

Such trace-less property makes 4 components of the connection not fixed. This is due to the characteristic

that the Ricci scalar and thus the Einstein-Hilbert action is invariant under projective transformation [33].
Projective transformation is the following transformation of the affine connection,

T, = T, =T, + 6,60 (2.291)

Under such transformation, the geometrical variables are transformed as,

r r

R, = Rf,. +2048,0,, (2.292)
T)\;u/ = T/\;u/“_g[uai\]a (2293)
A" = Q26" (2.204)

Projective transformation does not change the symmetric part of the Ricci tensor and thus the Ricci scalar,

I r r

Ry = Bguy = B (2:295)
r r r
R- R =R (2.296)

Thus any action constructed with such terms, such as the Einstein-Hilbert action, will enjoy projective invari-
ance. This is the reason the solution of the connection has 4 components, vectorial freedom, undetermined
in (2.289).

Geometrically, projective transformation is a transformation that keeps the angles of vectors invariant
while the length changes. Recall in (2.266), the relation between non-metricity and the angles of vectors were
derived. Substituting (2.294) into (2.266), indeed projective transformation does not change the angles.
Thus projective transformation can be thought of as a conformal transformation of the connection.

Furthermore, projective transformation is the most general transformation of the connection that keeps
the autoparallel equations invariant under general transformations of the affine parameter.

Recall the autoparallel equations,

d?a? \ dzt dav

_ pa drtde” 9.297
0 a2 TN T (2.297)

Notice that for this action the cosmological constant is a necessity rather than just some parameter, unlike the Einstein-Hilbert
action in the metric formalism nor the Palatini formalism.
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which was invariant under affine transformation of the affine parameter A — X\ = a\ + b for some constant
a,b.
Now consider the following general transformation of the affine parameter,

A= A=A, (2.298)

with X := % # 0. The autoparallel equations then become,

1 (d%z? det dzv N da?
0 = —<{ = A O 2.299
/\’Q{d)\2+ AN dA Xd)\} ( )
The projective transformation of the affine connection F)‘HV = f)\;w + §H(5£‘, will compute,
1 (&% —, dztdz” dz* N\ da?
0 = — = I —_—_— -] = 2.300
)\’2{d>\2+ N d)\+<£“d>\ )\’> d/\} (2:300)
Thus by taking &,, such that
AN :/effﬂrdf“dx (2.301)

one could obtain the same autoparallel equations.

2.4.3 Metric-affine Formalism

In Palatini formalism, the one assumption was that the connection does not couple to matter. One may
loosen this assumption and introduce such coupling. Such formalism is called metric-affine formalism and
the action will have the form,

S(g,T,¥) = /d‘*x\/fgz(g,r) +Sm(g, T, ). (2.302)

Since the connection is coupled to the matter, a new energy-momentum tensor arises from the variation of
the connection. Such tensor is called hyper-momentum tensor,

0Sm
A
A w =3 )\#V (2.303)

2.4.3.1 Classification of Metric-affine Gravity

This section is dedicated to classifying the Metric-affine gravity theories. The first part of this section defines
the essential variables used in the rest of the chapter, the distortion tensor. The following part is then
used to explain projective transformation and its invariance through using the distortion tensor, and then
theories with or without the invariance will be shown. Moreover, the rest of the section is used to clarify the
classification of different Metric-affine theories.

Model I: Projective Invariant Models

Projective transformation and the invariance under it have been explained previously. Here the same will be
re-explained with this time using the distortion tensor.
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First, consider the Metric-affine Einstein-Hilbert action as

M? r
Sy = % /d4:r\/—gR, (2.304)
r r
where Mr2>1 = ﬁ is the reduced Planck mass and R := g“”R)‘MD is the Ricci scalar.

The Ricci scalar is uniquely determined by contracting all the indices of the Riemann tensor. The unique-
ness is only the property of the Ricci scalar since the Ricci tensor is not. The reason for this is that the
Riemann tensor does not enjoy the (anti-) symmetries of the usual Riemann tensor has. Though irrelevant
to this section, it is important to be noted of this difference.

Using the distortion tensor, the action (2.304) could be decomposed as,
Mg, 4 7 A A
Sg = b [y (B4 g (5 ox = Kot n) | (2.305)
Note that the 2nd and 3rd terms on the right-hand-side of Eq. (2.274) are surface terms when plugged into
the action, and therefore are omitted. Looking at this action, it is only a usual Einstein gravity written in

Riemannian geometry with a three-rank tensor field k.

Now one can derive the two Euler-Lagrangian equations from the action. The variation, with respect to
the metric, yields,

58 M2 9
59,“, = % I:GHV + "@)\NVKUU)\ - K/AO'NK’O-IJA - §gw/gaﬁ (KACM,BHUU/\ - ﬁAaaHUBA) ] ’
(2.306)
while the variation of the connection computes,
0S M?2
dKkg B 2P1 [QBVHUUOL + 531€700 — kP, — "ﬂaﬂ] :
Y
(2.307)

One must first realize that there is no kinetic term of &, as in (9x)2. This fact could also be noticed
since the Euler-Lagrangian equations for the distortion do not include any derivatives of the tensor, i.e. it
is a purely algebraic tensor equation. Thus, indicates that the distortion/connection is not dynamical, but
is fixed by the constraint equations (2.307). This characteristic is crucial and later on, will be very important.

With the equations in hand, consider 'projective symmetry’ for the Einstein-Hilbert action. The projective
transformation in Metric-affine gravity is written as,

I, = T%, =T%, + 06Uz, (2.308)
The Ricci scalar under this transformation is invariant as,
r r r
R—-R=R. (2.309)
Since the Einstein-Hilbert term is constructed by this Ricci scalar, the action has “projective invariance”. In
general, however, Metric-affine theories do not withhold such invariance, as could be later seen in this paper.

One may also consider and assume that the matter sector of the theory also has the projective invariance,
which leads to making the full theory enjoy this projective symmetry. Such a theory will be called a projective
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invariant theory.

It is also important to note that, when the theory is projective invariant, the constraint equations for k
do not fix all components of the connection. Such ambiguity could be thought of as a gauge of freedom, one
that may fix later by hand since it does not affect the physics considered. This face could be seen explicitly.
First, consider a vacuum or a case in which matter does not couple to the connection (this is normally called
the Palatini theories). This then computes the constraint equations as

9K o + PR, — KT — kP =0, (2.310)
the algebraic characteristic of this equation allows one to precisely solve the distortion as,
1
K%y = 705 kg, (2.311)
with kg = HAﬁ/\. Thus the distortion tensor x cannot be determined up to the trace kg of the tensor.

These remaining four degrees of freedom are not problematic and the reason for this is because the theory
is projective invariant. More simply this trace vector directly corresponds to the projective transformation
vector Ug. To see this clearer, one may define a trace-free tensor as

B 1
Kiaﬁ,y = Klaﬁ,y — 1(53 HB . (2312)
Using the projective invariance of the theory, the action S could be rewritten purely in the form of the
trace-free tensor as,

M2 g v (- —o = —o
Sy = Tm /d4:1:\/fg {R +g" (11)‘“,//1 A — n)‘aun V/\)} . (2.313)
The Einstein equations are then
G = Ml§12 (T + T - (2.314)
Here the energy-momentum tensor 7, is derived from the usual matter field by
0Sm
T = —2—59W ; (2.315)
whereas the hyper energy-momentum tensor 7, is
Tpv = _I%AMVRUU)\ + RAO’/J/_{'UV)\ + §glu/gaﬁ (R)\a,BRUU)\ - RAUQRU[RA) ) (2316)

The hyper-momentum tensor could be thought as an extra term coming from the three-rank tensor field %,
on the usual Riemannian theory.
A

The variation of the connection is also written purely by the trace-free tensor &%, as

0S M3 iy e - _
(5/60{'5 = 2Pl [gﬂ’y’% ca T 55{’%7 o Kjﬂva - K’Yaﬂ] :
y
(2.317)

Thus the constraint equations for matter that is coupled with the connection with gravity induced by the
Metric-affine Einstein-Hilbert term can be written as
0Sm
gB’Y’T{Jo’oc + 5(2"?‘7({7 - RB’Y& - Rﬂyaﬁ = _2M_2

Pl 5,—{aﬁ’y ’

(2.318)
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and

%m _ g, (2.319)
5%5

Eq. (2.319) is trivially satisfied when the matter action is projective invariant. 22 Furthermore, when the
matter field does not couple to the connection, the right-hand side of Eq. (2.318) becomes zero. Then, it
could be solved as F;AW = 0, and the usual Einstein gravity that is written with the Levi-Civita connection
is restored. When one extends the theory and couple the matter with the connection/distortion tensor KAW,
an additional contribution to R’\W will need to be considered, solve the constraint equation (2.318). Here
and now on, a projective invariant theory is classified as Model 1.

Model II and III: Non-projective Invariant Models

In general, matter does not have to be projective invariant. Thus it is important to discuss what happens
when the theory is not projective invariant. Since the gravitational part is projective invariant while matter
is not, the constraint equations of the connection induce constraint for matter. Thus one may either choose
the following; matter is constrained by gravity, or constrain by hand. The former is irrelevant since additional
constraints on matter may give rise to inconsistencies. The latter, although may not seem natural, is more
popular and could be related to other types of theories. Here only the latter will be discussed. There are two
ways to constrain the connection by hand, one is a priori or implicitly constrain the geometry, the other is
to use Lagrangian multipliers. The torsion-less condition is frequently considered in theories under Palatini
formulation, whereas metric compatible connections are assumed in Einstein Cartan theories. These two can
be obtained by constraining the geometry of a fully Metric-affine theory.
As just stated, there are the following two common approaches. One is to assume there is no torsion
(T, = 0), while the other is to consider a metric-compatible connection (Q,”” = 0). These theories, in
general, do not produce the same results. Hereby, classify these cases as the former into Model II(a) and the
latter into Model II(b). Considering geometry is usually assumed a priori in the gravitational action. As it
will be shown, for the Metric-affine Einstein-Hilbert action, both constraints compute the Einstein equations
and induce Riemannian geometry if matter does not couple to the connection.

For Model II(a), the distortion has to satisfy, £*,,) = 7*,,/2 = 0. By using this and the solution (2.311)
for the constraint equation, the connection could be simply solved as

K%, = 0. (2.320)

In short, the affine connection is the Levi-Civita connection. Thus Riemannian geometry is obtained.

Moreover, for Model II(b), distortion must satisfy kP = 9, P /2 = 0. This too by using the constraint
equations computes Eq. (2.320). Therefore, the solution of the affine connection is again the Levi-Civita
connection.

The process is similar when one assumes the coupling between matter and the connection. The trace-
free distortion tensor k and the trace part of it s, could both be solved by the set of constraint equations
(2.318) and (2.319). In any case, the hyper energy-momentum tensor emerges in the matter sector of the
Einstein equations. Furthermore, by the constraint of geometry, the trace part of the distortion tensor will
be determined. Note that it will not appear in the Einstein equations.

It is known that, although constraining geometry a priori into the action, i.e. assuming torsion-free
or the metric compatibility computes a consistent gravity theory, such a condition is too strict when the

221t is important to note that the Standard Model fundamental particles are projective invariant. However, composite particles
and exotic matter are, in general, do not have projective symmetry.
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projective invariance is broken. This could be seen, since the undetermined terms in the connection are only
the projective vector, and thus four components. Therefore a minimized condition that one could impose
is imposing a constraint on some vector C#, which is constructed by the distortion tensor, using Lagrange
multipliers, as

M2
Sg = Tm/délx\/jg {R(g) +¢" (”AW";UUA - ”Acm”gv)\) +MCulr)} - (2.321)

By varying the Lagrange multiplier A*, one obtains four sets of equations C,(k) = 0, which constrains
the four undetermined vector degrees of freedom that are inside the connection.
Now by performing projective transformation (2.308), torsion and non-metricity computes

Tow = T =Th +ATh, =T, +200U, (2.322)
QALW - QA/W = QAHV + AQAMV = QAMV + QQW’U)\ : (2'323)

This could be used to solve the gauge freedom as U, = A’Tf‘M/Z’» = AQ/\W\/Q = AQ;‘A/& From this result,
breaking the projective invariance could be done by constraining either of the three geometrical vectors. In
other words, if the vector that will be constrained by the Lagrange multiplier C, (k) is chosen by either of the
following three vectors, one may obtain a well-defined theory.
(a) the torsion vector: T, := T\,
(b) the non-metricity trace vector : Q,, := Q)‘# 5
(c) the Weyl vector : W, := %Q;‘/\.

From now on, the above will be classified as models IIT (a), IIT (b), and III (c), respectively.

As for the Metric-affine Einstein-Hilbert action, each of the models computes a constraint equation as
C.(k) = 0 which then computes the solution for the connection as mﬁaﬁ = 0. Where the face of 7, = 2,%)‘[#”,

oF = 2/4:(’\/\“ ) and W, = %KJAH  were used. The affine connection is again the Levi-Civita connection and the
conventional Einstein equations are restored, if matter does not couple with the connection.

When matter couples the connection, the hyper energy-momentum tensor will appear in the basic equa-
tions. Such a term will have a contribution from the Lagrange multiplier. The modified Einstein equations

read,

(2.324)
G = M2 (T + T + A7) (2.325)
with
o 00,
AT, = =\ Sgiv (2.326)

For Models III(a) and (c), C, does not contain the metric g,,, thus there is no contribution from the

Lagrangian multiplier. However for Model IIT (b), since Qx = gasg " r"y, + K™,y there appears an extra
term of A7,,. In such case, it could be calculated as

A «
ATMV = _)\(IJ«K:V) A =+ )\a/{ (NV) . (2327)
Nonetheless, the constraint equation for x becomes

5Cu _ _ypy—2 m

9PV K + 007, — KU, — K77 A Pl G
K sy K gy

(2.328)
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whereas
SN — 3 P\ (Model II1(a))
A“g%‘ =<¢ 8N+ 6% A, (Model IT11(b)) . (2.329)
! 16,708 (Model TII(c))

Although not explicitly shown, these constraint equations (2.328) with C,(k) = 0, could be solved and

the solution of the distortion tensor “)\/w is calculable.

As a summary, the following table is the classification of Metric-affine gravity theories.(Table 2.1)

Models \ constraint \ properties \ Palatini formalism \ Metric-affine formalism
I 6?5;0 53‘ =0 projective invariant
%
I (a) T =0 torsion-free
II (b) Q=0 metric compatible Einstein equations + T
111 (a) Tr =0 Guw(9) = Mp* T,
1T (b) or=0 T #0and Q*,, # 0 Ty + AT,
III (c) WA =0 in general +T

Table 2.1: The classification of Metric-affine gravity theories.

2.4.3.2 The Dirac Lagrangian in Metric-affine Gravity

Since matter couples to the connection in metric-affine gravity, a simple question is how it couples to gravity.
Consider a minimal scalar field ¢, a vector field A*, and a Dirac field 9. Such action with the matter
above could be written as,

S = SEH(g7 F) + Sm(ga F7 ¢, Aa 1/}) ’ (2330)

with S;, as a matter action which includes the connection. To make the calculation simplied consider the
distortion tensor

=T, —{J}. (2.331)
Then the action could be rewritten as,

Firstly, the ‘conventional’ scalar field action is —% g"" 0,¢0, ¢ which, when defined so, by definition does
not couple to the connection??
For the vectors, the appropriate definition of the covariant field strength is

Fl = 0,4, — 0,A,, (2.333)

which is a tensor regardless of the definition through partial derivatives. Thus, the vector fields do not couple
to the connection. This also holds for the Yang-Mills fields. One may propose a field strength like term of,

I I
FFHV = V;LAV - vuAuw (2334)

230ne can couple the connection through the covariantization of the action L = %dﬂ(ﬁ. This will be revisited in §3.1.1 and
§6.2.
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However, this does not have U(1) symmetry and will not be discussed further. For more discussion see for
example [96, 97, 98].

As shown, the Standard Model bosons do not couple to the connection, the Dirac field, however, can
couple to the connection. Therefore the Dirac field can be a source of inducing connection. In order to see
this, one has to use the tetrad-spin connection formalism, since fermions cannot be expressed purely through
the metric (and the affine connection). Consider a tetrad ef; and a spin connection w?,,. Let it be assumed
that the tetrad could map coordinate indices to spin indices at any point i.e.,

pr(r +dx) = e} (x + dv) App (v + da) (2.335)

with
Apr(z + dx) = A%(x) — w, A (z)dz" (2.336)
ez + dx) = e, + Ouel, (z)dx® . (2.337)

When done so (g,T") and (e,w) are uniquely related as
G = Nav€ipel (2.338)
r
D, = d,e — T, et +w,eb =0, (2.339)

pr o

which the latter is none other than the tetrad postulate??.
The second equation insist that the spin connection could be decomposed as,

wabﬂ _ Aabu + Haub (2340)
where Aabﬂ is the Ricci rotation coefficients and
k"0 =elelre,” (2.341)

is distortion with respect to the spin indicies.
The covariant derivative of the Dirac field ¢ is

L 1
D,y = <au - Swabﬂ[ya,%o Y, (2.342)
with 7, being the gamma matrix which satisfies {7v,,7%} = —2714. One may note that due to the anti-

symmetric [y, 7] (2.342) is actually projective invariant.
In metric-affine geometry, there are two possibilities for the Dirac field Lagrangian,

1 _ r r _ _
to =3 (02D = Dirw) — miv. (2313
or
_ r _
b = W'Dy —miy, (2.344)

24Notice that the tetrad postulate (2.339) is not the metricity condition. Non-metricity is related to the spin connection

via Qﬁ\”’eﬁeb = Bur]“b = w(ab)u. Notice that even though, a purely spin % only couples to the anti-symmetric part of the
spin connection from (2.342) it still couples to some components of non-metricity since rle v = % (Q[‘“’],\ — T/\‘W - T[”V]A)-
Furthermore, one could expect that spin% fields, such as the gravitinos or Rarita-Schwinger particles, full components of non-
metricity couples to fermions.



52 CHAPTER 2. COSMOLOGY IN MODIFIED GRAVITY

with v# = e#~?. In Riemannian geometry, these Lagrangian are equivalent up to surface terms. However,
for metric-affine geometry, this is not the case. This could be see since, the two Lagrangians each computes
a different type of interaction as,

1
Ling = *Zﬁaﬁws"ﬂaﬁ'ﬂga (2.345)

and

1 . T e Bl
Line = =€ Kapyds + 56 o (2.346)

int —

Here the current and the axial current of the Dirac field were defined as,
Ju =V, =9y, (2.347)

with 75 = 741!6(1%67&7[;%% and €77 is the Levi-Civita tensor. In both cases, the interaction between the
connection and the Dirac field, distortion is induced i.e. k", # 0. In such a case, even in Einstein gravity
the equivalence between the metric formalism and the metric-affine formalism does not hold anymore. This
is quite well known in the context of the Einstein-Cartan-Sciama-Kibble theory and the theory where the
fermion dependent connection is integrated out is called the Hehl-Datta Lagrangian [99, 96, 84].

2.4.3.3 Dynamics in Metric-affine Formalism: Autoparallel Equations

Metric-affine formalism is a formalism in which matter couples not only the metric but also the connection.
Thus, one would expect that the dynamics of matter will also be affected by the connection. A naive
expectation would be that matter follows autoparallels,

r
uw'Vyu” =0, (2.348)

instead of the geodesics. However, as it was briefly mentioned in §2.1.2.1, autoparallel equations are not
integrable, i.e. does not have a Lagrangian. Therefore, when one uses the Lagrangian picture as a basis for
physics, one cannot obtain autoparallels as dynamics of any matter. One can show this using the Helmholtz
conditions and basic tensorial properties as outlined in §B.1.2.

Thus, with inconsistency aside, if one wants to impose that matter follows autoparallels, instead of
geodesics, one has to

1. Use a purely equation of motion picture without using Lagrangians
2. Redefine the variational principle itself to include connectionful effects within dynamics

The latter approach was proposed by Kleinert and Pelster in 1996 [100] for metric compatible connection.

2.4.3.4 Dynamics in Metric-affine Formalism: WKB Approximation

Since general metric-affine matter does not seem to follow autoparallels, the question arises as to what kind
of dynamics does it have. In §2.1.2.2 it was shown that better ways to find what dynamics matter follows
are through using geometric optics, WKB approximation, and the Fermat principle. Standard Model scalars
and vectors, generally do not couple to the connection®®, and thus will follow geodesics. However, as seen in
§2.4.3.2, fermions in general couple to torsion. Thus one may use WKB approximation to see what dynamics
these torsion coupled fermions follow [101, , ]

25Naively, one would expect the covariantization Fy, = 0uAy — Ou Ay couple to the connection. However, this would violate
the U(1) symmetry. Furthermore, F,, is already a tensor even when it is written with partial derivatives. Thus, unless exotic
situations, one would expect that the connection does not couple to the vector fields.
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First covariant derivatives of spinors for some connection are

r 1 r
D,V =0,V + Zeg(DueZ)"ywa\Il, (2.349)
L s T 1= b L v a

D, =0,¥ — Z\Ileu(D#ea)fybfy . (2.350)

So one could transform to another connection, using the distortion trick as
r i 1 A
YD, ¥ = "D,V + anxy“’y ' (2.351)
Then consider a minimally coupled Dirac Lagrangian
i . T r _ _
LDirac = 5(\117“2)”\1! — (DY) —mP Vv, (2.352)
which has the equation of motion,
; 7 1 1 By
0 = h(+y"D,Y - PR ¥ | —mU (2.353)

g 1
= ih (W”D#\Il - 4H[a57]fy[a757ﬂ\11> —mW, (2.354)

since,

WAl

AR = gl Al 4 oghlvy

Obviously, of all the components, the fully anti-symmetric part of the connection solely couples to fermions.
Thus for what follows, the connection

A
EDN Ao
'™ ={ w }+g Tiop) » (2.355)

and its covariant derivative V:‘L and DZ will be used.
Now consider expanding the spinor as

U(a) = er 5@ (—ih)"a,(x), (2.356)

with a,, having the properties of a spinor.
Substituting this into the Dirac equations lead to

0 = Z [(Zh)n {70, (x) + m} an(x) + (ih)"+! {'yﬂlg)ﬂan(x) - iﬁalgw]va’yﬂ'y”an(x)” , (2.357)

n

Which computes for zeroth order of A,
{¥0,5(x) + m}ag(x) =0, (2.358)

and first-order of A

9 1
(70,S(2) +m} a1 () = —1#Dyao(e) + T Tas1™7*7 a0 (), (2.359)
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g

In order for the first equation to have a non-trivial ag it must be det(v*V,S(z) + m) = 0 leads to using

9,8(x) = k,, and yHy¥) = —gv

Kk, = 2%y"9,80,8

= —m’

which is the Hamilton-Jacobi equation.

g g g
Now redefining the unit velocity u, = %ku and V, u, = %V#VVS =V,u,
g
0 = V,(uu)
g
= u’'V,u,
g
= u'Vyuy, (2.360)

(2.361)

This indicates that up to the zeroth order of & the Dirac particle follows the metric geodesic and not of
auto-parallels.

In order to calculate the first-order in A, one needs to introduce Gordon decomposition 26 of the current
Ju =97,V as

3" = jhe + 3t (2.362)
where
o= p Gy (2.363)
-]M - om v ’ .
. h * 1Ty Iy *
Jeu = S [(D#\Il)\ll — \I!Du\Il] . (2.364)

The current jps could be thought as the magnetization current and the current j. as the convection current.
Physically, a particle orbits is characterized through electromagnetic measurements, thus the motion of a
particle v* should be defined from the convection current as

Je

Vv _jgjcu ’

ot = (2.365)

which is normalized to viv, = —1

26The decomposition of the current is calculated from

2m .

g - — g
I Dy W(gH — ") — W (" —y*y")Du ¥

g _ -9
= g ((DV\IJ)\II - \IID,,\I/)

N7, m 1 = m 1
_¥ ,i+,,€u6,yfy[a,yﬁ,yv] AT 4 Tyt 7+,NQB77[0¢76771 ]
ho 4 ho 4
g (D, 7y P Bl B am
= ig" (D) = IV, W) + Trgpy [1,7179%5 ]qurTJ
2m 2m
= [——J T
ple

Note the particle must be massive
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The convection current could be expanded as, using 0,5 = mu,,

. . — — h * 70 7 *
]cu = fQU'u - Zhuu(aoal - alaO) + %Jd [(Dubo)bo - bODMbO] + O(h2) .

55

(2.366)

The derivation of above is as follows. First let the spinor part be normalized as ag(xz) = f(x)bo(x) with

bobo = 1 _

Using ¥(z) =", e%S(z)(—iﬁ)"an(x),
. h * 1T I T)*
Jepn = Tmz [(’D#\I/)\If - \I/'D#\I/]

2ma
h

h SI\n+m m mu_ * — — *
- — Z(—zh) (1) | == amanty, + (Djam)an — amDuan}

h [Z?aoaouu + (—Zh)@(

2mi

. — — h * 7 7 *
= fu, —ih(Goar — ayao)uy, + 5— f* [(Dhbo)bo — boDjbo] + O(R?)

2mi

Since utDyby =0
jC[_L _
vV =JewJ¥ 2mi

So the motion v* could be expanded up to second order in & as

vy =

h _ _
U=yt 5 [(D},bo)bo — boD}sbo| + O(h?) .

Now by using
DDy = 2R, AWy — T DLW
l[a™=B]* — g ,uyaﬁfy Y - [aB]ZAF >
* * 1Ty 1 * T v * A * 1Ty
DDy ¥ = — g Rpas ¥y = T DRV
Then the particle motion for the Dirac particle becomes

g _
murVave = ZRZVaﬂb00#Vb0u5+O(h2)

h * v
= [ RasSt v+ Oh?).

With zeroth order spin density tensor defined as S§” = byo*¥by from,
Uohv J

o

boo*" by + O(h) ,

SH =

and ut = v + O(h)

(_10(11 — dlao)u# + (D;ao)ao — 5,0D200:| + O(hz)

h . -
= 45— [(D}bo)bo — boD};bo] + O(?) .

(2.367)

(2.368)

(2.369)

(2.370)

(2.371)

(2.372)
(2.373)

As a result, a charged Dirac particle follows geodesics at zeroth order of i and deviates from the first order
where the torsion effects then take place. This is important when one considers metric-affine gravity and

their subsets since this difference is expected to directly appear in observations|
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2.5 Scalar Tensor Theories

2.5.1 The Quest for the Most General Scalar-Tensor Theory and the Ostrograd-
sky Ghost

As outlined in §2.2, the incomprehensible phenomena of the universe suggest a possibility of theories beyond
Einstein gravity. Since the universe is ridiculously homogeneous, if any other field besides the metric could
be key, it would be scalars. However, one cannot randomly conjure theories with scalars and tensors. This
is due to what is known as Ostrogradsky instability [105, , 107].

Firstly, before going to field theories, recall a simple harmonic oscillator having some mass m and frequency

w [107],

1 1
L= ima'UQ - gmw%g. (2.374)

The Hamiltonian, with the conjugate momenta w, = mz, is

w2 1 9 9
H= ﬁ + MW z”, (2.375)
which is clearly bounded from below.
Now consider a theory with higher-derivatives [107],
1 1
L= —%jﬁz + §mz'2 - imwQIQ . (2.376)
Such theory has 4 derivatives in its equation of motion and thus needs 4 initial data in order for the dynamics
to be determined. The general solution for the dynamics is,

x(t) = Cy cos(k4t) + Sy sin(kyt) + C_ cos(k_t) + S_sin(k_t), (2.377)
with
by =y LF VLT e ”21*46. (2.378)

In order to go to the Hamiltonian picture properly, one has to redefine the higher derivative into lower
derivatives using a Lagrangian multiplier,

1 1
= ST gmi o My~ ) (2.379)
Then, the conjugate momenta being 7, = ma — A\,m, = —Zzy,m\ = 0, the Hamiltonian becomes,
2 2 )\2 1
=T @ 2 AL 0%y (2.380)

T 2m 2m’ Y 2m 2

which is not bounded from below?”. Furthermore, by substituting the solution, the Hamiltonian becomes,

H= %m\/l —4ek?(C2 +52) — %m\/l — dek? (C? + 5?), (2.381)

27T There are two second-class constraints for this system C7 = 7y & 0 and Cy = my — . Thus there are 4 degrees of freedom
in phase space, which computes 2 dynamical degrees of freedom. Thus, even though the original Lagrangian apparently has one
degree of freedom x(t), there exists a hidden (ghostly) degree of freedom.
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which indicates a mode (—) that has negative energy. Such unstable ghost mode is called Ostrogradsky
ghost. Ghosts, interacting with other matter, take energy from other matter and render the physical system
unstable.

This result is similar for field theories: higher derivatives could possibly cause instability. Thus the
question is: what is the most general equation of motion with up to second-order of derivatives of ¢ and g, ?.
This question will be revisited in §2.5.3

2.5.2 Galileons

Originally proposed by Nicolis, Rattazzi, and Trincherini in 2008 [108], Galileons were initially introduced to
construct theories with ghost-less self-accelerating solutions, which also naturally arises in braneworld models
such as the DGP Model [109].

™ =7 +bat +c, (2.382)

with b, and ¢ being some constants. The most general theory having such symmetry is [108],
_ _n _[ n
L = c1o+cX —c3XUp+ ey X |[(Og)? — aﬂaygsaﬂayqs}

%05)2 [(ﬂz))?' — 30060,0, 60" 8" 6 + 28u3y¢8”8>‘¢8>\3“¢} , (2.383)

with the flat space kinetic scalar defined as X = —%n”“@u(baycf). This theory cannot be simply covariantized

g
by replacing 9,, — V,,, however, since in curved space covariant derivatives do not commute. For example
terms such as,

g g g g g g
Vo <V“D¢ - D&%) = —V* (R,Wa”¢> , (2.384)

compute higher-derivatives, thus having Ostrogradky instability. To avoid this, one needs to add curvature
terms in the original action to eliminate such higher-derivatives. Once done so, one obtains the covariant
Galileon theory,

g 1 g g
L = c1d+cX —c3XOp+ §C4X2R + X [(D¢)2 — ¢W¢W}
2 guy _ 1 g 3 _ g % VA [
s X"GH Py — ges X (O¢)* = 300" + 200" ¢X | (2.385)
with the curved space-time kinetic scalar defined as X = f%g“”aﬂqﬁaygb. Here the shorthand notation

g g
Our =V, V, ¢ was introduced.

2.5.3 Horndeski

The discovery and construction of the Galileons further led to the investigation of the generalization of
scalar-tensor theories. During such quest, the Horndeski theory was re-discovered [110]. Horndeski theory is
known to be the most general scalar-tensor theory that has at most second-order derivatives in its equation of
motion. For what follows, the proof of Horndeski will be shown. For a comprehensive review of the subject,
see [111].
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Firstly, consider a Lagrangian constructed with respect to g,,, and ¢ with arbitrary number of derivatives,

Ezﬁ(guwa)\guw"' ;¢7¢u7"’)- (2386)

The equations of motion for both g, and ¢ are,

g - L 0V—gl (2.387)
vV —9 5g/w
5L
E, = 2% 2.
s 50 (2.388)

g
Now consider that the Lagrangian is invariant with respect to diffeomorphism, i.e. d¢g,, = 2V(,&,) and
d¢p = @y, Thus

0 = o (/d‘lx\/—g[,)
g
= / d*zy/—g <2E’“’V#§y - E¢¢“§H>
4 J v 1 v
= —Z/d T8/ —g <VHE“ — §E¢¢ ) & +s.t,
(2.389)
Since this must hold for any coordinate transformation, so for arbitrary £, the following relation is derived,
g 1
VBN = §E¢¢>”. (2.390)

Then the question then boils down to finding the most general (symmetric) tensor of the form

g
AP = AP (g0 Guvn, Guvres O, Ous @ ) such that V, A* is also up to second-derivatives of ¢ and g,,,,. Here

gb,uu = 6uau¢7 uv X = a)xguu and uv,do ‘= aaaAg/uw
Again, introduce the following shorthand notation,

0B

Bitwpo , (2.391)
Gy, po
B
Blw 0 , (2.392)
¢ v
where B is some arbitrary rank tensor.
g
As a next step, consider explicitly calculating V,A* as,
g "y viafB,y6 v|apg
VAR = ApvieBady o s, + AF Gt (2.393)
g
with gag,ysp = 0,0,059ap ande o, = 0,030,¢. For V, A*” to not have third-order derivatives,
0 = AwviasasI9asasu (2.304)
ague,n)\a
99 apu
0 — pwvlas9P.as (2.395)

a(b,n/\o ’
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that reduces to

0= ArWilaBlad) o gpiaBad 4 pgnviaB.ov 4 gudiabry (2.396)
0= A;L(V'Dlﬁ) x AHVlaB +A#D“5V +A/*‘ﬂ|’j0‘, (2397)

which, with repeated permutation, further reduces to

ArviaBas — pgrSiaBuv — paBiuvys (2.398)
ArvleB — paBlpv, (2.399)

Following [110, 112], let the following “Property S” be defined.
e Property S ~

A tensor A9tz @am-1%2n g gaid to have property S when it follows the conditions;
1. A is symmetric for some arbitrary (ag_1ag9) for il =1,2,--- ,n.

2. A is symmetric for interchanging of some pair of arbitrary (ag—19;) and (2m—1Q2m,) for I,m =

1,2,--- ,n.
3. A vanishes for symmetrization of three out of four arbitrary indices of (ag;_1c9;) and (e, —109m)
forl,m=1,2,--- ,n.

When a tensor A®1@2@2n-192n of n > 4 has property S, such tensor is null in 4 dimensions [110].2
J
From (2.398)-(2.399), one obtains that the following tenth-order tensors are of property S and thus null,
ArvieBadienpo () (2.400)
AmviaBydlenlpo 0, (2.401)
AnvlaBlydlenlpe o (2.402)

These equations show that A*” is at most linear with respect to gas,4s thus R’\O_W and cubic in ¢ ,, thus in

¢uv- Now using the same techniques of Lovelock (see (2.237)), one can write all possible independent terms
that are constructed from the metric.
Thus the most general symmetric tensor A*” that is up to second-derivatives of g,, and ¢ such that

g
VAR also is so, while still respecting the symmetry of A*" is,
AP = 50 g {(K1¢Y + Ksdyd” )Ry L7 + (Kag, + Koy ¢ )¢507 }
052097 { Ka R I + (Ksok + K 0#)65 | + K50 g 65 + Kog™ + K167, (2.408)

2 Although the definition looks tedious, it is straightforward to see that indeed such a tensor is null when one uses concrete
indices. For example a 4 dimensional tensor that has this property can be a tenth-order tensor A*#1H2H3H4K5H6HTH8HOK10, This
tensor A can have at least have 2x3 indices that overlap due to the pigeonhole principle. For example 49123012301 ha5 3 0s and
1s. One can then ’collect’ these indices together using conditions 1. and 2. , such as

40123012301 _ 40101012323

Then,
0 = A(010)1012323 | 4(011)0012323
AD101012323 | 41001012323 | 40011012323 | 40110012323 4 41100012323 | 41100012323
340101012323 | 5 41100012323

where the first line used condition 3. and the third line condition 1. and 2.. The final term is zero since A1100012323 —
A11(000)12323 — ( from condition 3.

Similar calculations can be done for an arbitrary combination of indices of A. Thus indeed this tenth-order tensor is null if it
has property S.
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where K; are functions of K; = K;(¢,X). These 10 functions are not all independent in the light of
integrability, however, since the following must be also satisfied,

VAR = Qo (2.404)

g
By first calculating V, A*” and then imposing the terms that are not proportional to ¢* to disappear, the
following 8 conditions for the functions K; are obtained,

0 = 2Kis—2K;3+ Ks — 2XKg, (2.405)
0 = 7K2X 7K1¢+K3+2XK3)(, (2406)
0 = —2Ksx + K, (2.407)
3
0 = —-Kix+ §K4, (2408)
1
0 = 2K+ ;K7 — XKy, (2.409)
0 = —Ksx +3Ks— 3K — XKex, (2.410)
1
0 = —5Kux — Kog+ Ks + XKax, (2.411)
0 = —Kox + Kio— Krg (2.412)

where K4 = BBI;"' and K;x = %Ifg. Out of these 8 conditions only 6 are independent, thus eliminating 6
functions of K; as

1
Ky = iF + W, (2.413)
2
Ky, = gle, (2.414)
Ky = 2K3—-2K;4+4XK3x, (2.415)
K¢ = +2Kjx, (2.416)
K; = =2F; —4Wy + 2X Ky, (2.417)
Kig = —2F34 —4Wyy +2X Kgg + Kox. (2.418)

Here W is some function of ¢ and F = F(¢, X) is defined as,

X
F=-2 / (K1(6, X') — K3(¢, X') — 2X'Ksx (¢, X')) dX’ (2.419)

Finally, using methods such as the Helmholtz conditions and the Vainberg-Tonti trick §B.2, the Lagrangian

L that computes the equation of motion ﬁéi%;gﬁ” = A" and ‘%—(; can be derived. Thus the original
v

Horndeski Lagrangian is of the form [110, ,

(0% " vo 2 " 1% ag L vo (L 1% ag
Ly = 5,;53 [fﬁ(b'aRgn, + 551X¢fx¢6¢y + K300 9" Rgy " + 2k3x da 9" P30S
+528 [(f — 2W)RM, 1 2Fx ¢l + 2K8¢a¢#¢g}

C6(Fy — 2W,y — Xrs)b + ko, (2.420)
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where
X1
ko= < 51(6, X)X’ (2.421)
|
Ky = < Ka(6, X)dX’ (2.422)
X1
Rg = FKg((b,X/)dX/ (2423)
X1
Ky = X2 ﬁKg(gb,X’)dX’ (2.424)
X
F = —2/ (k16(p, X') — Ka(d, X') — 2X ki3x (¢, X')) dX’ (2.425)

This action, rewritten by the current convention, is the one that Horndeski derived in 1974 [110].
By defining the functions,

X
K = kg+ 4X/ dX/(I{8¢ — 2I<;3¢¢), (2426)
X
Gs = 6F,—12W, — 2X g — 8X kg + 2 / dX (ks — 2ks0), (2.427)
Gi = 2F —4W — 4Xns, (2.428)
G5 = 74%1, (2429)

the modern form of the Horndeski Lagrangian is then achieved [113].

£H0rndeski = £2 + £3 + £4 + £5> (2430)
(2.431)
with

L, = K, (2.432)

Ly = -Gy, (2.433)

g g
Ly = GuR+ Gux [(Dqlﬁ)2 — ¢W¢W} , (2.434)
|04 s & 1 9 .\3 12 g vA
Ls = GsG'"V,V,¢— 6G5X (0¢)° — 3¢,,0""0¢ + 2¢,,0 | - (2.435)

Here the functions K and G; are all functions of ¢ and X as G; = G;(¢, X). The first term K is the
so-called K-essence term [114, , ]. One could immediately see that such theories are a straightforward
generalization of the covariant Galileons shown in (2.385), and thus Horndeski is sometimes called the Gen-
eralized Galileons. For the details of the equation of motion see the original paper by Kobayashi, Yamaguchi,
Yokoyama [113].

Thus the Horndeski theory, the most general 4-dimensional action that has most second-order derivatives
with respect to g,, and ¢, was derived.
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2.5.4 DHOST

Since the most general scalar-tensor theory that has at most second-order derivatives in its equation of motion
was derived, one would expect that there are no more ghost-free theories to consider. However, if one uses
degeneracy, one could construct more scalar-tensor theories.

Consider a normal scalar field action

1.
L= 5(;52 : (2.436)

and introduce an invertible transformation ¢ = x + 1, which then computes a seemingly higher derivative
Lagrangian,

1.y . 1.
L' = 51/)2 + ¥ + 5;(2 . (2.437)

However, substituting the higher derivative into a lower one using a Lagrange multiplier,
" 1 12 i 1 -2 .
L7 = ¢+ i+ 50" + A = X), (2.438)

reveals that the determinant of the kinetic matrix is null,

d =0, (2.439)

0’L ’ 11 ‘
et% -
OV, 0V ; 11

with U; = (¢, x).

Therefore although the theory is seemingly higher-derivative and has extra degrees of freedom, it does
not. This can of course quantitatively analyzed through Hamilton analysis.

A simple way to find a degenerate theory is to conduce an invertible transformation of variables from an
non-degenerate theory. For example, one may consider the following disformal transformations [117],

Guv = C(X,9)guw + D(X, $)0,00,0, (2.440)

which is invertible if detg,, ~ C*(C —2DX) # 0. Such invertible metric has the following inverse,

1 D
(G~ = = <g’“’ _ C—2XD8#¢6V¢> . (2.441)

In order for a local map X — X := —%(gfl)’“’ﬁuqﬁyd) to be one-to-one, one must also impose [118],

0X C-XCx+2X*Dx
0X  (C-2XD)?

#0, (2.442)
which also ensures that the variation is also well-defined for both frames,
1
5T = {05;;55 — 5 (Cxguv + Dx0,$0,9) 80‘¢>8%} 8Gap + - (2.443)

One could also consider higher-order transformations [1 18], but as for this section, it will not be considered
further.

After Horndeski theory was re-discovered, it was noticed that certain 'beyond-Horndeski’ theories are also
healthy [119], such as the terms,
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LB = (g, X)e™ P VP bbb b (2.444)
ESBH = F5(¢7X)E’ul/paeu/ulp/ol¢y¢u’¢uu’¢pp’¢aa’ . (2'445)

LPH for example, can be obtained through disformal transformation of the Horndeski Lagrangian, defined
as [119]

Juv = Guv + F(¢a X)auﬁbau(ba (2~446)
with
X
—2F, ~
T'(p, X) = dX 2.44
(6, X) / Gy —2XGyx +4X2Fy % (2.447)

These constructions of beyond-Horndeski theories and degeneracy conditions led to the Degenerate Higher-
order Scalar-Tensor theories or DHOST theories. The DHOST theories were first constructed up to quadratic
order of ¢,,,, in [120], which was followed by the Hamilton analysis in [121, 122] and later up to cubic order in
[123]. Since then, many phenomena were researched, for a review see [3, 124, 125]. For example, in [126] the
cosmological evolution was explored, where the sufficient conditions of a de-Sitter attraction and avoidance
of ghost and gradient instabilities were shown. As for [127], the authors researched DHOST classes that have
the same speed of gravitational waves with the speed of light to satisfy the GW170817 and GRB170817A
simultaneous observation[60, 61]. For an overview of DHOST theories, see [3].

The DHOST action up to quadratic terms in ¢, , which is called gDHOST, is given as

L= fR<g) + P + nguy(b;w + Q2¢M¢HV¢V + Clwwgd),uz/(bpa ) (2448)
where
1 1
Crr? = a1g?g)7 + aagh g™ + Sas(¢"9"9" + " $7g") + Sou(@ g7 + 679Ug"7) + asgh ¢ 9"
(2.449)

However, the functions f,P,Q;,«; are not independent, and have to be imposed the following degeneracy
conditions such that the theory has at most 3 degrees of freedom,

Dy=Dy=D,=0, (2.450)
with
Dy = —4(a; +ag) x [Xf(2 + Xay +4fx) —2f* —8X?f%], (2.451)
Dy = 4[X?%a1(oq 4 3ag) — 2% — 4X fas]ag +4X 2 f(ar + ao)as + 8X b
—4(f +4X fx —6Xaz)a? —16(f +5X fx)aras +4X (3f — 4X fx)oas — X2 fa?
+32fx (f +2X fx )z — 16 fxar — 8f(f — X fx)os + 48[ f% , (2.452)
Dy = 42f* +4X fay — X201 (o + 3az)]as + 4ot +4(2a — Xaz — 4fx)ad
+3X20410é§ — 4Xf0[§ + 8(f —+ Xfx)aloég — 32on41042 =+ 16f§<011 + 32f§(042 — 16ffXOég .
(2.453)

The rest of the section is dedicated to deriving the above and the classification of DHOST.
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First consider the ADM decomposition of space-time. The metric is given as,
ds® = —N2dt® + h;j(dx’ + N'dt)(dz? + N7dt), (2.454)

or in the matrix form,

a —N?+ hijN'NJ  h;;NJ
(g;w) = ( h”NZ hij R (2455)
1 [/ -1 NJ
Y _ - X L. . .
(g ) - N2 ( N? N2hzj — NtN7J )a (2456)
with the lapse function being N and the shift vector being N°.
Then define a time-like unit vector n* which satisfies the normalization condition of n#n, = —1. The
induced metric, which is also the projection operator is,
h,uu = Guv +npny . (2457)
Using the above, one can decompose an arbitrary vector ), into temporal and spatial terms as,
Qu=Qu—Quny, (2.458)
where
Q. = Qun", (2.459)
Qu = hiQ., (2.460)

are the temporal and spatial projection of the vector, respectively. The extrinsic curvature could also be
defined and computed as,

K, = Dy, by = DNy = DuN,) - (2.461)

~ v

g
with the induced covariant derivative D,, being calculated as D, N, = hZhﬁVgN »- Here the 'time derivative’

huw = Lihy, is defined through the time direction vector of,

th = 610y = Nn* + N* . (2.462)

g
Now consider @), = 9,¢. The terms that inhibit higher time derivatives are V,@Q,, with noting the indices
are symmetric. The relevant terms for the kinetic terms are,

g .
(v,qu> = )\,LLVQ* + Aﬂypngcr ) (2463)
kin
where it was defined,
1
A = N (2.464)
o — o ( Ao
A = —Qul Ry + 2, Q7 (2.465)

Substituting this to the action, the relevant terms become,

Liin = AQ? + 2Q.B" K, + C""* K, K (2.466)
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with,
A = CPON\ N5
v Q* 1 v,po a
BH = ZfXWhH +O# s A;,u/p APU
Cono i (N ) g (QUQUIT QT 4 OO, )

Therefore the kinetic matrix of gDHOST is of the form,

A Bre
BrY  CHV:PO )
which determinant can be calculated as,

Do + D1Q? + D@7,

where the relation Q”QM = X + @Q? was used.

65

(2.467)
(2.468)

(2.469)

(2.470)

(2.471)

Thus for this to vanish, each coefficient must be zero, which is precisely the degeneracy conditions of

(2.450)

Using the degeneracy conditions one may classify DHOST into three classes, which each having subclasses
as follows.

1. Class I: a1 = —as

(a) Subclass Ta: f # X« with three arbritary functions.
(b) Subclass Ib: f = Xy with three arbritary functions.

2. Class II: f# 0 and ag # —o

(a) Subclass ITa: f # Xy with three arbritary functions.
(b) Subclass ITb: f # X«; with three arbritary functions.

3. Classlll: f=0

(a) Subclass ITTa: ay + 3az # 0 with three arbritary functions.
(b) Subclass IIIb: ;3 + 3as = 0 with three arbritary functions.

(c) Subclass Ilc: ay = 0 with four arbritary functions.

[ Traditional
ST theories

Extra DOF

Horndeski

Degenerate
Higher-Order

[Beyond Horndeski (GLPV) |  [DHosT | Higher-Order

Figure 2.5: The Landscape of Scalar-tensor theories, taken from [3]



66 CHAPTER 2. COSMOLOGY IN MODIFIED GRAVITY

2.5.5 U-DHOST

First considered in [128], the U-degenerate HOST theories are theories that have a degenerate kinetic ma-
trix en the unitary gauge and not when in an arbitrary gauge. When a theory is constructed to be gauge
invariant, gauge fixing does not change the ’physics’. So if truly the unitary gauge ¢ = t can be taken in
the theory, it is enough to investigate in such gauge. Thus to impose the degeneracy of the kinetic matrix
in the gauge-invariant form may be too strict, as in what DHOST theories are, which led to U-DHOST.?’
Moreover, in the unitary gauge d¢ = 0 , this theory is a subset of spatially covariant gravity, investigated in
[129, , , ], where spatially covariant theories with at most 3 degrees of freedom were constructed.
Note that, when unitary gauge cannot be taken, for example, backgrounds that are time and space depen-
dent, an extra mode appears and could be ghostly. These modes are called “shadowy” modes [128] and will
be explained in the next section.

The kinetic matrix was the form of (2.466) and by taking the unitary gauge, the action takes the form,

Liin = AuQ? + 2Q.BY K, + CH P K K po (2.472)

with the coefficients being [128],
Av = a1 +as+ (043 + Oé4)XU + O¢5X[2J s (2473)
BZH = 4fx + 200+ a3Xy, (2.474)
Cp = (f = Xp)h R — (f — axXu)y Iy, (2.475)
where Xy = —Q? = —%. The degeneracy conditions for this kinetic matrix imposes four conditions to the
six free functions, thus leaving only two. In [128], f and a5 were chosen to the independent functions and

the rest have to be imposed as,

xp = —Q9 = % 5 (2476)
2 /
= 2o, - L 2.477
as X ( f X) ) ( )
2 f
= = — ) - 5. A4
Qg X (2fx X) ,XVOZ‘J (2 78)
Thus inserting this into the action computes,
Livalf, os]
f(re @y, 2 2 _ 72 @ _ 72
PR+ (L1 —L§ )+ﬁ(f—2XfX) <L3 — L ) ~as (XL4 . ) .
(2.479)
Now consider decomposing the Lagrangian as
L = Lwpl[f,01+ Ly, (2.480)

with Ly = Z§:1 a1L§2) Liplf,0] is obviously degenerate under unitary gauge. So simply, when Lg is
degenerate under unitary gauge, the whole theory becomes U-DHOST. The kinetic matrix of Ly could be
written in the form of

Eg{),kin = /@Zj’kl (Kij + UhijQ*) (Kkl + Ohle*) , (2.481)

291f one wishes to obtain a fully gauge-invariant theory, one may use the Stueckelberg trick and recover gauge invariance.
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with
KM = =Xy (ary "y — azyyH) . (2.482)

The degeneracy of this matrix directly relates the the degeneracy of the whole theory. So thus for the theory
to be U-degenerate, the kinetic matrix’s degeneracy conditions compute,

4(a+ 3az) (a1 + oo + X(az + ag) + X2a5) = 2(200 + Xaz)?. (2.483)

2.5.5.1 “Shadowy” modes in U-DHOST

As mentioned, U-DHOST is healthy only when the unitary gauge can be taken, but may be plagued in some
different background. This extra mode is called “shadowy” modes are the generalizations of instantaneous
modes in khronometric theories [133, 134].

Consider the following Lagrangian in coordinates (¢,z,y,z) [128],

1

LY = =5 |00+ 0u)° + (0,0) + (0:4)?] - (2.484)

which has a time derivative acting on the field 1. Now consider going to a different coordinate of t — t' — vz,
then the Lagrangian becomes,

Ly = —% [(&CW +(0y9)" + (azw)Q] : (2.485)

Thus, for this specific set of coordinates, the Lagrangian apparently do not seem to have a degree of freedom.
Hence this is how the shadowy mode can be interpreted in U-DHOST.
For an explicit example, consider [128],

L=X+p{2X¢"¢u0" ¢ + (" b d”)’} (2.486)

This does not satisfy the degeneracy conditions of DHOST (2.450), but does for the conditions of U-
DHOST (2.478). B
Now consider the following perturbations around the unitary gauge ¢ = t,

¢=¢+x(tz), (2.487)
then the quadratic Lagrangian is given as,
1 . .
Lo = S{¢* = (2207} + p(0:%)? (2.488)
which has the dispersion relation of
(1+2uk®)w? —k? =0, (2.489)

and has two solutions that correspond to 1 degree of freedom.
However, if the background has the solution of ¢ = ¢ 4+ az, and the perturbations are of (2.487), the
quadratic action computes,

Lo = é{xg = (0:2)7} + [0 {X + (020:X)7} = 20(1 + 0®) {XOaX + 02 0ax 00X} + (1 +40” + a)(0:3)7] -
(2.490)
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The dispersion relation of this seemingly 1 degree of freedom is,
202wt + dap(1 4+ o®)kw® + {1+ 2u(1 + 40* + a"k?}w? — k? +dap(l + o®)wk® + 202 pk* =0 (2.491)

and there are 4 solutions. This corresponds to the theory having 2 degrees of freedom. Taking o — 0, thus
the unitary gauge, hides this degree of freedom for ’observers’ that are in that frame.

Whether this shadowy mode is ’"dangerous’ has to be debated, however. For example, in [135], the authors
have found that propagate for three-dimensional space-like hypersurface since it has to satisfy a certain elliptic
equation.

2.5.6 Inflation with Horndeski Gravity

Once a theory is fixed, it is natural to question what kind of cosmology it can achieve. In this section,
following [113], the cosmological perturbation for inflationary scenarios within Horndeski gravity (2.430) will
be introduced.

For such action, the quadratic actions could be derived by first assuming an ADM decomposition of the
metric, such that,

Guvdatde” = —N?dt* + v;;(dx’ + N'dt)(da? + Ndt), (2.492)

where N is the lapse, NV; is the shift and ;; is the spatial metric.
Under the unitary gauge d¢ = 0 ,these variables could be further taken as

N = 1l+a, (2.493)

Ni = 08, (2.494)
1

v = a*(t)e* (5ij+hij+2hikhkj> (2.495)

with «, 8, ( being scalar perturbations. Here h;; is the tensor perturbation satisfying the traceless condition
hi; = 0 and the transverse condition 9;h;; = 0.
First, the quadratic action for the tensor perturbations could be calculated as [113],

SP = é / dtdx [gThfj - ?(Vhij)Q] : (2.496)

with
Fr o= 2[Gi— X(§Gsx +Gsy)] | (2.497)
Gr = 2 [G4 —2XGax — X(HdGsx — G5¢)} . (2.498)

Then the speed of the tensor mode could be expressed as,

Fr

2
cr = ——, 2.499
T gT ( )

In order to avoid ghost and gradient instabilities within the cosmological background,
Fr>0, Gr>0. (2.500)

If one takes constant roll approximation as,

H
€ = g~ const. . (2.501)
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Then the following variables, that are defined, are constant as

F
fr = HT?T ~ const. , (2.502)
i
g = gan~ const. . (2.503)
T
By further defining,
3—e+gr
vp = , 2.504
4 22— fr+gr (2:504)
2
_ F(Z/T) 1 1
= 2%vr—3 l—e—— - 2.505
T T (%) € 2fT + 2gT ( )
The spectral index and power spectrum of the tensor perturbations could be calculated as,
np = 3—2vup, (2.506)
1
Gi 1
Pr = 8yr ERys) (2.507)
T 1:7k’yT

Similarly, after eliminating o and (3 through constraints, one may compute the quadratic action for the
scalar perturbation as [113],

5P = / dtd>za® {9552 — J;S(vg)?} , (2.508)
where
_1d a4
o = gar(59) - Fr (2:509)
N
Gs = @g%+3QT, (2.510)

which is further defined by
Y = XKx+2X?Kxx +12HpXGsx +6HOX?Gyxx — 2X G35 — 2X2Gyyx — 6H?Gy
+6 [H2(7XG4X +16X%Guxx +4X°Guxxx) — Ho (Gap +5XGapx + 2X2G4¢XX)}
+30H3 )X Gsx + 26H>pX*CGsxx + 4H 0 X Gsx xx

—6H*X (6G5¢ + 9G5¢X + 2X2G5¢Xx) R (2.511)
© = —¢XGs3x +2HG, —8HXGyx — SHX?*Guxx + ¢Gug + 2XdGapx
—H?$(5XCs5x +2X°Gsxx) + 2HX (3G5p + 2X Gs4x) (2.512)

To avoid ghosts and gradient instabilities, the following conditions must be satisfied,
Fs >0, Gs>0. (2.513)

Define the following variables, which are constant during the constant roll approximation as,

E
fs = H;s ~ const. , (2.514)
gs = Gs ~ const. . (2.515)

HGg
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By defining,
pe = _ 8T€fgs
S T 22— fs+gs’
2
vn_s | T'(vr 1 1
yp o= 2%vr3 F((B)) <1—6—2fT+29T>,
2

the spectral index and power spectrum of the tensor perturbations could be calculated as,

ng = 14+3—2vg,
1
gt 1
= 8 > ——
Ps s 5§ 4m?
S 1:—kys

Under the limit of €, f7, g7, fs, Gs < 1, the tensor-to-scalar ratio is given as,

e Zs) P (9s) 7
r_16<fT) (gT)

Thus the observational variables for the CMB for Horndeski-type of inflation are now fully derived.

(2.516)

(2.517)

(2.518)

(2.519)

(2.520)



Chapter 3

Metric-affine Gravity and Inflation

Based on  ”Metric-affine Gravity and Inflation”
Authors:  Keigo Shimada, Katsuki Aoki, Kei-ichi Maeda
Journal: Phys. Rev. D 99, 104020 (2019)

In the previous chapter, scalar-tensor theories and their application to cosmology, and metric-affine grav-
ity were reviewed. Furthermore, it was explained that both may arise for a fundamental theory. Thus it is
quite natural to consider the combination of these frameworks and see if there exists anything new. Indeed,
as it will be shown later, the metric-affine framework exhibits different observational results compared to
the metric formalism. As an example, chaotic inflation in metric formalism is fully excluded, as was seen in
§2.2.1.4, whereas in the metric-affine formalism it is still not.

Metric-affine formalism (or Palatini) and its application to inflation have received attention in recent
years. A common approach is the coupling between the curvature scalar and the inflaton [136, , , ].
There have been studies of how attractors behave in such theory [140] and multifield extensions were explored
[141]. Applying the Palatini formalism to the Higgs inflation, where inflaton is the Higgs, are also considered
and loop correction are investigated [142, , ]. There are other approaches such as considering the Ed-
dington formalism, where gravity is purely affine, and applying it to inflation[145, , | see also (2.288).
However, one must note that, in all of these works, connection is only induced by the curvature tensor. There
are other ways to consider coupling connection to the inflaton. One prominent way is through covariant
derivatives, and this chapter is used to formulate precisely that.
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3.1 The 'Minimal’ Coupled Scalar-tensor Theory

3.1.1 “Canonical” Scalar Field

In metric-affine gravity, connection couples to matter.

Since %uqb = 0,¢ one would expect that scalars do not couple to the connection. This is usually the
case. However, in this section, it will be shown that under certain prescriptions a “canonical” scalar that is
“minimally” coupled can couple to the connection.

First, recall the action of a real scalar field in flat Minkowski space,

1
S flat = /d4x (—277“”8M¢8V¢ — V(fb)) . (3.1)
This action could be also rewritten, using integration by parts, as
a (1.2
Spfar = [ d°x §¢D¢— Vie) ), (3.2)
n
where O := n*¥0,0, is the flat-space d’Alembertian operator. These two actions are equivalent up to the

surface term.

To curve space-time, it is necessary to covariantize the action. Covariantization in Riemannian geometry

g
is a straightforward; one simply substitutes the volume density d*z — /—gd*z and O — V. The covari-
antization of (3.1) is equivalent to the covariantization of (3.2) up to the surface term, just as it is in flat space.

Now consider, covariantization in Metric-affine geometry, which actually gives different results. Starting

r
from the action (3.1), the scalar field does not couple to the connection because V¢ = 9,¢. Thus covari-
antizing (3.1) in the Metric-affine formalism is no different than in Riemannian geometry. On the other
hand, covariantization of (3.2) computes interesting results. First, there arises an ambiguity when trying to

r

define the d’Alembertian operator [ in a Metric-affine curved space-time. Since, in general, the connection
r T

is not compatible with the metric, one can introduce two different second-order covariant derivatives; V,V#

r r r r
and V# V, with V# := ¢"'V,. In what follows, it will be shown that the two actions (3.1) and (3.1) are
equivalent in flat space-time, but differ in Metric-affine curved space.

r n
To obtain the correct action in flat space, it is necessary that it is [0 — [J in the limit of a flat space-time.
Noting the above, the d’Alembertian operator in curved space-time will be defined as

I r r r r
O = aVAV, +(1—a)V, V. (3.3)

Here to show the difference between the two operators, a constant « was introduced.
This does not include all possible candidates of the metric-affine d’Alembertian, which will be further in-
vestigated in §6.2. However, for simplicity and clarity, in this part of the thesis, only the term(3.3) will be
considered.

With the Metric-affine d’Alembertian operator defined, the proposed scalar field action in Metric-affine
space is, therefore,

So= [ d'av=g <;¢E¢ - V<¢>) - (3.4)
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This is the covariantized (3.2).

r
Now using distortion, or the three geometrical vectors, (¢ could be decomposed as,
- 2 8 8
O¢p = Oo+ {(1 —a)g*KT 5 —ag 7/4)‘57} Oa®
g
= 0o~ (aQ* =2+ T*) dro, (3.5)
L
v—9

g
where the Riemann geometric d’Alembertian is Q¢ := Ou(v/—99"" 0, ¢). Using the above, the variation

of the considered action (3.4) is

354
0K gy

= 00,0+ LS Dsges. (36)

A

14

Now everything is set to solve the constraint equations for %, in each classification of metric-affine gravity,

as outlined in §2.4.3.1.

3.1.2 Computation of the Riemann Frame for each Model
Model I

The Einstein-Hilbert was projective invariant by construction. However, as stated, in general, metric-affine
models are not so. Thus one may enforce a theory to become projective invariant, by imposing certain
conditions.

The projective transformation (2.308) upon the metric-affine d’Alembertian operator 3.3 results in,

I I
Op — 0o+ (1 — 2a)U0x¢ . (3.7)

Looking at this, for a certain value of a = 1/2, the theory is projective invariant.
The constraint equations for such value of « is

MTI?’I (6P7R%, o + 05R " — RS —RP) — igﬁ”’qﬁo@ + iagww =0,
(3.8)
which could be solved as,
Ry = ﬁ (050+¢ — 95,09) (3.9)
Pl

up to gauge freedom of the projective mode. This could be directly translated to giving torsion and non-
metricity as

9
2M2,
oM =0, (3.11)

54,009, (3.10)

also up to gauge freedom.

These results indicate that for a projective invariant 'minimally’ coupled scalar field, there are two certain
special gauges; one that cancels out torsion and another that cancels out non-metricity. These two gauges do
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not coincide with one another, i.e. there is no gauge in which the connection becomes Levi-Civita. This is
similar to Metric-affine f(R) gravity. This theory is projective invariant and allows both a metric-compatible
gauge and a torsion-free gauge [148, , ]. Another thing to note is that under projective transformation,
Weyl geometry emerges. This is because, under projective transformation, non-metricity is shifted as,

T30 G 81 = 20,677 = 8Wag™ . (3.12)

Q B
(0%

Now as repeatedly noted the equation for the connection is algebraic and it does not induce new degrees
of freedom. In such a case, one may substitute the solution of the distortion tensor right into the actions
(2.313) and (3.4), and thus obtaining a Riemann frame Lagrangian. The resultant action Sgy := Sy + Sy is
written purely in terms of the metric and the scalar as

= [t k- g (1- 5 ) o2 - v

(3.13)

This effective theory is none other than a scalar-tensor theory that has a modified kinetic term embedded in
Riemannian geometry, which in this thesis was called the Riemann frame.

Models IT (a) and (b)

For this section, reconsider the Einstein-Hilbert action and the same action of the scalar field (3.4). This
time, however, without imposing projective invariance. For Model II(a), the torsion-free condition Ti‘w =0
is assumed. Furthermore, the parameter « is not constrained due to the fact that projective symmetry is not
assumed.

From the constraint equation of the connection x*

pv
2
Moi [ Brr, 4 6@kM7 — gD _ 4 m} NP G )5<5¢m>¢
2 ow o o « o [e%
(3.14)
The solution for the distortion could be calculated as,
1
K%, = o (3= 1)gg00”6 + 2a + 1)6700,)6] | (3.15)
6Mg,
which computed non-metricity as
y 1
oM = [(a +1)g" pOrd + 2(20 — 1)5§“¢a”>¢} . (3.16)
3ME,

This solution could again be substituted into the original action, and again the Riemann frame for this action
is obtained as

[atevmaMik - @002 - vio). .17

with

(11a? — 8a — 1)

f(o) =1+ 62, ¢*. (3.18)
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Again, this is nothing but a scalar-tensor theory with a modified kinetic term written in Riemannian geometry.

A similar calculation is conducted for Model II(b), where it is assumed that Q)‘W =0, i.e., the connection
is metric a priori. The distortion is solved as,

o ¢

and thus the torsion becomes,
A Y
T 2M1%16 [M&,]d). (3.20)

As a result, the distortion of Model II(b) looks as if it’s the same with Model I (3.9). This is incorrect
due to the fact that the latter allows gauge transformations, while the former does not.
The Riemann frame for this action is precisely that of (3.13).

Models III (a), (b) and (c)

Instead of implicitly assuming geometry, one could also impose it thorough the usage of Lagrangian multi-
pliers.

The variation of the Einstein-Hilbert action with adding both the Lagrange multiplier (2.321) and the
scalar action (3.4), becomes

]
PPN 00K — 7, — w0 N 2] g 6006+ (1 - a)35007] = 0.
K gy
(3.21)
Contraction by ), computes the Lagrange multiplier as
oo l) 58, (Model III(a))
Au = (sﬁi) ' (3:22)
31, $0,0 (Models III(b) and (c))

First, it could be seen that the results in Models III(a) and (b) are precisely Models II(a) and (b),
respectively. The connections /i’\w are also the same, which also computes the same Riemann frame action
(3.17) embedded as Riemannian geometry.

The difference arises for Model ITI(c). For this model neither metric compatibility nor the torsion-free is
satisfied. The connection is solved as,

1
Ky = T [z(za — 3)g5,60%0 + (20 + 3)5(560,) + (6a + 1)57560,19| , (3.23)
Pl
which then results the torsion and non-metricity as
6a + 1
%y = ——5—0150010, (3.24)
By 8M1§1 (B
200 — 1
Q" = —9%760a0 + 4586076 . (3.25)
8M3, ( “« )

The resulting Riemann frame action is given by (3.17) with a different functional form of,

3(1202 — 12a — 1)
32M3,

fle) = 1+ ¢ (3.26)
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3.2 Application to Inflation

3.2.1 Inflationary Scenario in Metric-affine Gravity

Now the ingredients to consider inflation are prepared. The important result was in Metric-affine gravity
theory with a “canonical” scalar could be re-casted to the Riemann frame action (3.17) as

fl¢) = 1+ Bla)—5 (3.27)

where B(«) differs depending on which models that are given as,

+(11a? = 8a — 1) Models II(a) and III(a)
B(a) = -3 Models I, II(b), and III(b) (3.28)
= (120% = 12a— 1)  Model ITI(c)

This function has the following properties; B(a) > —45 for Models II(a) and ITI(a) and B(a) > —32 for Model
II(c). Furthermore, all of B(w) coincides at a o = 1/2 with the value being B (3) = —2. The function
B(«) is purely determined by the considered geometry. One value of « is directly one value of B(«). For the
rest of the section B(«) could be re-taken as a parameter which has one-to-one correspondence between the
geometry that is considered.

To make calculations easier, the scalar field of (3.17) could be canonically normalized through the redefi-
nition of the scalar field as

d® = |1+ B(a)—d¢, (3.29)

which has a analytic solution of,

& & (B=0) | (3.30)

B|¢? M, . —1 (|B|*?%¢
% [cb,/l _ ‘Mlgl + ‘B|f}2 sin (‘ lep] )] (B <0)

Although, one started with a Metric-affine scalar-tensor theory which is recasted into a scalar with a modified
kinetic term, this then turned out to be just a canononical scalar (in the conventional sense) described by
®dwith a modified potential, as

4 Mg g, 1
Sg@ = /d T —4g TR - 5(%‘1)8“(1) — U((I))) y (331)

with U(®) := V(¢(P)).

When B = 0, the action is no different from the one constructed from the conventional Riemannian
geometry. On the other hand, for B < 0, the canonical scalar is always ® < ¢. To be more exact, ¢ will be
constrained as

M,
0<¢< ‘Pl 7 (3.32)

£

to avoid ghost instabilities. Thus, the value of ¢ cannot go over the Planck mass, which then cannot introduce
new phenomena. The cases of ¢ < Mpi/+/|B|do not introduce new features for inflationary cosmology, and
thus will not be discussed furthermore.
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The most interesting case is when B > 0, which is admitted by Models II(a), ITI(a) and III(c). The new
canonical scalar field ¢ acts differently depending on whatever energy scale one is considering. Such that

{ ¢ (¢ < Mp1/VB)

O ~
SE- ¢ (6> Mpi/VB)

(3.33)

To put it into words, when the scalar ¢ is small, there is only a little difference between Metric-affine gravity
and its purely metric counterpart. This difference needs to be taken into consideration when ¢ becomes larger
than Mp/ VvB. In an inflationary scenario, a scalar field may exceed Planck mass." When the scalar field
does exceed, the effective potential for the new canonical field, which acts as ® o< ¢2, becomes significantly
flat. The current CMB observation [1] indicates that a smaller tensor-to-scalar ratio is preferred, thus it is
quite relevant to apply this Metric-affine scalar-tensor theory and assume the scalar as an inflaton.

To connect the model to an inflationary scenario, one must analyze the scalar perturbations, and compute
the observational variables. The amplitude (2.170)was,

U
P~ .34
C 7 2Ur2ey (3:34)
and the spectral index (2.171)and tensor-to-scalar ratio (2.175) was
ny, ~ 1420y —6ey, (3.35)
ro~ 16ey (3.36)
Here the potential slow-roll parameters are,
M2 (Ug\>
o) — Pl [ 2% 3.37
we) = 22 (%) (3.37)
B 2 Use
nu(®) = Mg . (3.38)

U

3.2.2 Chaotic Inflation in Metric-affine Gravity

To compute the value of the P;,n, and r, one must specify the potential. Here assume the potential is
polynomial, i.e. a chaotic inflation scenario[33] also briefly mentioned in §2.2.1. The observationary significant
potential is when,

1

V= §m2¢>2 , (3.39)

From this, the deformed potential is,

im?®? (& < Mpi/VB)
U =~ . (3.40)

mMer (&> Mpi/V/B)

When B is small, the conventional chaotic inflation is restored. However, when B ~ O(1) the effective
potential is similar to that of a linear potential. This modifies the inflationary scenario, and thus the
observational parameters.

Fig.3.1 shows the relation between the mass of the inflaton m and the parameter B(«) using the observed
amplitude of the density fluctuation[1]. One could see that when B(«) is sufficiently small, the value is that
of the conventional chaotic inflationary model. The ns-r diagram is shown in Fig. 3.2. From Fig.3.2, again it
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Figure 3.1: The relation between the inflaton mass m and the parameter B(«) constrained from the observa-
tional amplitude of density fluctuations. The solid and dashed lines correspond to N=60 and 50, respectively.
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Figure 3.2: The ng-r diagram for different values of B(«). The observational constraint is taken from Planck
2018[4].

could be seen that for a small value of B(«a) the variables are the same of the conventional chaotic potential.
One the other hand, when B(a) ~ O(1) the tensor-to-scalar ratio r decrease. Thus, this model is not fully
excluded from the current CMB observations.

The current observation indicates that r < 0.10. This could be recasted on the constraint on B as B(«) > 0.034
for N = 50 e-folds. This can then be used to constrain the parameter «, for the Models II(a) and III(a), as

a>0.86 or o< —0.13 (Models II(a) and ITI(a))

az110 or a< —0.10 (Model I1I(c)) . (3.41)

One could say that if inflation was actually induced by chaotic inflation and the space-time geometry is

r T r r
actually metric-affine, V#V,, which is (o = 1) is observationally favored than V,V* (a = 0).

1t is of course not trivial that the current physics could be applicable to the energy scale above Planck. One normally
must introduce quantum effects into consideration and may need quantum gravity in such a scenario. However, for this work,
the physics are only analyzed classical due to; first for simplicity, second for the non-triviality of quantum effects under curved
Metric-affine space-time, and third for the fact that quantum gravity is not complete.
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3.3 Emergence of G-Inflation

3.3.1 Scalar field with Galilean symmetry

Scalar-tensor theories had a great turn in the recent decade or two. The Horndeski scalar-tensor gravity
theory or its extended version[l10, , ] is a theory in which, the equation of motion in such theories
consists of up to the second-order derivatives.(See §2.5 for a review). These theories are constructed from a
symmetry of the scalar called the Galileon symmetry. This symmetry is found in the decoupling limit of the
DGP(Dvali-Gabadadze-Porrati) brane world model [109, 152] (For reviews see [153]).

The Galilean symmetry is defined as

= o+ba, +c, (3.42)

where b* and c are some constants.
Assuming Galilean symmetry fixes the action of a scalar field as

Lao = ¢
Loy = 0.90"¢
n
L) = 0u00"¢0¢ — 0,00,$0"0" ¢ (3.43)
= ;aﬂqﬁ@“gb&gb + (surface terms) (3.44)

which is written up to cubic terms.
Now consider the following covariantized action.
r
Sep = /d‘*xf [ PIR X - 354 : (3.45)

1
with X := —=(0¢)? and M is some parameter that has mass dimension. These are purely Galileon in the

flat limit. Similar to the previous section, one could obtain the action in the Riemann frame as,
4B(«
Sg¢ = /d4$F|: Pl R X + ( )

M3, M6
with again B(«) being the same function of o that was introduced earlier. 3.2.1.

X3 - Dq&} (3.46)

3.3.2 de-Sitter phase for Metric-affine G-inflation

The action (3.46) looks quite similar to the G-inflation action which was introduced in [154]. Here, however,
the non-linear term of X naturally appears, as a result of integrating out the connection. One must notice
that the third term in this action is of X3, whereas it is X? for the example that was considered in [154].
Similar to their result, this action also has a de-Sitter solution, as it will be shown.

Now assume a flat FLRW space-time, which leads to the Friedmann equations and the eom of the scalar.

1. 3 .. 5B ¢
= —3MZH?— >+ H + —
0 3y 20 T apHe T MSMZ’
. B ¢6 1 ..
_ 2 2 2
0 = MP1(3H +2H) 7¢ + = 2 M2 M6 - M3¢¢ )
0 = |-1+3B 0! (¢ + 3H) + 12B¢ ¢t 43 (H¢2+2H$¢+3H2¢2)
Mp M6 MZMS M3 ’
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here H = % is the Hubble parameter defined by the scale factor a(t).

First, in order to check if inflation truly occurs or not, the existence of a de Sitter solution will be shown.
For a de-Sitter space-time H = Hag=constant and ¢ = ¢qg=constant, by plugging this into the equation one
finds that there are two de-Sitter branches of

X X, MO M,
= dSy ‘— ;
\/3(1+4B) + \/3(3 1 16B)
e
H = Hg,

T 3(1£/33 £ 16B8))das,

with Xgg, = ¢<21$ N /2. The two branches are labeld + and — respectively.

Relation of Xgs and B

Xas Relation of Hysand B
M® M, Has
[ M3 Mp™!
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100
Figure 3.3: The relation of X and B for the two

branches with the orange being the 4+ branch and blue
the — branch

The relation of X and B for the two branches with the
orange being the 4+ branch and blue the — branch

For the 4+ branch, B > —3/16 is required. Whereas for the — branch, an additional constraint of B > 0
or —=3/16 < B < —1/6 is required. To obtain an expanding scenario, H must be positive. For the + branch
¢ds+ is always positive while for the — branch gbds > 0 for —3/16 < B < —1/6 or gbds <0 for B>0.In
order to have an inflationary scenario, Models I, IT (b), and III(b) cannot be considered since B = —3/8 for
these three models.

To study the stability of the de Sitter phase, perturbation of the action up to the second order is necessary.
In [154, ] the computation of the quadratic action is given. The scalar perturbation R4 while imposing
the unitary gauge (d¢ = 0) is obtained as (2.508). In the current case, it becomes as

Pas
5@ = = / dnd®za? [Gg(RL)? — Fs(0R4) (3.47)
- 2(Has, — @3, /2M3 M?3)? 'l v ak
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where the prime used to show that the derivative with respect of conformal time 7, and

1 2(1+2B)X3%,

Fs = - —
s 3 M2 M
B 8B
3 [3 +14B + (1+2B)/33 + 16B)} ’
e — 6(1+ 6B)X§Si
s MM
{3 +16B £ (1+2B)/3(3 + 163)]
== 4B ..
As it was shown in [154, ], when either Fs or Gg is negative, the de Sitter solution becomes unstable.

When the — branch (Xgs_ and Hgs_) is chosen (Fis < 0) always occurs. Whereas for the + branch (Xgs,
and Hgs, ), G5 is always positive for B > —3/16, while Fy is negative when —3/16 < B < 0. For this theory,
one de Sitter solution (Xqgg, and Hgg, ) is stable only when B > 0, while the other solution is always unstable.
This is also seen through computer calculation where the evolution of inflation goes to the + branch attractor.

Furthermore the sound speed c; is given by

E o= 2. (3.48)

Now that the solution of de Sitter attractor phase is derived, it is possible to calculate the tensor-to-scalar
ratio and the amplitude of the scalar perturbations, which formula is given in [154, 113] and (2.519)( 2.520).
The results are,

P~ B2M3 \/ 3+ 168 + /3(3 + 16B) |
27m2MP, \| 2+ 11B + B\/3(3 + 16B))3

o 6(1+6B)\/6(1+6B)[1+\/m]
B? 3+16B++/3(3+16B)

The observational upper limit of the tensor-to-scalar ratio is constrained as r < 0.10[4], the bound on
B(a) then is constrained as B(a)>1.6 x 10* (see Fig. 3.5 , which is @>93.7 or a < — 92.9 for Mod-
els II(a) and III(a), and a>119.6 or a < — 118.6 for Model III(c). The mass parameter M could also be
bounded from the amplitude of the scalar perturbations and the constraint of B(c) and thus M <0.0060Mp;.

Since this action was first considered through Galilean symmetry, and thus inhibits shift symmetry in the
action, the de Sitter phase does not end for this theory. The solution for this was given in [154], where one
adds two certain functions into the theory. One of these functions is some coefficient for the terms in the
action that breaks the scale invariance and flips the sign of the ghost. Computer calculations indicate that
the flip function, whether they are polynomial or exponential, can stop the de-Sitter phase. Furthermore,
one also needs to allow the spectral index to tilt so it satisfies observational limits. The modified action of
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the scalar field is written as,

S0 = [a'eva |- a(@X + mo) 00

4 493(9)B 5 92(9) 2
/d /=g [91(¢)X+ iz Xt XD¢:| :

(3.49)

where ¢1(¢) and go(¢) are appropriate functions of ¢, which break the Galilean symmetry. Here from the
first to the second row, the connection was solved and integrated out. For example, when one chooses
91(¢) = tanh[A(¢ — ¢ena)/Mp1] the inflationary phase could end. On the other hand if go(¢) = expleg¢/Mpi]
could tilt the spectral index [154]. It should be noted that it is possible to find appropriate functions to
satisfy the observational data.
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Figure 3.5: The tensor-to-scalar ratio r in terms of B(«a) in Metric-affine G-inflation.
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Figure 3.6: Relation of Speed of Scalar and B
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3.4 An Extended d’Alembertian and Constraints from Observa-

tions

The d’Alembertian (3.5) could be extended further as,

D A A 2
O := U + (QQQ + oW + a7 T ) O\ . (3.50)

with 7, = T, , W, = 3Q,%,Qu = Q%,. When it is chosen as ag = —a,aw = 2,a7 = —1 the
d’Alembertian reduces to the one in the previous section. (3.5). Now, assume that a canonical scalar field
action is (3.4). The Riemann frame action, in which the connection is integrated out, becomes

M3 g 1 B(ay)
— 4, /= Plp
Sgp = /d xy/ g[ 5 R 5 <1+ M2,

#) 002 - V(o) (351)

Using this reduced action it is possible to show the constraints on the coefficients oy (I = Q,W, and T') using
the observational data from the CMB just like the previous sector. Furthermore, for the further calculations,
all of oy could be also substituted into arbitrary functions of ¢ and X as a;(¢, X). However, constraints on
functions are far difficult than parameters. Thus, for simplicity and concreteness, the following constraints
would be done assuming «; is a constant. Another way to look at this action is that it could be considered
as a scalar-tensor theory in which the scalar is minimally coupled to the connection. In [155, ], similar
action was brought up to study the classification of torsionless Metric-affine scalar-tensor theories by using a
different type of transformation of the metric and the connection.

Model I (Projective Invariant Model)

The projective transformation (2.308) computes

T T
06 06 = Db+ ar(TH +3UM0,6 + aw(WH + 20,6 + ag(Q* + 2UM)8,é

06+ [Bar + 2(aw + aQ)|U 9.6 (3.52)

For this theory to withhold projective invariance, there must be a relation between the three parameters as,
3ar + 2(aw + ag) = 0. Keeping the above in mind, the solutions of the geometrical tensors are,

Ry = ﬁ [(3a7 + aw)gpy 0% + (aT + aw)ég&,(b] , (3.53)
Pl
a7 + ay
TA,U'V = Wj%l¢5f,)8u]¢, (3.54)
v 20 + « ' Ay
oM = %@5&' Mg, (3.55)
Pl

up to gauge freedom.
Then the effectively the Riemann frame action becomes (3.51) with

1
Blar) = -3 (2703 + 1103y, + 3daraw + 20apyag + 40arag) (3.56)
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Model 11

Model II(a) (Torsion-free Model)

Now consider a theory in which 7#,, = 0 (and thus a7 = 0) is satisfied. The solution of the distortion is,

o, - 9

o 12M2,
w2 [l — 200)g"™ 0xé — 2 4ag)s{a”)
i 5 [(aw — 2a0)g" Oxd — 2(ay +4ag)d," 0" | .
6Mp,

Then the action becomes (3.51) with

{S(OZW + QCMQ)gg.yaa(ﬁ —2(aw — 204@)6(%87@} ,

a%,v — 16awag — 4404%2
24 '

B(Oé]) = —

Model II(b) (Metric-Compatible Model)

Assuming Einstein-Cartan geometry, in which @ =0 (ayy = ag = 0), the computed distortion is

K By = 4M12Dl ¢ (9578 ¢ - 6587¢) ?
Ty = I $050416 -

The resultant action becomes (3.51) with
3

B(ay) = —ga%—.

Model III (constraint with a Lagrange Multiplier)

(3.57)

(3.58)

(3.59)

(3.60)

(3.61)

(3.62)

In the Model III, the Lagrange Multiplier A, is introduced to fix the gauge freedom. The following solutions

can be computed from each model.

Model II(a) (7, = 0, a7 = 0)

The solution is

e = o, {3(aw +20)gs,0%¢ — 2(aw — 204@)5(557)05} ,
Ty = 0,
0 = =0 [(aw —200)0" 056 — 20w +4a0)3Y'0)d] |
6Mp,
with
A= M= (aw + ag)pd*e.

3M3,

The Riemann equivalent action becomes (3.51) with

o, — 16awag — 44a2Q

Blar) =~ 24

(3.63)
(3.64)
(3.65)

(3.66)

(3.67)

(3.68)
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Model.ITI(b) (Q, = 0, g = 0)

The solution is

o 3Cr + Cw o ar +aw | 5(047——|—20zw) o
Ky = o 09py0%0 + — 5 90500y — —— = 90790,
i o, 00T T a0
1lar + 6ayy
T%% —————— 901300,
gl 8MZ, (8]
2
Qaﬁﬁy = - a7 +2aw ()b (5gﬁ78@¢ - 26((){}87)(;5) )
2M3,
with
1
P\ = 2 .
A )‘W QMI%Z (30&7’4— Oéw)qba ¢
The Riemann geometry equivalent action becomes (3.51) with
3 2 2
B(ay) = g(llaT + 12a7aw + 3ayy) .
Model II(c) W, =0,y = 0)
The solution is
o 3at —2ag o, QT t+2a9 ar — 209 o,
Ky = o 99y 0% 0 — — e 905 ¢0y — ———5— P05 ¢0p ,
’ 8M2, ! 8Mz, P 1eMz,
« ar + 60&Q «
T B'Y = —STI%l(bd[ﬁa,y]¢7
By _ _QT— 200 ( B9 b — 45BHY) )
Q. a2, 0 (671000~ 490970)
with
)\“ = )\M = — ! (30[7’—2049)¢)3”¢
CR TS
The Riemann frame action becomes (3.51) with
3 9 2
B(ar) = ——= (a7 + 120709 — 1203) .

32

3.4.1 Relation between the three models

One interesting fact is that there is some relation between the three models I, II, and III.

85

(3.69)
(3.70)

(3.71)

(3.72)

(3.73)

(3.77)

(3.78)

Model I is a model in which the thoery is constrained to be projective invariant. Thus it is possible to

eliminate one of the three constants by using the gauge freedom.

For example, by choosing U# = —T* /3, the connection term of 7# and the related constant aydisappears.
The two parameters that are left areag and ayy and the extended d’ Alembertian (3.50) is written with
them. Another example is when the choice is made as U* = —W#/2 and U* = —Q# /2, for each case the

two parameters that are left are ar, ag and a7, ayy are used to represent (3.50).
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For each case becomes, the trace-free distortion tensor could be calculated as,

¢
12M2,

[—3(0&W + QaQ)gmB“(b + (OéW - 2aQ)5g&,¢]

R%gy = % [(30[71 — 20(@)95780‘(]5 — (ar + QCYQ)(SgaA/(b] , (3.79)
8ME,

=

o [Bar +aw)gs, 079 + (ar + aw)350,9)
Pl

with each gauge choice of U* as

ay — 209

12073, POud
a7 — QOzQ
U, = —TMIQDZMM : (3.80)

512ar + aw)

_T}%l¢au¢

With the parameter B(ay) being

1

—ﬂ(a%ﬁ, — 16awag — 44aé)

3
B(ag) = —ﬁ(oﬁr + 120709 — 1203) (3.81)

3
g(lla%— + 12a7aw + 3a3y)

which could be obtained from (3.56) by substituting one constant by 3a7 + 2(aw + ag) = 0; the projective
invariance condition.

Comparing the above to those of Models II or III, Models III (a), (b), and (c) correspond to the three
values that interchange with projective transformation in Model T (3.81), respectively. Furthermore, the
result of Model II (a) is of Model I (3.81). Whereas Model II (b), cannot be mapped from Model I with
any gauge choice except for a special case of the constants. When specifically, ayy = —2a7 and ag = %aT.

These satisfy the projective invariance condition and it is possible to obtain the same results for Model II
(b) and Model 1.

3.4.2 Combination of Model I and IIl: Complete fixing of Projective Gauge

Recently, the necessary and sufficient conditions of estimating whether certain gauge fixings are complete or
not were formulated [157]. When a certain theory inhibits gauge invariance, one may fix the gauge a priori
or a posteriori the variation of the action. In both cases, if the gauge fixing is complete, one will obtain the
full set of the same equations. However, if the gauge fixing is incomplete, one may find unwanted degrees of
freedom when deriving the equations of motion. The authors of [157] have found a way to determine whether
the gauge conditions are sufficient or not; if the gauge fixing is complete the solution(s) of the Lagrange
multipliers are A} = 0.

Now consider Model I, where a relation is imposed as, 3a7+2(ayw+ag) = 0 to withhold projective invariance.
Then, just as in Model III, one can impose constraints on either 7, @ or W. By the equations of motion, the
Lagrangian multipliers could be solved, as seen in the previous section. Now since the theory is projective
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invariant one could interchange the parameters between 7, Q or W as

2 ar
Hoo= = M — w
1 ag
A g — I
My = —— (307 — 200)60"6 = ol gong, (3.84)
Mz, M3,

Since each Lagrangian multiplier fixes each corresponding vector, the corresponding coefficient in the extended
d’Alembertian becomes trivially zero, and thus, in a projective invariant theory, \f = 0 is satisfied. This
shows that in the extended d’Alembertian case, the constraints with Lagrangian multipliers are not only just
gauge fixings but actually complete gauge fixings. To summarize, when considering how to fix the projective
gauge in Model I, constraining either of the three vectors with Lagrangian multipliers that are considered in
Model IIT is a good choice since these lead to complete gauge fixings.

3.4.3 Observational constraints on the parameters «;

Finally, it is possible to compute the observational bounds for the coefficients of the extended d’Alembertian.
First assume, just like in the previous section, an inflationary scenario with a chaotic potential V(¢) = %chf)Z.
Recall that the tensor-to-scalar ratio r bounds show that B(cr) > 0.034. Since Model I is constructed from
three parameters, that are constrained by the projective condition 3ar + 2(aw + ag) = 0, one must consider
a three-dimensional parameter space constrained on a two-dimensional plane with bounds. The observational
bounds of B(ay) (3.56) can be projected onto two-parameter plane with the projective conditions taken into
account. The allowed regions for each two parameters are shown in Figs. 3.7, 3.8 and 3.9.

Recall that Models III(a), III(b) and III(c) give the ditto function B(«;) under specific gauges (7 = 0),
(Qu = 0) and (W, = 0), respectively. Therefore, the bounds on the two constants are given also by Figs.
3.7, 3.8 and 3.9. Model II(a) is ditto with Model III(a), which imposes a bound on the two constants and
are shown in Fig. 3.7. Model II(b) is excluded because B(ay) < 0.

2

3 e T EO———

Figure 3.7: Constraints on ay and ag in Model I with two parameters (aw, ag), and Model II(a) and Model
ITI(a).The shaded region is consistent with the observational data for the tensor-scalar ratio .
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Figure 3.9: Constraints on ag and ar in Model I with two parameters (ag,ar), and Model III(c).The

shaded region is consistent with the

3.5 Summary

observational data for the tensor-scalar ratio r.

In this part of the thesis, inflation was investigated within the context of metric-affine gravity. After showing
that there are ambiguities for the covariantization of scalars in metric-affine gravity, the loop-hole was utilized
to construct a 'minimal’ coupled scalar theory that differs from theories that are covariantized in Riemann
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Figure 3.10: Systematic Figure of 3-dimensional Constraints on aq, aw and ar in Model 1

geometry. The novel theory has different models that each have a Riemann frame, a frame of which the
connection is solved and substituted such that the resultant theory is written in Riemann geometry but has
equivalent dynamics with the original theory. Then observational variables for each model were computed and
compared. It was found that, in certain models, chaotic inflation is consistent with observations. This is in
sharp contrast with the result in the metric formalism where chaotic inflation is eliminated from observations.
Other relevant models were also considered and computed. This work hints at the possibility of probing the
‘geometry’ of the universe, whether Riemann or metric-affine, through observations.



Chapter 4

Galileon and generalized Galileon with
projective invariance in metric-affine for-
malism

Based on  "Galileon and generalized Galileon with projective invariance in a metric-affine formalism”
Authors:  Katsuki Aoki, Keigo Shimada
Journal:  Phys.Rev.D 98 (2018) 4, 044038

In the previous part of the thesis, candidates of covariantization of scalar fields and their derivatives were
investigated in metric-affine formalism. A natural question after such application is the question of whether
one can extend scalar-tensor theories further within metric-affine formalism. In this part and the preceding
part of the thesis, such theories will be constructed and explored. One important feature that one has to take
into account, as mentioned in §2.5, is the ghost-freeness of such theories. It will be shown later on that such
ghost-free property is closely related to projective symmetry when constructed in metric-affine formalism.
Combining scalar theories with metric-affine formalism is rather a new and young approach and this work
will hopefully serve as an important beacon for investigating metric-affine scalar-tensor theories.


https://doi.org/10.1103/PhysRevD.98.044038
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4.1 Galileon in metric-affine formalism

Galileons were phenomenal for the investigation and the surge of popularity for scalar-tensor theories. Recall
Galileons are theories, that in flat space-time enjoy the Galilean invariance,

o= d+bat +c, (4.1)
with b, and ¢ being some constant parameters [108]. Then the flat space-time Galileon Lagrangian is uniquely
given as,

5

L=Y s (4.2)

3(n—2
n>2 A3( )

with each term being,

£ .= eaﬁwea/m&aaéﬁaa’d)a

L5 = P 0,00 950310,

L5 = P 0 0O $D305 $0, D ¢,

L8 = @BV B G 800 0503 D0y pDs5Dsi

¢, are dimensionless constants while A3 is the strong coupling scale. By expanding the Levi-Civita tensors,
one obtain the forms

L5 = —6(09)? o
— —(96)200, (9
L5 = 0,0 e Y 00100005 Dpd
= —2(99)* [@W — (0a050)*| , (49)

g = gamaweaﬁv%a’ﬂ'v’gaa/amaﬁ/aswwéw

= 5007 [@b)?’ — 306(0a050)° + 2(0a059)° | (4.10)

n
, with O = n#¥9,,0,¢ understood as the flat space-time d’Alembertian operator. Here some terms were
integrated by parts to obtain the result.

The integration by parts of such terms can be schematically given as,

L5 = ee(09)7(009)"
= (0¢)%ee(00¢)" 2 + total divergence. (4.11)
Some comments should be taken into account of these terms. In metric formalism these Galileon terms
do not have unique covariantization, which leads to the covariant Galileon [158] and the covariantized

Galileon [108], respectively. The covariant Galileon is the covariantization of (9¢)2ee(99¢)"~2, whereas
the covariantized Galileon is of €€(0¢)?(90¢)" 2. Recall that the covariant Galileon becomes a subset of
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Horndeski gravity, whereas the covariantized Galileon is of GLPV theory. Thus is the status of construction
in metric formalism.

Now consider instead covariantizing the Galileon theory is metric affine formalism. As mentioned in
§2.4.2.2, projective invariance is an important feature in metric-affine gravity which the Einstein-Hilbert
action also inheres. Therefore, it is natural to think that projective invariance plays a key role in constructing
metric-affine scalar-tensor theories !. Thus projective invariance will be assumed for the following discussion
of constructing metric-affine Galileon theories 2.

To construct covariantizations of Galileon theories, one could introduce the “minimal assumption”, i.e.
the theories are the form,

N r T
L5 = L5 (9,6, V6,V V06) . (4.12)

Recall that in §3.1.1, it was noticed that there are multiple ways to construct derivative of scalars in metric-
affine formalism due to the presence of non-metricity, since

I T I T I
VIV ) = g1 g VN 6 + QY0

r U
# g g"PV V. (4.13)

r r
Therefore a Lagrangian which contains V#V¥¢ implicitly contains non-metricity tensor in its construction,

T r r r r
L(g, 0,V .6,V V., 0, VIV )
I r r
= E(g>¢a V#(,b, Vuvv¢a Qaﬁv) . (414)

When this “minimal assumption” (4.12) is assumed, one finds that the Lagrangian of the covariant Galileons
are uniquely constructed up to quartic order in the presence of projective invariance. (In§6.2 the “minimal
assumption” will be loosened and the most general Galileon terms will be constructed)

This is due to the fact that the covariantization of ee(9¢)?(89¢)"~2 is projective invariant, whereas
(0¢)%ec(00¢p)" 2 is not. Thus, in contrast with metric formalism, the metric-affine Galileon is just simply

r
the covariantization of (4.3)-(4.6), by replacing V,, with 0, and is unique. The explicit form of projective
Galileons are,

, r r
L5 = P10y VotV g, (4.15)
,., T r r r

L8 = P10 eB N V0 ¢V 5V i, (4.16)
gall’ 66’6”F r r T r r

VAL ANAVINE A v VAV VARIOR (4.17)
gall’ fiys a,ﬁ,v,a,r T r r r r r T

L5 =e € VoV dVVg oV V1 dVsVs, (4.18)

and

gall” ofys ol B r r r T r T

L VAN VANEC) VP VT VAWA VAN (4.19)
gall” aBys o/,@'»y’é/r I I T r T r T

L8 = 2P0 VadVar ¢V V5 V4V V5V 56 . (4.20)

1 As will be shown later, ghost-free theories seem to be projective invariant, although the opposite is not generally true. For
example, in §6.3 a ghostly mode appears because projective invariance is violated.

2In past literature, projective invariance is often overlooked for metric-affine scalar-tensor theories. Indeed the first lit-
erature on metric-affine scalar-tensor theories uses an additional constraint to eliminate the projective mode present in the
connection [159]
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Notice that the final two terms are allowed due to the existence of torsion, which induces asymmetry of the

r r
indices of V,V, ¢, since,

I T
zv[uvu]¢ = Ta;waozd) 7é 0. (421)

Therefore both (4.19) and (4.20) differs from (4.17) and (4.18). However, as it will shown in §4.4, (4.17) and
(4.19) does not change the stucture of the theory and computes the same result. Therefore, as for this section
the terms (4.19) and (4.20) will be ignored. Adding the new found Galileon terms to the Einstein-Hilbert
action, the complete action of the covariant Galileon in the metric-affine formalism is thus,

Mgl /wF 2 Cn gall’
£(9.T.0) =~ 9" R + > = £8r (4.22)
n>2 *+3

This action, at least up to the quartic order, is the unique covariant Galileon theory in metric-affine formalism.
In order to analyze this action, however, one can only take up to the n = 4 term. This is because (4.22) is
third-order in affine connection and thus the equation of motion is non-linear which, although algebraic, not
solvable. Therefore, here and after, the term L%alr will be omitted in order to compute concrete solutions of
this theory.
Now that (4.22) is considered up to n = 4, the connection can be solved. Using the distortion trick, see
§8A.2, one obtains the following solution for the equation of motion of the connection,

Ii“ag =

=1 673 I _ “w m
M2, (142¢4X2/(A2)%) [ A3 (X5/3¢a X¢"gap +2¢ %%)

+icg{2X¢“(a¢B> — X0 Gap + bada(007 - 2¢W¢7>}] ,
(4.23)

g g
up to the projective gauge. Recall that ¢, = 9,0, ¢, = V.V, ¢, and as for this part of the thesis X = ¢*¢,,.
Here the scale As is defined as

(A2)" = (A3)” My (4.24)

Notice that the solution of distortion implies that Levi-Civita is generally not the solution for the con-
nection due to the scalar field, and it is neither torsionless nor metric compatible. Recall that for many
metric-affine theories, f(R) theories, for example, have a torsionless or metric-compatible connection as a
solution once the appropriate gauge is chosen. This is not the case for the projective Galileon theory.

Substituting the solution of the connection into (4.22), the resultant Riemann frame action is thus,

M2 g 3(c2 — deseg) X3/ (As)® 1
- 7})1R i (63 C2C4) /( 82) + . c ﬁgalg + Cc3 Sﬁgalg + Cq 6£§alg ’ (425)
2 1 + 2C4X2/ (Ag) 1 + 2C4X2/ (AQ) (Ag) (A3)
with
Egalg — eaﬁ’yﬁea IB,Y(SQS(Xd)O[/ s (426)
Egalg _ 6a576€a/5'ry6¢a¢a’¢ﬁﬁ’ , (4.27)

L5 = PO S b B b (4.28)
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This action is neither the covariant Galileon not the covariantized Galileon in the metric formalism. Further-
more, for scales,

|X| < (Ag)*, (4.29)

the action (4.25) reduces to that of the metric formalism. The relevance of this new scale Ay naturally
appears in metric-affine formalism.

Therefore, as for the covariantization of Galileons, there are three theories: the covariant Galileon and the
covariantized Galileon in metric formalism, and the metric-affine projective invariant Galileon (4.22) which is
dynamically equivalent to (4.25). These theories, when one “turns off” gravity, which corresponds to taking
the limit of M}, — oo, reduce back to the original flat Galileon primary introduced in (4.2).

4.2 Generalized Galileon in metric-affine formalism is DHOST

4.2.1 Equivalent Lagrangian to class > N-I/Ia of DHOST

In this section, based upon the analysis done previously, the generalizations of curved space Galileons that
respect projective invariance will be explored in metric-affine formalism.

Recall that, the currently known most general scalar-tensor theories without Ostrogradsky instability are
known as DHOST theories, as introduced in §2.5.4. In DHOST theory, in order to evade the Ostrogradsky
ghost, one needs to fine-tune the functions within the theory to satisfy the degeneracy conditions (6.105) [120].

In this section, it will be shown that, out of the different classes of DHOST, the following Lagrangian is
equivalent to class 2N-I/Ia of DHOST theory without the need for fine-tuning.

L(6.T,6) = f1(63 X)g" Ry + o, X)GH'NV w6V + Fa(y X) + Fy(oh, X)LE + Fy(¢, X)L . (4.30)

Here the introduced f1, f2, F2, F3, Fy are some arbitrary functions of ¢ and X := ¢"**9,,¢0,¢. The final three
terms given in (4.30) are generalizations of the Galileon terms analyzed in the previous sections. Furthermore,
the Einstein tensor is defined such that it will be projective invariant,

r 1 , D
G = 2 Y Ry (4.31)

Thus, this action (4.30) is the straightforward generalization of the Galileon field in the metric-affine
formalism which includes non-minimal couplings to curvature.

The solution of distortion is computed as,

Klag = ki ogap®" + kT o0kds + kS 00500 + k3 08" bads + ki 19asd" 0] + kT 1 Gapdy 0" + K 10k dp]
+ki‘,15§¢a¢l + ki’,ﬁéﬁa%m + k?,ﬁﬁ(b”%v + k3,1¢“¢a5 + k§,1¢a¢g + k?,1¢ﬂ¢g
k31908037 b5 + k31040507 0 D5 + k3 16500060 b5 + ki 18 badpd]
310" 00 Dpy + kS 10" D0 ban + K 1 adpdr Y + K 1 Dadpd 6 das (4.32)
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with each of the coefficients being,

il _ Jig — F5X
1,0 2f1 — fo X +2F, X2’
B gl = Jig — F3X
Lo YO — foX 4 2Fy X2
A C2f1F3 — [oF3 X + 21, Fu X
’ [12fi — foX +2F,X2) 7
ki1 = 0,
k%,l = _%7
kil = 0,
k?,l = _kil = %7
o= fo—2F,X
bl 2f1 — foX +2F, X2’
k? 1 = _k’z 1= fo— 2%
’ T 2fi = X +2F, X2
k?l _ 2F, X ’
: 21 — foX + 2F1 X2
B, o= - fix(fo — 2F4X)
’ f1(2f1 — faX +2F4X2)
KL= kb= fix(f2 — 24 X) ,
’ T fi2f = X +2FX3)
it _ 2F,
3,1 2f1 — fo X +2F X2’
kg,l = 0,
1 —2F, X
kS = 22 [fle2 —2f1fox + 2;11‘)62(];];2)( n 2;4))(2} ;
1 7 —8fF —2f2FyX

kin = —Qﬁ[f1xf2—2f1fzx+ fl(];fl 78;2;+2£X42 ))] ;
K, o= - Afix Fy

fi(2fi = foX +2F1X?)
Thus substituting the solution (4.32) into (4.30), one obtains the Riemann frame action of,

g
L= fR + P+ ngw’éuu + QQQS#QS;WQ/)V + Cuy’pgqs,uvgbpa y (433)

where it was defined,

1 1
CH07 = 1G4 g g7 4 Saa(§679" + 0679 4 San(@ OV g7 + 676G ) + a5 e 6o
(4.34)
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. The coefficients of the Lagrangian (4.33) are given as,

f=h- %f2X7 (4.35)
3X (fip — F3X)?

=t S X T oR X2 430
B 4f1(f1p — F3X)

@ =-2fp+ 2f1 — faX +2F, X2 (437

Qs = 2fy  4(H —3fix)(frg — F3X) (4.38)

X X(2f1 — foX +2F,X2)
_ _fe f1(f2 = 2F4X)
T T T o~ X + 2, X2 (4.39)

4f1Fy+ (dfix — f2)(f2 — 2F4X)

az =2fox + 3 — foX + 25, X2 ) (4.40)
f f f2—AfiFy —2f,Fy X
g = —2fox + 2]1%(3f1x —f2)+ %X(flxh —4f1fox) + ;f1 = }2;- +2;4;2 ; (4.41)
_ hix 2fix{4f1Fs+ Bfix — fa)(fo — 2F4X)}
a5 = _Tf(fIXfQ —4fifex) + 2 = hX T 2hX?) ; (4.42)

where fiy = %J(;i and f;x = ggé. Although tedious, the derived coefficients (4.35)-(4.42) indeed satisfy the
degeneracy conditions (6.105). Out of the classes of degeneracy conditions the resultant action is of class
2N-1/Ia quadratic DHOST or gDHOST. gDHOST depends on five arbitrary functions which is precisely the
same with the number of arbitrary functions that (4.30) has.

4.2.2 Specific models

In this section, some specific models of the analyzed ghost-free action of (4.30) will be introduced.
For example, a non-minimally coupled scalar field of the form,

2 2
=20 ek, ooy V(). (4.43

is often investigated in metric formalism. Furthermore, for the special case £ = 1/6, the theory is known to
be conformally invariant. As for such £¢?R couplings in metric-affine formalism, the Riemann frame of the
Lagrangian (4.43) is,

M —€8% g, Mg — (1 +66)¢?

L=
2 2(M3 - £6?)

(98) = V(9), (4.44)

and £ = 1/6 is not a conformal coupling since the kinetic term is not non-canonical. Such action was first
investigated in [142] where they assumed torsionless and used the Einstein frame to compute observational
variables. By analyzing this Riemann frame action, and thus using metric formalism techniques, it can be
shown that their analysis indeed matches the Riemann frame action.

One may also introduce a non-minimal coupling term to the Einstein tensor as,

9 T

M r 1
L= —Ploawvp g _
29 o 9 g

n%

G
Sz | Ou0u0 = V(9). (4.45)
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Recall that in metric formalism, the scalar derivatives couples to the Einstein tensor G*0,¢0,¢ is in class
of L5 in Horndeski theory, see (2.430). Meanwhile the Riemann frame of (4.45) computes,

nZ
M%g 1 e 1
—_plp_ g _ T _ _ galg
L= Bg |97~ 3 | w090 = V(0) AMME (2 — X/M?Mgl)c i (4.46)

which is not Horndeski but GLPV.
Another interesting theory is kinetic coupling to curvature. The most general action £ = L(g, T, X) up
to linear in curvature is,

L= f(X)g””JF%W + P(X), (4.47)

which has the Riemann frame of
g 6/% o
L=fR+P+ —fX 0“0 Pary B} - (4.48)

The (almost) simultaneous observation of light and gravitational waves strongly constrains the speed of
gravitational waves in the late-time universe [60, 61]. For DHOST to explain the late-time universe, for
example dark energy §2.2.2, the functions have to be fine tuned such that ay = ag = 0 and f = f(¢, X)
as shown in [62, 63, 64] (see also [160, , ). However, the Lagrangian (4.48) does not require such
fine-tuning even in the presence of non-minimal coupling f(X)R since (4.48) naturally has the “counter-
term” ¢¢° qﬁ,w(bg to eliminate the Ostrogradsky ghost and constrain the speed of gravitational waves to be
unity. Later on, in §6.1 and in §6.3, it will be shown explicitly how such mechanism occur and quantitatively
analyzed how the observable of Jordan and Riemann frame coincides.

4.3 Higher orders of connection

Both for Galileons (4.22) and Generalized Galileons (4.30) in metric-affine formalism, only connection up to
quadratic order has been considered in the action. This is due to the equation of motion being non-linear for
higher orders and thus rendering it unsolvable, although algebraic.

Guessing from the solution (4.32) ,when a metric-affine scalar-tensor Lagrangian consists cubic order in
the connection or higher, the solution of the connection may be given as

Klag =Y K (6, X) (V) (VV) ] ap (4.49)

0.k
with the label k classifying the numbers of all possible contractions of (V¢)!(VV¢)? which has free indices
W, a, B for i and j. Up to j = 1, for example,
Klag = kioGap®! + kT o0hods + kT 0hda + k308" ads + ki 19asd" 0] + ki 19asdr @7 + ki 104050]
1105000 + k7 10507 Gy + D 10507 ban + K 10" Gap + KL 100l + KT 1050
S 1 9apd" 00 b5 + k3 10100700 b5 + k3 10500078 s + ki 1 Padpd]
k3 10" 00 Bpy + kS 10" D507 bay + k5 10ad50, 0" + k3 18" Padpd” @’ b5 + O(4],) . (4.50)

If the theory is projective invariant, terms such as kio, kil, kil,k%’l can be removed through projective
transformation.
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Recall that the second derivative of the scalar field is given as
r r
VHVV¢ = ¢;4y - K:a;w(ba ) (451)

r T
thus V,V, ¢ will only include linear terms in ¢,z if the higher-order terms are eliminated, i,e, if x admits a
solution

kf; =0 for j>2. (4.52)

However, if one allows quintic Galileon (4.22), so thus up to n = 5, it can be calculated that (4.22)
does not have any solution (4.52) if ¢5 # 0. This implies that (the Riemann frame of) the quintic Galileon
generates more than cubic terms in ¢, and thus possibly not within the cubic DHOST theories. Of course,
some cancellations may occur in higher orders of ¢,,,,. Thus it is an open question whether quintic Galileon
in metric-affine formalism is still ghost-free.

4.4 Projective invariant scalar-tensor theories

r o
Curvature and higher-derivative couplings terms that violate projective invariance, such as T’A\LV(‘?)\QSV“V”(;S

or Q )\“”8’\(]5% M%,j(b, introduce Ostrogradky ghosts. Thus, although yet a conjecture, ghost-free theories seem
to be projective invariant, see also [162]. However, projective invariance itself does not insure ghost-freeness.
In this section, the most general projective scalar-tensor theory up to quadratic order in connection will be
explored. Such action is given as

T 3 T
L= ngVR,uu + 919" 9" Ruyaa¢aﬁ¢
aff v v o gall’ gall’
+ 929 "¢g R a;tﬂap(bauﬁi) + F5 + F3£3 + F4£4
/AN, r r L r all’\ 2
+ Cre Pt VY 0,00,V V9V Y 1 + Ca(£5)
5 5 r U r T
+C3(9"79"° 9% — g 97 9%°) 0,00, 6V oV 56V, V50, (4.53)

with f, g1, g2, Fs, b, Fy, C1, C2, C3 being some arbitrary functions of ¢ and X := g""0,¢0,¢.

When one computes the solution for distortion x which is given as the form (4.50) with (4.52), it can be
shown that kfj includes f, g1, g2, F2, F3, F 4, Cy, C5 but does not have any dependency to C. Thus, as stated
earlier in §4.1 when excluding the term (4.19) from the Galileon action (4.22), the action

gall aps a'gy &L rr r T
L8 = BB (G GV 0 pV 5V 506V, Vo, (4.54)
and
gall’ aprs '@y L L rr r T
L3 =€ P sV oV 9V Vg ¢V V10, (4.55)
r r

a structurally the same and computes the same distortion although V.V, ¢ is not symmetric.
Recalling the degeneracy conditions of DHOST theory (4.33) ,see (2.450), is

Dy=0, Dy =0, Dy =0, (4.56)
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with
Dy = —4(aq + @2)[ X f(2a1 + Xy +4fx) — 2f% — 8X?f%], (4.57)
Dy = 4[X?aq (o + 3ag) — 2% — 4X fas]ay
+4X?f(a1 + az)as + 8Xas
—4(f+4X fx —6Xag)a? — 16(f + 5X fx)aiaz
+4X(3f —4X fx)oasz — X fa?
+32fx(f +2X fx)aa = 16f fxan
—8f(f — X [fx)as +48ff%, (4.58)
Dy :=4[2f* +4X fay — X2 (e + 3an)]as + 43
+ 4200 — Xaz — 4fx)a? +3X 2103 — 4X fod
+8(f + X fx)aras — 32fxonaz + 16 fx o
+32f%as — 16f fxas. (4.59)
Furthermore,
a1 +ay =0, (4.60)
is called class I, whereas
Xf(2oq + Xy +4fx) —2f* —8X%f% =0, f#0 (4.61)

is called class II. Class I and class IT may be further classified to class Ia/Ila for f # Xa; or class Ib/IIb for
f = Xay. Furthermore, f = 0 is called class III.
For the current theory in hand, (4.53), D; are computed as,

. SX(Cg - 402X)(f + ggX)2D2

Dy = - : (4.62)
- X X)2D?
p, = 3G = 8Ck Lff +92X)°D7 (4.63)
2 X)2D?
D, = 326U + 9 X)°D7 (4.64)
E
with
D:=2fg—4fxgX + fgx X, (4.65)
E:=[2f*+205 X" + fX (492 — C3X)]
X 2+ (Fy = C3)g1 X° + fX{ga + (F1 — C3) X}]
x [2f% + g1 X3 (2F, + C3 — 12C2 X))
and g := (f + 1 X)(f + 92X).
Thus for the Lagrangian (4.53), it can be classified to the DHOST classes as,
classIa: Cy =C3 =0, (4.67)
classIla: D=0, g#0, f#0, (4.68)
classIbNIlb: g =0 (4.69)
class III: f =0, (4.70)

which enforces the theory to be free from Ostrogradsky instability.
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4.5 Summary

In this section, Galileons and Generalized Galileons were extended for projective invariant metric-affine
formalism. It was found that, unlike metric formalism, the covariantization of Galileons is unique once one
admits projective invariance. Furthermore, the solution of the connection was computed and its corresponding
Riemann frame was derived. One sees that when the Galileon scales as (4.29), the theory is similar to the
Galileons in metric formalism, whereas it deviates in higher scales. As for the Generalized Galileons, the
projective invariance alone does not enforce ghost-freeness, however, for special cases of (4.30) it was shown
that the theory boils down to Class 2N-I/Ia of DHOST theory in the Riemann frame. Furthermore, since the
action (4.30) has the same numbers of arbitrary functions as Class 2N-I/Ia of DHOST theory, it is precisely
equivalent. Certain specific models were also explored and compared to their metric formalism counterparts.
Finally, quintic Galileons and the most general projective invariant scalar-tensor theory were analyzed and
were investigated their relevance.



Chapter 5

Scalar-metric-affine theories: Can we
get ghost-free theories from symmetry?

Based on  ”Scalar-metric-affine theories: Can we get ghost-free theories from symmetry?”
Authors:  Katsuki Aoki, Keigo Shimada
Journal: Phys.Rev.D 100 (2019) 4, 044037

In the previous part of the thesis, scalar-tensor theories in metric-affine formalism were investigated. It
was hinted that projective invariance plays a key role in ghost-free properties. On the other hand, projective
symmetry is not enough to protect a theory from ghostly instabilities. In this part of the thesis, further
investigation of projective invariance will be conducted. It will be shown that, although projective invariance
does not protect the theory in an arbitrary gauge, it does so in the unitary gauge for a large class of theories.
Thus a metric-affine scalar-tensor theory boils down to a U-DHOST theory that was introduced in §2.5.5.
Both through qualitative and quantitative analysis, ghost-free properties of projective invariant theories will
be explored.


https://doi.org/10.1103/PhysRevD.100.044037
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5.1 Ghost-free scalar field from projective symmetry

In this section, it will be shown that the projective invariant Lagrangian of the form,

M r T T
E(g,F,(b) = TR+L¢(95¢7VH¢7VMVV¢) . (51)
where,
I r U
£¢ = ‘C¢(ga b, vuﬁba vuvv¢) , (52)

is not plagued with Ostrogradsky ghosts in the unitary gauge.
Recall that, the covariant derivatives are defined as,

r r T
Vup=0ud, V,V,0=0,0,0—T,0.0. (5.3)

r T
Naively, one would expect that £ or more specifically the V,V,¢ in L, will cause problems. However, as it
will be shown, this will not be the case due to projective symmetry.
A

Firstly, the second-order derivative of ¢ contains the connection and therefore the distortion %, as

I T g g
V},LVI/¢ = vuvu¢ - Hauuaad)- (54)

rr
Since there exists VV¢, the constraint equation for x will also change with the end result being that the

g g
distortion could be solved into the form x = (g, ¢, Vo, V2¢) 1 Since /i’\/w is not dynamical, and thus an
auxillary field, one may substituting it into the Lagrangian, and obtain a certain form of a scalar-tensor

theory in the Riemann frame as,

Mgl g , g g,
L(gv¢) = TR+E¢(9’¢aV¢’V ¢) (55)

In general, (5.5) has second-order time derivatives that produce the Ostrogradsky ghost, and one must
impose degeneracy condtions in order to eliminate such modes from the theory as DHOST theories were in
§2.5.4. Such “non-trivial” conditions will not have to be assumed here, however. Instead one may assume
projective symmetry, introduced in §2.4.2.2, which will protect the theory from ghosts and absorb the ghostly
time derivatives into its gauge mode.

First of all, recall that the EH action is invariant under the projective transformation §2.4.2.2. Similarly,
one may suppose that the scalar field Lagrangian £, also inhibits projective symmetry. Since, within Lg,
the connection appears only in the covariant derivative of the scalar field, the projective symmetry of L4 has
to be realized to be the invariance under,

r I r
V,Lqub — v/tvu¢ - Suauﬁb . (5'6)

As a next step, one should see the relation between this projective invariance and the ghost-free properties.
The clearest way is to first apply the 3+ 1 decomposition. Consider a unit normal vector n, to 3-dimensional
spacelike hypersurfaces and a projection tensor onto these hypersurfaces, which are defined here as,

Vv = G + Ny (5.7)

1See §4.2.1 for an example of an explicit solution of the solution of the constraint in a scalar-metric-affine theory.
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Then any tensor can be decomposed into temporal parts and the spatial parts. For example the first derivative
of ¢ can be decomposes as,

A, =n"4,, flu = ’yZAV (5.8)

with A, := 0,¢. Similarly, the second-order derivative is decomposed as,

g g g ~ ~
vuvu(b = VHAVQS = DMAV - A*KW, + QH(N(KZ,)QAQ — DZ,)A*)
+nuny (£n Ay — Aga®). (5.9)

Here the following were defined; D,, is the covariant derivative associated with the spatial metric v,,, £,
is the Lie derivative with respect to n", a, = n“V,n, is the acceleration, N is the lapse function, and
K,, = %.,En%w is the extrinsic curvature.

£, A, in which qb and N are included, is the problematic term that causes Ostrogradsky ghost.

Now instead of fully imposing the degeneracy conditions, one should recall the discussion of U-DHOST,
introduced in §2.5.5. The paper [128], which first brought the discussion, argued that the degeneracy condi-
tions of DHOST, obtained by [120], are actually too strict for a theory to be free from Ostrogradsky mode(s).
Since, in a general metric theory, one may fix onto an arbitrary gauge and discuss the properties there. Thus
one may take the unitary gauge ¢ = ¢(t), and discuss the ghost exists in this gauge or not. Note that in the
unitary gauge where d¢ = 0, the original scalar ¢ is actually not taken as a dynamical variable. However, the
lapse N is the one that holds the degrees of freedom. Even so, considering the term £, A, is enough since
this is the only term that includes the derivative of N.

Let it be assumed that the unitary gauge can be always chosen in original projective invariant theory of

. LT
(5.1). Since in the unitary gauge A, = 0, the projective transformation of VV¢ is,

r T r T
Vu.Vyp =V, V,0+ A&mn,, (5.10)
for some arbitrary vector &, (z). Now recall from (5.9) that,
r T
VuVup Dnyn, £, A, . (5.11)
Thus by choosing &,, = fA%i’nA*, one could always eliminate £,A, from the action.? Thus the theory is

trivially U-degenerate, i.e. there are no dependence on £, A, in the unitary gauge, and thus have the form,

T r T
£¢(gv &, V0, Vﬂqub) = ‘C¢(t7 N, Y, K, K; DM) . (5'12)

Here recall that, since the theory is diffeomorphism invariant, it has no explicit dependence on the shift.
Finally, since the action is algebraic in terms of the distortion tensor x, one may solve x and integrating it
out. Therefore, the Lagrangian will be given by the form,

L= LN, Y K D) s (5.13)

nvs

Now, consider sketching the procedure to find the degrees of freedoms are indeed 3. First, the Hamiltonian
(5.13) is linear in shift N° this gives 6 first-class constraints with 3 being primary and 3 secondary. This,
of course, comes from spatial diffeomorphism invariance, just like in general relativity. On the other hand,
since the Hamiltonian of (5.13) does not include N it also gives 2 constraints, 1 being primary and another
being secondary, but is not first-class. This can be interpreted as the consequence of breaking temporal
diffeomorphism. Thus, at the most, this theory has 10 —6 x 1 — % x 2 = 3 degrees of freedom and thus indeed
there are no extra Ostrogradsky ghostly degrees of freedom. Later on, a more quantitative Hamiltonian
analysis will be conducted.

20bviously since the theory is gauge-invariant, once explicitly computed £, A. does not appear into the Lagrangian at all.
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5.2 Non-minimal coupling to curvature

In this section, the approach from the previous section will be extended and non-minimal coupling of curvature
with scalars and their derivatives will be considered. A non-minimal coupled termed could potentially yield
higher-orders in derivatives. For example consider,

r g
fiR D 2f1Vakl®Fly (5.14)
where f; is some function. Integrating by parts compute the term,
v [ap]
—2(Vaf1)k 8-

Therefore, even when f7 itself does not contain £, A, it may generate one through non-minimal couplings.
Thus, in this section, whether non-minimal coupling theories are also ghost-free will be explored.>.

5.2.1 Trivially U-degenerate couplings

Similar to the previous section, there are non-minimal coupling terms that are trivially U-degenerate. Such
terms are,

r r r Lol L LT
[2GMN oV o, [3GRPN oV LoV o Vg, (5.15)

r r r
which do not lead to Ostrogradsky instability. Here fo and f3 are projective invariant functions of ¢, V¢,V ,V, ¢,
and the dual Riemann tensor and the Einstein tensor is defined as,

r 1 r
Guuab’ = ZGMVPUeaﬂ’YéRPUVJ , (516)

r r
GH = GHov,, . (5.17)

r
which are both projective invariant. Note that the Einstein tensor is not the one defined naively, G*¥ #

I T
R* — LR but

T 1 /T r
G = 5 (RW + Py — gWR) : (5.18)

r
where the co-Ricci tensor was defined as P, = R 00

r
Once taken the unitary gauge, V, ¢ « n,, the non-null components of the non-minimal couplings (5.15)
are the terms,

r r g
G"nyn, , GPPn,m, v Vg - (5.19)

3For simplicity, torsion or non-metricity couplings will be ignored. Since both torsion and non-metricity do not have derivatives
with respect to distortion, it can be guessed that such non-minimal couplings will not be problematic.
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Making use of the ADM decomposition of metric-affine curvature, outlined in §A.3.1, the ADM decom-
posed (5.15) becomes,

L v 1 L v F1 F2 1—‘1 IJFQ
Gy = o (R + KM, — KWK, ) (5.20)

T ;o 1
Gﬂal’ﬁnunyryg f}/g = —

r r r r r r r r
1pa’ 3~28" 16’ 2 o 1 28"’ 18’a’ 12
5 S AR G SILEE G el S

1“1 r2 F1 Vl“2 o' r 8 o FB’ o r y o’ B
(K, = KM, ) P = R — R LRIy . (5.21)

which indeed show that they do not have time derivatives of the distorsion tensor in the unitary gauge.
Since, 3 4+ 1 decomposition shows that such terms do not have £,K,, nor £,x%,, Therefore, even if

2 I
(5.15) are included in the earlier action £ = @R—&— L4, the Riemann frame of such action still only includes,
t Ny Yw, Ky K% s Dy - (5.22)

To conclude, the Lagrangian,

Mglr r r r r r T T T
L=—FR+ [G"V,u6V,e+ f3GHPN N ¢V o Vo + Ly, (5.23)

does not contain £, A, in the Riemann frame, which is obtained through integrating out x, and is a trivially
U-degenerate theory.

5.2.2 U-degenerate theories via conformal and disformal transformations

In this section, theories that explicitly contain £,A, but are free from Ostrogradsky instability due to
degeneracy will be explored. Degeneracy implies that the kinetic matrix has zero eigenvalues. Therefore
the kinetic matric could be block diagonalized into null and non-null kinetic matrices. In such “frame”, the
theory is trivially degenerate. By taking this path the other way, one may “generate” a degenerate theory
by transforming the variables of a trivially degenerate theory, such as (5.23). This method is the same ones
that were used to construct was beyond Horndeski theories (the degenerate theories) from Horndeski theory
(a trivially degenerate theory) by the use of disformal transformations [163, ].

Using (5.23) as a sort of “seed theory”, one can generate more general ghost-free theories through field
redefinitions. Furthermore for theory (5.23), since in metric-affine formalism the metric and connection
are taken as independent variables, the transformation of the metric does not introduce new derivatives
of variables due to the lack of metric derivatives in (5.23). For example, consider the following conformal
transformation,

9uv — g;u/ = Q2guy 5 (524)

where  is some function of ¢ and its n-th derivatives. The theory (5.23) will then become,

V=gL

M? ,L L. T T 5, L r T T T i
Qv =G = V0 TPQ R+ foGM'V ¢V, 0 + Q7 ng”“"ﬂVH¢VV¢VaVﬁ¢+Q Ly, (5.25)

where the functions with denoted with bars are the functions of the seed Lagrangian (5.23), f; =
_ r

I D _ T I I
f2 (gv ¢7 V/_L¢7 Vuvu¢) = fi(Q2ga ¢a vu¢7 vuvu¢)
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As long the transformation is invertible , the degrees of freedom will neither increase nor decrease in the
Jordan frame and the conformal frame. However, one may (re-)introduce matter in the conformal frame
which may lead to additional degrees of freedom [165, 35]. For example, a minimally coupled (metric-affine)
matter of ,

M% T
V=g TszR‘i’""i’Lm(g;de)) ) (526)
is equivalent to (5.23) with a non-minimal coupling to matter,

V=g

Mgl r » L

The simplest matter that one could consider is the cosmological constant,
L =—M3A, (5.28)
which yields the term
—Q M2A (5.29)

in the Lagrangian (5.27). Therefore if Q contains £, A4, and its derivatives, the theory (5.27) with just
a constant term (5.28) introduces extra degrees of freedom. Hence, the conformal factor  is commonly
imposed to be a function up to the first derivative of ¢. i.e. X. However, as shown in the previous section,

rr

VV¢ does not contain £, A, in the unitary gauge as long it’s constructed to be projective invariant. Thus
rr

one may include VV¢ in the conformal.

Therefore, here and on, it will be assumed that

T rr
Q=0(g,6,V,0,V,V,0) (5.30)

and is projective invariant, such that non-minimal couplings of matter do not introduce the Ostrogradsky
modes.

Noting that the cosmological constant in (5.28) can be absorbed into the definition of L, the conformal
transformation of the action (5.23) becomes,

I T I T N T N I I
AR+ foGM'N ¢V, 6 + f3GPPV 0V, 0V o Vb + Lo (5.31)

with the four arbitrary functions f1, fa, f3, Ly as,

M?2 _ _ _
fr="F0, fa=fo, fs=F07", Lo =Ly, (5:32)
Now, consider further generalization of conformal transformation [163],
g = g = Q3 (g T, (5.33)
r r r

where TH = TH gt ¢ V,¢,V,V,¢ is a projective invariant and symmetric tensor. Furthermore, g"” is
assumed to be non-degenerate and thus invertible. Note that the transformation is defined through the
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inverse of the metric, rather than the metric itself just for convenience. Obviously the inverse of g"” exists
when,

QS

mdet(gﬂu) ; (534)

det(guv) =

is non-zero.
For simplicity, consider disformal transformation [117]

T I
TH = YVHGVY b, (5.35)

r r r
where T = T(¢"",0,V,¢,V,V,¢) is some projective invariant scalar function. Since both the Einstein

tensor and the dual Riemann tensor are constructed through the Levi-Civita tensor, the novel coupling only
arises from the Ricci scalar. Thus in the disformal frame, the seed theory (5.23) becomes,

r r r T r r r r T r T
Lyp = LR+ [.G"'V, ¢V, ¢ + ng“a”ﬁV#gbegbVanqt + fuRWV OV o+ Ly, (5.36)
with
M20? _
N AVIFTX
fl 2m7 f2 f2 ;
_ MZ2QO2Y
=Q2HVI+YX, fi=—2— |
Js= s h= o aTTx
Ls=0"LyV1+TX, (5.37)
r T
where X = g""V ¢V, ¢. This new theory have five arbitrary functions f1, fa, f3, f4, L4, however cannot be
taken freely. This is because the regularity/invertability of the disformal transformation constrains that 2

and 14+ TX must not cross zero nor diverge, and thus f1, f1 + f4X # 0.
Recall that the Einstein tensor was defined as

T 1 /T I r
GHV = 5 <RMV + Ruaya - gMVR> .

r r r
Therefore, the Ricci tensor coupling R, V#¢V¥¢ that appeared cannot be absorbed into the Einstein
tensor through the redefinitions of functions.

5.3 Quadratic scalar-metric-affine theory
In this section, a concrete scalar-metric-affine Lagrangian and its Riemann frame counterpart will be con-

sidered. The most general projective invariant Lagrangian, constructed up to the quadratic order of the
connection and scalar ¢ and its derivatives is,

L L v L L L L Fu gall’ gall’
Lep1(g,T,0) = iR+ foG'"'V 0V, 0 + faR,VH OV ¢ + Fy + F3L5" + Fu L5
v v L L L L rr gall'\2
+ CrelPoet v r UVH¢VM'¢VVVV/¢V[pr/]¢ + Cz(£3 )

r T I T
+C3(9"79"° 9" — ¢ g7 9)8,00, 0V oV 56V, V5. (5.38)
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Here, the Galileon terms are constructed as,
,, I T T T
L8 = 2P0 B N 0V 0 6V gV i, (5.39)

- s oy LT r T I T
L8 = P08 7V 0 SV sV 3 9V Vo, (5.40)

and f1, fo, f1, Fo, F3, Fy, C1, Co, C3 are some arbitrary functions of ¢ and X := (9¢)2.

The constructed most general projective invariant Lagrangian up to quadratic connection (5.38) is a
concrete example of the ghost-free scalar-metric-affine theory that was analyzed earlier (5.36). Furthermore,
C7 does not appear in the final expression and can be set as C7 = 0 without loss of generality as shown in
§4.4.

Recall that in §4.4 it was shown that for Cy = C5 = 0, quadratic DHOST is derived (in the Riemann
frame) and scalar self interactions are given as (first-order) Galileon terms C%alr and Lialp. Thus as for
(5.38), it is not a DHOST theory and thus may inhibit Ostrograsky ghost. In the rest of the section it will
be shown that in unitary gauge, however, (5.38) is ghost-free.

(5.38), once integrated out x computes,

g
‘CqU(ga d)) = fR + P+ nguu¢uu + QQQZ)MQZ)MV(ZSV + (/’il + )f;) LEQ) + (Kg - £) Lé2)
2f  Afx 1 (2) 2fx  2f  2K1)\ ;2
+<AXV2_X +20I{1+2|:30'—X:|I{2>L3 + OZ+7X _F_Y L4
a | 2fx 1 , 20 1%\ 2
+<_X+)(2+I€1 I:)(2+30' —X:|+:‘€2 |:30'—X:| L5 y (541)

where

L = 0", LY = (¢")2, LY = ¢# 6" dud?y, LD = ¢ 679, , L) = (¢#¢"¢u)?.  (5.42)

The functions f, P, @1, Q2, a, K1, Ko, 0 are,

X
r=n-2% (543
3X(gy — 2F4X)?
P=F 5.44
2+ 8fg +4X2[C} + 2(F} — 6C4X)]’ (5:44)
29(gy — 2F3X)
— 9 5.45
Q=20 F o r T TRoMCL 2k — 600X)] (5.45)
2fs (9 — 2F3X)(29 — 39x X)
_ e 5.46
Q= X[2fg+ X2{Ch + 2(F} — 6CyX)}] (5.46)
__fox(4g+9xX) — 4fxg(g + 29x X) + 205 X (f? — 3f fx X + 43 X?) (5.47)
2¢9°X — CLfX3 ’ '
gQ

S T RX (G- FpXC (548)
. §*(2fg + X*(2F| ~ 404X — C})) 5,19

X(fg—(C5— Fy)X?)[2fg + X2{C4 + 2(F} — 6C3X)}]’
o= (5.50)

= %
with

g=flfi+ f1X), Fy=Fs(fi + [1X), Fi = Fa(fi + f1X)*, Cy = Co(f1 + 2X)?, C4 = Cs(fr + [1X)?.
(5.51)
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Taking the unitary gauge, the Lagrangian (5.41) becomes,

EqU = Azkﬂu’aﬁ (K;Lu - O"Y/MJA* £7LA*) (Koc,B - O"ya,ﬁA*vEnA*)
+P—(Q1— A2Q2) £, As — Au(2fs + Q1) K", + fPR+ (2fx + A2a)D, A D" A, (5.52)

where
K108 — (g y a4 o qivaeBy (5.53)

Recalling the degeneracy conditions of U-DHOST given as (2.483), the theory is indeed U-DHOST.

Finally, note that for cases fi = 0 and f; + f4X = 0 the transformation to Lagrangian (5.23) is not
regular and thus the dynamical degrees of freedom may differ. Indeed for g = f1(f1 + f4X) =0, k1 = k2 =0
and thus K#*# = ( which from (5.52) renders the theory having no degrees of freedom.

Also notice that when o = 0 and thus gx = 0,

3X (gy — 2F§X)
2fg + X2[Ch + 2(F} — 6C5X)]

Q1 — A7Qs = gx —0, (5.54)

(5.52) does not have explicit dependence of £, A, and leads to a trivially U-degenerate theory.

5.4 Hamiltonian Analysis of the Theories

In this section, a detailed Hamiltonian analysis will be conducted in the Jordan frame and showed that indeed
that the theory is at the least Ostrogradsky ghost-free in the unitary gauge. The notation and related topics
of ADM decomposition in metric-affine formalism are given in §A.3.1.

r T
First of all, the connection dependent second-order derivative V,,V,¢ of the scalar field reduces under
the unitary gauge as,
r r ~92 ~1 3 1
ViViud = nuny (£nAs + Askis) — (D As + Askiy) — 1y (DA + Asky) — AC, (5.55)

The terms k. and /%L are projective modes and thus do not appear in projective invariant theories. Now by
defining a new variable,

V=&, — D,N/N. (5.56)
The second-order derivative can be expressed as,
r T r
V.Vyp=—-An,V, — A*Ki# + projective modes. (5.57)

Therefore, for any projective invariant theory, the second-order derivative will become arbitrary functions of
r
t,N,¥*,V,,K,, in the unitary gauge.
Consider the following Lagrangian
r
L=F"R,p0+ Ly, (5.58)

r r r
where F#*"?7 and L4 consists of g"”, ¢, V0,V .V, 0.
Since the curvature tensor is anti-symmetric in the last two indices, without loss of generality, it can be
taken as F#(P?) = (. Just for simplicity consider F**P? given as the form,

FHvpo — Frvpo 4 Fﬂ”[”n"]n“ — Fﬂ“[pn”]n” + Faa‘”n“n” . (5.59)
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Recall that the projective transformation of the Riemann tensor is,

I I
Ryuvpo = Ruvpo + 20,000, - (5.60)

Therefore, by considering g, F'**?? = 0 the projective invariance of the Lagrangian is guaranteed for F***7
and Ly are projective invariant. Thus the considered functions Fi, Fy, F**?? and L4 becomes functions of

t, N,y* VM,IC ,, in the unitary gauge.
(5. 36) considered in the previous section. reduces under the unitary gauge as,

Lup = F“”pa + fiylenint — (f — Aif4)'y“[pn”]n"} ;{IWPU + Ly, (5.61)

where
PO = S0+ ALy — ALK )oY L ABFKIHey L A3y (5.69)
Thus, (5.36) is a subclass of (5.58) by choosing appropriate functions in (5.59). With (5.58) being more

general, the rest of the ghost-free analysis will be conducted from (5.58).
Following §A.3.1, the Lagrangian (5.58) under the unitary gauge can be ADM decomposed as,

I r T Iy
NL = N|Fy" £,K,,, + Foy" £,K, — (FIK™ + F KK,

1% P'%owo
— P\V,k"",, —V,,DFFy + D*Fy + 7% D, Fy + F, D, k""",

A ~ r r
R (R + 2D, REL 4 2kF10 GFL L okCL K2 ) ookl 2,

r r
— (FKY, = FoK2, )R 4 (DY Fy — BP0 )il + L) (5.63)
where the following projective invariant variables were defined,

PI PI -
Kywp = Rpvp + ’y’“,lill), Ky 1= niy + Vuw o - (5.64)
R r
Recall that, since the theory is projective invariant £y, Fp, F**P°, L, are functions of only ¢, N,v*¥,V,,, IC}W.
Therefore, the Lagrangian is linear with respect to /@5}3 and /%i which can be considered as the Lagrangian
multipliers.
The time derivative of the given variables are to be given as £;, where the time vector is defined as,

th = Nn# + N, (5.65)

with N and N* being the lapse and the shift vectors respectively.
Thus this theory has the following 116 canonical variables of

(N, mw)s (NF )y (Y, T, (’Ciwﬂ‘f") (’C2

pvo

T5Y), (Ko TIET7), (Vo TI)

;u/pv

There are 70 primary constraints,

v ~0, mm,~0, Ig’=~0, II*=0,
Y TFA™ 20, T iR

I r
P ?(Fllcl(#u) + FQICQ(#V)) ~0, (5.66)
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and

Fl F2 v Pluv
Fl’CHV_FzKVM%()?DF?_FzH ;1,%0- (567)

Using the constraints, II}"” — \/7F17*" ~ 0 and 114" — \/yFoy* ~ 0, the functions F} and F; can be replaced
as Iy := 7, 111" /\/7 =~ 3F, and II, := 7,115 /\/7 ~ 3F, by redefining the Lagrangian multipliers. The
total Hamiltonian which has to be considered is thus,

Hiot = / &z (Hy + M, + N, + A @7 | (5.68)

where

N I I
= N[ P77 (R + 2D + 2651 15 + oK1, K2,) — 2F,7m K K2,
- - - - 1~
— gnlvﬂn”% - §VHD“H1 + §D2H1 + gnpl“”uDyﬂg + gnzpmpl% +Lyl, (5.69)
and
Holo) = sy [ LoP ) ExQaly) (5.70)
a SNH(x) ' '

£ is the Lie derivative with respect to the N*, whereas Q4 and P4 are the following canonical variables;

A= {N77W,IC1 IC2 V,} and PA = {my, o TIMY 147, TIEYP, TI#}. Finally, ® and A; the 67

pv N pws p.up?
primary constraints and their associated Lagrangian multipliers,

Ar®! = Ay + A B+ AT+ A (T — A FI™) 4+ A%, (T — A Fay™)
A [ L0 4+ FIC20) | 4 2 NI, — Tk, + 5 VAN, — Tanfl ),
(5.71)
with
MW = NP\ — _NgBe (5.72)

since there are just Lagrange multipliers.

Similarly to general relativity, the time preservation of 7, ~ 0 Iwill lead to the momentum constraint
‘H,, ~ 0 which are first-class since spatial diffecomorphism invariance is assured. Likewise, the time preservation
of the other constraints computes,

So(ta) = [ @M )+ (@ 00), [ @)+ gelta x0. 6T
with the matric M’” defined as,
MU = {81 (t,2), 87 (1, )} (5.74)

If this matrix M’/ has eigenvalues that are zero, this leads to some of the Lagrange multipliers to be not
determined which may then compute secondary constraints if —<I>I ~ 0 are not satisfied.
To see how many secondary constraints are obtained, it is clearer to see in the following ansatz,

Frvee — fpapleyviel (5.75)
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with the functions F}, Fs, F being constant. Then 31 components of the set of Lagrangian multipliers will
be left undetermined,

v, M

K

1
Fidy) = FoAts Ay = 3700007 (5.76)

wrp

which will then lead to the following 31 secondary constraints,

d7rN~£¢+N6L—FVa o’

dt ON
. I
+ F(/claa/cw 5 — iclaﬁicga +R(y) — £7PVREL 4+ Do™TPg) ~ 0, (5.77)
d oL
S =N (av¢ - FmPI“aa> ~0, (5.78)
"
1 d_ [ 1d[u] 2F T 1 0Ly
— - M ~ —N | =t - — ~0 5.79
Frdt ! Fydt 2 7, Fi T, ; (5.79)
(V]

d 1 - . .
g (HWP - Sywnuua) ~ —NFVFiy"? — NFRPWPH — NFRPIP — Py?P DN

1 ~ ~ ~
+ 57 (NFlV” + NExPIv | NpgPlve FD”N) ~0. (5.80)

Let the secondary constraints be denoted as ¥? = 0.
For this theory, the number of degrees in phase space is thus reduced to

Hdor<116— 6x2 — 67 — 31 =6. (5.81)
TuR0,H, R0 PIx0 Wix0

Therefore, at the most, there are three degrees of freedom and thus there are no Ostrogradsky ghost is the
Lagrangian 4

One could extend the discussion to generic functions of F1, FQ,F #vpeo — Although the analysis becomes
tedious, the structure does not change and it can be confirmed that even in general cases the degrees of
freedom are at the most 3.

Again, similarly, the undetermined Lagrangian multipliers are,

AN, ML BN, — B, AL, - ;WAEL“ , (5.82)
which will lead to secondary constraints,
%mvm%/\ a+%vaa+mzo, (5.83)
%H“ ~ %Ama 252 A4+ 0, (5.84)
1d ) 1d_ju 1 OF 1 OF
7 dtn[{‘ - E%H[{L J ~ 7 ;FC[I;] A, + Fla;ac:wa om0, (5.85)
% <H;wp _ ;,YWHW(X> ~ox0 (5.86)

4There are possibilities where the degrees of freedom may reduce further resulting in theories that have less than 3 degrees
of freedom. For example a first-class constraint in ®! ~ 0, U ~ 0 or a tertiary constraint %\If =~ 0 can reduce the degrees of
freedom. Theories that have two degrees of freedom in such a manner are known in minimally modified gravity theories [166, ]
and cuscuton theories [168, R ]. In this chapter, however, since the interest lies in the absence of Ostrogradsky instability,
such discussion will not be conducted.
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The equations (5.83)-(5.86) again give the 31 secondary constraints. Therefore, the Lagrangian (5.58) with
(5.59) has at most 6 degrees of freedom in the phase space and does not have Ostrogradsky instability in the
unitary gauge.

5.5 Summary

In this part of the thesis, the properties of projective invariant scalar-metric-affine theories were investigated in

the unitary gauge. It was first shown that the projective invariant function of the form L4 = £¢(%, %gﬁ, %%(b)
is trivially U-degenerate, i.e. does not have £ A, in its construction and thus Ostrograsky ghost-free. Then
based on the action with trivially U-degenerate couplings (5.23), U-degenerate theories were constructed
through an (invertible) transformation of the metric. Then, as an example, a concrete theory (5.38) was
considered, which is also the most general scalar-metric-affine theory up to the quadratic order of the con-
nection. It was shown that this theory is U-degenerate and thus a U-DHOST theory. Furthermore, it was
shown through Hamiltonian analysis that indeed such theory is free from Ostrogradsky ghost in the unitary
gauge.



Chapter 6

Cosmological Perturbations in Palatini
Formalism

Based on  ”Cosmological Perturbations in Palatini Formalism”
Authors:  Mio Kubota, Kin-Ya Oda, Keigo Shimada, Masahide Yamaguchi
Journal: JCAP 03 (2021) 006

In the previous parts of the thesis, many Palatini and metric-affine theories were analyzed in the Riemann
frame, i.e. the frame where the solution of the connection was substituted. Riemann frame is, in general,
useful since tools of the usual metric formalism can be utilized. However, it is non-trivial that the Jordan
frame and the Riemann frame compute the same quantities even in perturbation theory. Therefore, this part
of the thesis analyzes both frames and shows that indeed these frames compute the same physical variables
within cosmological perturbation.
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6.1 K-essence with its non-minimal coupling to Ricci scalar

In this section, a theory of K-essence with a non-minimal coupled Ricci scalar will be considered. The action
is

g, Jordan . — / d*z\/—g {G4(¢,X)JF% + K(qS,X)} , (6.1)

with X := —% 9" 0,¢ 0, ¢. The first term is a coupling of scalar and its kinetic term to the Ricci scalar where
as the second term is the so-called K-essence term, recall (2.430).
Notice that, unlike in metric formalism, the following counter-term for the L4 Horndeski action,

L7470 = Ga(g X) R+ Gax [(6)” = (64)7] (62

is not necessary in order to keep the equation of motion second-order in derivatives as shown in §2.5.3. For
the Palatini Lagrangian (6.1), however, this counter term is unnecessary to keep the equation of motion to
be second-order. Furthermore, as will be mentioned later, such covariantization of this counter term can lead
to dynamical connections and dynamical and introduce new degrees of freedom in Palatini formalism.

There are 3 ways to analyze the theory (6.1); Einstein frame, Jordan Frame, and Riemann frame. Einstein
frame, which is the most conventional method, is the result of the conformal transformation of the metric
which leads to an Einstein-Hilbert action, which usually makes the calculations drastically simpler. Jordan
frame (6.1), on the other hand, is the most physically straightforward, although in general is tedious. Finally,
recall that the Riemann frame is the frame in which the solution of the connection is substituted, which is
possible since the connection is an auxiliary field and non-dynamical. Such frame is on-shell fully written in
Riemannian geometry and is neither Einstein nor Jordan.

All of these frames are related to each other through an invertible redefinition of the variables and should
compute same results, which are the observational variables, in the different frames coincide. Through the
sections that follows it will be shown to be indeed the case.

6.1.1 Analysis in Einstein frame

Similar to the analysis done in it’s metric formalism counterpart, consider the following conformal transfor-
mation of (6.1) under,

guy = G4g/1/y. (63)

Then the Einstein frame action is obtained as,

mstei o~ .t K(p,G4X)
S Einstein _ /d4x /_ Ly g L+ ) / 6.4
* g9 G4* (¢, G4X) (64)
Here the Einstein frame variables are denoted with a tilde and in the coordinate i#; X := —% g“”éﬂgb&,gzﬁ =

G,'X.
This resultant frame is nothing but the Einstein-Hilbert action plus some k-essence term. Thus, when
assumed no torsion, the connection can be uniquely solved as

™, = {u/\u}g ] (6.5)

Then one obtains the Einstein-frame action written purely with the conformal metric g, as,

. . ~ ~ ~ U§ % v
5, frnstein| 0, = / d*z\/—g {g“ Ruy + K(¢,X)| . (6.6)
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g
Here R,, is the Ricci tensor defined through the Levi-Civita connection of the g,,. Finally, the Einstein
K-essence function is defined through the Jordan variables as,

R(6. ) = m (6.7)

Recall that the "Einstein’ frame of the action (6.2) also is a minimally coupled k-essence action. However,
the relation of the function K (¢, X) between Einstein and Jordan variables differ.

Now consider proceeding into calculating the cosmological perturbation of such action. The cosmologigcal
ansatz of the Einstein frame metric and coordinates are taken as,

45% = — K24 + 3y (5 + NidP) (a3 + N7 (6.8)
where N and N are the lapse and shift. The perturbation of the scalar field is,

o(t,3") = ¢u(t) + 60(t, 7). (6.9)

Firstly, consider calculating the tensor perturbations. The ansatz is as follows,

N ; (6.10)

N; =0, (6.11)
- - 1 .~ -

B = a(t)’ (5ij+hij+25klhikhjl>7 (6.12)

5p = 0. (6.13)

Substitution of this ansatz and computing up to second-order results to the quadratic action of the tensor
perturbation of [113],

. . 1 - ~ 1 -~
5(2)S4E1nsteln,tcnsor — Z /dt 437 C~L3 |:h,’5 _ az(akhij)Q] , (614)

where the prime denotes the derivative with .

As is obvious from (6.14), the sound speed of the tensor perturbation is unity. Thus the gravitational waves
propagate at the same speed as that of electromagnetic waves. Recall that in metric formalism, however, the
speed of gravitational waves differs from that of light as was shown in (2.496) for G4 = G4(¢, X). In Palatini

formalism even when G4 has X dependency.
Next, let scalar perturbations be considered. The ansatz of the metric is taken as,

N = 1+a, (6.15)
N, = 9,5, (6.16)
Yij = 6(5)282';51‘3', (6.17)
( = —P+ },[(t) 5¢, (6.18)

where the Hubble parameter of the Einstein frame is defined asH = %
After substituting the ansatz and solving the auxiliary fields @ and [, the quadratic action for the scalar

perturbations are [113],

6(2) S4Einstein,scalar — /d£d3i' d?) [gSCIZ _ ﬂ(515)2‘| , (619)
a
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with
~ 6X K
fS = .,7{(., = Z€
K +2XK¢
_ 6X(2KGyx — KxGy) (6.20)
(K —2XKx)G4+3KGyx X’ '
g — G(Xf(f( + 2):(2}%)35()
-K+2XKg
B 6X
- (G4—G4xX)2{—K(G4+3G4x)+2XKXG4}
x [-6X?’KGiy + X (8K + 5Kx X)G4Gix + (Kx +2Kxx X)G}
—2{K(Gux +2G1xxX) + XKx(3Gsx — XGaxx) + X’ KxxGux}G7] . (6.21)
Here € := —% and all of the functions on the right-hand sides are evaluated at the background.

The ghost and gradient instabilities make the predictability of the theory ill-defined, thus taking the
following conditions,

Fs=2 > 0,
g~S > Oa

are necessary to avoid such instabilities.
The sound speed of curvature perturbations can be then read off from (6.19) as,

-
& = =
Gs
_ Ky
. Ki+2XKgg

= (G4 — G4XX)2 (—2KG4X + KxG4)
X [ —6X2KG3y + X(8K + 5XKx)GaG2y + (Kx + 2XKxx)G3

—1
—2[K(Gax +2XGaxx) + XKx(3Gsx — XGuxx) + X*KxxGux)|G3|

(6.22)
and again all of the functions are evaluated with respect to the background.
When assumed G4 = G4(¢), the sound speed of scalar perturbation reduces to
K
~2 X
=~ 6.23

which is the same as that of k-essence in the metric formalism as was in (2.508). One notices that the form
of G4(¢) does not affect sound speed of curvature perturbation.

Similar to [113], consider defining the variables,
. & ~ gN/S
==, === 6.24
fs=g2 9s=% ol (6.24)
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Using the constant-roll assumption of € ~ const., fs ~ const., and gg ~ const., the power spectrum and the
spectral index of the scalar perturbation are given as

5, _ ds 1 H?
Pe = 5 éég 4m? ’ (6.25)
—kys=1
fis—1 = 3-—7pg, (6.26)
with,
djs = Z2di, (6.27)
g = —o_ctds (6.28)
2-2—fs+37s
N ses |D(s) [° _ fs  §s
. 92Us—3 1—c—22 422 6.29
Vs 1—‘(%) € 2 + 2 ) ( )

where I'(s) is the Gamma function.
In the limit of €, fg,gs < 1, the tensor-to-scalar ratio becomes,

i = 16écs. (6.30)

Therefore, all observational variables in the Einstein frame are computed.

6.1.2 Analysis in Jordan frame

In the previous section, it could be noticed that the Einstein frame analysis was fairly simple. In contrast, as
it will be shown, the Jordan frame analysis is tedious and lengthy. First, recall the original Lagrangian was,

g, ordan _ /d4x\/fg [G4(¢, X)]F% + K¢, X)| . (6.31)

From the equation of motion of the connection, which is algebraic, the connection can be uniquely solved
under the torsionless condition as,

1
r, ={ kgt 59*0 (295 (40v) In G4 — 91,0, In G4) (6.32)

which coincides with that of the Einstein frame (6.5). When 0,¢ = 0 the connection reduces to the Levi-
Civita connection, and G4 effectively becomes the Planck mass. Thus at the end of the dynamics of the
scalar, such as the end of inflation, the theory becomes simply Einstein gravity.

Under the cosmological ansatz, non-null components of the background connection fAW is

0, — %% Gy, (6.33)

% = a%; (H + Ld In G4> (6.34)
K * 2 dt ’

_ , 1d

[y = o (H +5 04) : (6.35)

with £ InGy = 2 InG,.
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Now upon this background connection, let the perturbations be calculated. Firstly, for the tensor pertur-
bation, metric is perturbed as (6.10)-(6.13) with tilde-less quantities. The connection is perturbed around

the background solution as,

0
FOO

%
FOO

I

ij
i

i

1d
= 771
5 dt nG4,

= rOiO =0,

1d
= a25ij <H+ lnG4> +D1)ij,

2dt

i ld i
= 0 (H+ lnG4> + Dy,

2 dt
= 0'Dajp + 2a(jD4fk) ;

where the tensor perturbations of the (torsionless) connection are denoted by D ;; .
The non-null components of the Ricci tensor can then be calculated as

r : 1. d
Ry = —3(H+H2+H

L 2
Rij = aéij

. d
+D1i; + (H +o In G4> Dy ij — 2a° (

2 dt
d

1 . _ )
In G4 + iln G4> - DQl,jDz?i,

: s 1. . 5 1/d 2
H+3H +§111G4+§H£1n6‘4+7 —InGy

2 \dt

1d
H+=-—1In G4> Dy ;5 + akakDS,ij

2dt

— Dy kD3t — Dy Dk, — (alD?,ik v 26(iD4f,€)> (8kD3jl + 20@-1)4,1)’“) .

The quadratic action of the tensor perturbation then becomes,

52 { / d*z\/—g <G41F% + K> }

= /dtd3IG4a3 |:D271'jD2ij
17 - d 2
+h] Dl,ij+ H+£IHG4 Dl,ij —2a H—|—*f

1 .. . 1. . d 1
+§h”hij {H+3H2 + 5hnG4+ gH—lnG4+ = <

a?
1d
2 dt

dt 2

1 L
{2D13;D,7 + 89 (8 Dy + 204D, ) (9" Daji +20D,%))

In G4> Dg,i]’ + 6k6kD3,ij) }

ma) )]

(6.41)

(6.42)

(6.43)

Noticing that all of the tensor perturbations of the connection are auxillary fields, i.e. they are not dynamical,
they can be solved by using their own equations of motion,

5(63)59)
6D 4

1 6(689)
a3Gy 0Dy ;j
1 6(68)
aGy 0Ds3 ;5
1 6(69)
aGy 0Dy4j

—aGy {21)2”' + hY(H + 4, G4)} + %(aGW‘J’ ),

d

- 2 - ii
2D, — ﬁDl” + 2hY (H
2080, D7 — 9% o h

20%0), D, — 2080, D, .

t

1d
+ 2dtlnG4> )
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Which can be solved as,

DY = i, (6.44)
i 1... y 1d
%] _ 2 | -5 (%] -
D, a {Qh +h <H+2dtlnG4>}, (6.45)
D = ZhY, (6.46)
Dy = Zhi. (6.47)

Recalling the analysis of the Einstein frame, this indeed matches the perturbation of the background connec-
tion (6.32) itself.
Which in regular tensor notation is,

1

g g 1
ig)\a <2V(N59V)U - Va(sgILV) + 5 (gl‘l’(;g)\a - g/\gag#l’) 3‘7 In G4

1 A o 1—)@—
+TG4 (5@ v~ 59 guu) (6.48)
g af af af g af g
X | Gaxda®pVs09™" +2G1x Po(a?p)09™” + ¢atpdg™’VolGax — Gaxdadpdg™’VeInGy |,
(6.49)

6T, =

where perturbed variables of the metric and connection were defined as, g, — guv + 094, and FAIW —
r v +oTA uv- This solution can also be directly obtained by perturbing the S, Jerdan aetion (6.1) and solving
it with respect to 5F)‘,W.

Nonetheless, the tensor perturbations of the connection (6.36)-(6.40) is indeed consistent.

Finally substituting the solutions of D,", the final form of the quadratic action for the tensor-perturbations
are derived as,

T
s — o [ (e )

1 : 1
1 / dtd3xGya® {hfj - aQ(akhij)?] . (6.50)

Indeed it is confirmed that, the speed of gravitational waves is unity, and matched the analysis of the
Einstein frame.

The Einstein frame variables and the Jordan frame variables under the cosmological ansatz can be mapped
upon by d3? = G4(t)ds?, when written explicitly, is the form

dt = +/Gu(t)dt,
dx = dx,
a(t) = Ga(t)a(t),
hij = hij.

Substituting this into the Einstein frame result of tensor perturbations (6.14), indeed one obtains the result
of the Jordan frame (6.50).

The same calculation can be done for the scalar perturbation. The ansatz for the scalar perturbations
of the Jordan-frame metric are the same as the curvature perturbations given in (6.15)—(6.18) which in the
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current scenario is tildeless. The scalar perturbation of the torsionless connection takes the following ansatz

of

1d
]_"000 = 5% In G4 + ¢y,
% = ca,
1d
Foij = a2(5ij (H + 5@ In G4
oy = e
i i 1d
I jo = 5j <H + 5%

) + ¢30ij + ca,ij,

In G4) + CG(S§ + C7’i7j,

I = djkes” +6(;cok) + c10” jk-

(6.51

(
6

S O
ot ot

51)
52)
53)
(6.54)
(6.55)

(6.56)

Substituting both the metric and the connection ansatz, once the action is taken up to quadratic order in
perturbation variables, the scalar perturbation of the connection ¢; can be solved through their own equation

of motion as,

C1

C2

C3
Cq

C5

Ce
C7
C8

Co

C10

<1 n G4X¢2> o 4 QGax [2<i><i5+¢32$1n(

2G, 2G,
1.d Gax §?
: d G4Xq.520é Q
2 PR — R — JR—
a C+<2H+dtlnG4>(C a) + G, a+2
_ﬁ7
N Gax ¢
e a—|—6+2ﬁdtlnG4—|— G, (a+2Hﬂ)],
. Guxd’a | a 6 d Gax
SRR {a+2¢5 dtln<G4>}’
0,
Gaxd?
—(C+ HB) + X (o 1 2mp),
2G,
Gaxd?
2 — 4X9 (a+ 2HP),
Gy
0.

Gux
Gy ’

é d

~— + —1In

o dt

which also matches the Lorentz invariant tensor notation derived in (6.49)
Substituting the solutions, and again solving a and [ results as the quadratic action for the scalar-

perturbations,

(

Gax
Gy

it

I .
§(2) g Jordansealar — 5(2) ( / d4x\/TgG4R> = / dt d®z a® {gs(" - %(8@()2 :

(6.57)

(6.58)

(6.59)
(6.60)

(6.61)

(6.62)

(6.63)

(6.64)

(6.65)
(6.66)

(6.67)

Here Fs = G4(t)Fs and G = G4(t)Fs with Fs and Gg being the same form of (6.20) and (6.21). Therefore
it is indeed confirmed that the sound speed cg coinciding with the computed result of (6.22).
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Recall that the conformal relation of Einstein and Jordan metrics were, d3? = G4(t,z%)ds?, which com-
putes the following relation for the perturbed variables [171]:

. 260G,

N o= Netga (6.68)

N; = G4t)N; (6.69)
. 25G4

b= vtag (6.70)
{ = ¢ (6.71)

with 6G4(t, %) = G4(t, ") — G4(t). This result shows that indeed the obtained quadratic action is the same
one obtained in the Einstein frame analysis under the redefinition,

dt = +/Ga(t)dt,

dx = dx,
i) = VGaDal),
{ = ¢

It is known that conformal transformation does not change observables [171, ]. Thus, the amplitudes
and the spectral index of scalar and tensor perturbations are also invariant. Thus the tensor-to-scalar ratio
is also unaffected,

Fs

— 16
" 2G,

cs = 16€¢; = 7. (6.72)

Therefore, all observational variables in the Jordan frame, although tedious, are computed.

6.1.3 Analysis in Riemann frame

In the previous sections, the perturbation theory of Einstein and Jordan frame was considered. The former
is obviously only possible when such a frame exists, while the latter is tedious and lengthy. In Palatini
formalism, it is common that the connection is non-dynamical and thus can be integrated out. Thus in
many Palatini theories, a Riemann frame exists while Einstein’s does not. Therefore it is useful to see how
perturbations work in the Riemann frame

For the current case, consider substituting the solution of the affine connection (6.32) into the action(6.1)
1. Thus the Riemann frame action is obtained as,

(VG4)

£4Riemann _ \/jg G4R + — 5 7G4 + K

g 3
- V=g |G.R TN (2G3,X + 2G19Gix " Papd’ — Gix ¢ bapd™ ¢y) + K
(6.73)

This frame computes the same equation of motions of the metric and scalar as (6.1) and thus could be
considered dynamically equivalent.?

1 Although it is less known, it is possible to integrate out the metric, since it too can be taken as a non-dynamical variable
in the context of Palatini formalism. The formalism of purely affine connection theory is called Eddington formalism, and one
may consider inflation in such scenarios as outlined in [146, ]

2Note that although the physics of the Einstein frame and the Jordan frame are equivalent, the physical variables are not
the same. On the other hand, the Riemann frame and Jordan frame uses the same variables.
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As commented in the previous parts of this thesis, this action is a gqDHOST of class 2N-I/Ia [122, 1,
as first noticed in [35]. Cosmological perturbations of such theories were conducted in [123, , ], which
will be the that will be followed here. In order to directly compare with previous works, consider defining
the following functions,

[ = Gy
K = K- 36215)( +6Xa% %d}(,
0 = s [ Gy
4 = Bix,
Then the action (6.73) reduces to the DHOST action, see §2.5.4 considered in [123, 174, 175] as 3
L=fR+ K+ QU6+ At Bt ,. (6.74)

with the degeneracy conditions (2.450) automatically satisfied.
The quadratic ADM action is then [123, , I,

) M? - 3 3
gl femam = P = {(mijm” —0K? + R‘Sa—g‘/ﬁ +0® R+ agH*SN? + 4HapdKN
3 . o D3 9
+(1+ am)RON +4510K0N + B0N* + —Z(9:6N)* ¢ . (6.75)

3
Here, R is the spatial Ricci scalar, and KC;; is the extrinsic curvature. The functions were defined as follows,

M2
2

2HM?*ap = —4XXA,+203X —4HX)fx +2V-2XXQ1x + 4XXKxx,

M?2 . .. 1 . . ..

5 Hlax = (4HXX —3X* +12XX)As + X (12HXX +7X% +4XX) Aix,
+2X2 X% Ayxx +6X(2H? + 3H) fx + 12X%(H 4+ 2H?) fx x +4X%Q1x
—6HX*V-2XQ1xx,

apg = ,QM
f 9,
ar = o = 0,
X
ﬁl = fLa
f
FxX\?
I
f
2fx X X
B = - fx (2_3fx )
f f
30ne must note that the original papers of DHOST theories [123, R | have different notations with this thesis since,

the authors took X = (9¢)2.
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Now, substituting the ansatz for tensor perturbations of tildeless (6.10)-(6.13) , results in,
iemann,tensor 1 ] 1 ordan,tensor
5(2)£4Re stensor _ g /dtdeM2a3 [h?j _ (ﬁ(akhij)2:| — 5(2)£4J dan,tenso ’ (6.76)

which precisely matches that of the Jordan frame.
Similarly, substituting the scalar perturbations of the metric (6.15)-(6.18), the quadratic action becomes,

2 ) )
QBMT [-6(¢~ 318 + 12 [(1 + ap) ~ Brd] o

H?(ax — 6 — 12ap)a® + 4 [g’ B — H(1+ aB)a] 3

(2) Riemann,scalar

1
? [2(8C)2 + 4(1 + aH&»C&»a + ﬁ3<8¢0¢)2>] } . (677)
Variation of S computes,
o= ;., (6.78)
H(l1+ap—p1)
where ¢ was redefined to §~ as,
{=(-pia, (6.79)
Which computes the quadratic action for the curvature perturbation as
A2
. } M2 - aZC
Riemann,scalar
5(2)54 e cala :/ancdta37 A5C2+B§( az) ’ (6.80)
with
A = v ak + 602 —Li(cﬁHMza B1) (6.81)
C - B 2 K B CL3H2M2 dt BP1 bl .
(1 +ap — ﬁ)
2 d [aM?(1
By = 2- 2[a ( +O‘H+.Bl)] (6.82)
aM?*dt | H(1+ ag) — B1)

Substituting the forms of the functions with respect to the original Riemann frame action variables, it can be
shown that the scalar perturbation matches with (6.20) and (6.21), i.e. MT2A§ = Gg and MTZBé = Fg. Again,
just as in the tensor perturbation analysis, the quadratic action of the Riemann frame is the same as the one
of the Jordan frame (6.67). Therefore, all observational variables in the Riemann frame are computed.

As a conclusion, in this chapter, the perturbation analysis around the cosmological background for Ein-
stein, Jordan, and Riemann frames were conducted and as a result, it is confirmed that the observables are
indeed the same for all frames, i,e, the power spectra, and the sound velocities for both the scalar and tensor
perturbations. Thus one can also conclude that the Jordan frame perturbation (6.51)-(6.56) is consistent.
Therefore, one may use this perturbation ansatz for theories that have neither an Einstein frame nor a
Riemann frame.
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6.2 Possible Galileon terms in Palatini formalism

In §3.1.1, the covariantization of the flat space-time action
L = G0 0,09, (6.83)

where G3 = Gj3 (gb, —%n“”@uqba,,qb), and thus was the definition of the d’Alembertian operator in (3.3). Tt
was mentioned that such covariantization in Palatini formalism is not unique, which is sharp contrast to the
metric formalism in which the covariantization is unique as follows,

. g g
LM = Gagh'V V6. (6.84)

The reason was that, in Palatini formalism, metric incompatibility of the connection results in

r T r T
VIV 9 #V, V' (6.85)
In §3.1.1, however, not all possible terms of the d’Alembertian operator was considered. Indeed one may
consider, for example,
r r
GSQHUV;LVI/QS
r r
G3V,u(9""V,9)
r T
=1 GaVuV(ge) (6.56)
r r
G39" 9°"V (9 V)

L Palatini
3

which all reduces to (6.83)in flat space-time. Since one may introduce arbitrary numbers of metrics between
the covariant derivative, one may wonder if the candidates of the d’Alembertian operator are finite in Palatini
formalism. Luckily this is the case. To understand this there are three points to consider.

Firstly, recall that any (torsionless) connection can be decomposed into the Levi-Civita connection and
the non-metricity respectively. Schematically, it can be written as

L g
V =V + terms containing Q""" | (6.87)

which is the result of,

1
FA/W = {MAV}Q + ) (Q/w}\ + QVN/\ - QAILV) : (6.88)

The second point is that the covariantized terms can be written in the form,

T N
Gs-V-V-¢, (6.89)

with - representing some arbitrary number of metrics. Here the first derivative acts either on (some number
of) a metric, the second covariant derivative, or ¢, on the other hand, the second derivative may operate
either on a metric or ¢. The final third point is that the result must be a scalar, and thus all of the space-time
indices are contracted.

Through the three points, one may guess that the covariantization of the flat action (6.83) in Palatini

99 g
formalism can be constructed by the following terms, VV¢, Q x 0¢, Q x Q, VQ, with each term possibly
having more than one way to be contracted. As a result, the possible independent terms are,
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g
1. Ug,

[\]

- WHO,$, Q10,9

w

. (anﬁv Qaﬁ'y, ¢Qa6'yQﬁ’Yav ¢WNWM7 ¢WHQ~“7 (bQMQ”,
g g -
4. ¢V, WH, ¢V, Q.
Recall that the Weyl vector and the non-metricity vector was defined as,
1 14
W, = EQ’“’ , (6.90)
or = QM (6.91)

Combining all of these term one obtained the most general Palatini £3 action, which consists of 10 functions
as,

g .
L3Jordan = G370|:|¢ + G371W”6u¢ + Gg,g Q”&,tgi)
+G330Q05, Q%7 + G3.40Q0p, Q% + G5 56WHW,, + Gz 66V, Q"
- g g
+G370Q, Q" + G330V, Q" + G390V, Q" (6.92)
9
r
= Y Gs,; Oyo. (6.93)
i=0

Here all of the functions are dependent on ¢ and X, thus. Gs; = G3,:(¢, X).

Indeed under the flat space-time limit, g,,, — 71,, and FAW — 0, the obtained L3 action in Palatini (6.93)
reduces to the flat space-time action (6.83).

The terms that were obtained, in some cases, have been obtained throughout the literature. For example,
first three terms in (6.92) were considered in §3.1.1 and [34, 156, 176, 177], on the other hand the first eight
terms were considered in [178] although the functions Gs; were only functions of ¢.

Since one obtained the most general Palatini L3 action, it is natural to question what will the observables
be and how they differ from that of metric formalism.

6.3 Tensor and scalar perturbations with the (alileon terms in
Palatini formalism

In this section, the following action

r 9 r
Eg{fidan — £3J0rdan + £4J0rdan — G4R + K+ ZGJ,Z D(l)qb, (694)
i=0
where G4, K,G3; are functions of ¢ and X = —% " 0,90, ¢, will be investigated in the context of cosmological

perturbation.

Firstly, unlike Sec. 6.1, there is no Einstein frame for this action. This is because the conformal transforma-
tion of the metric cannot bring the action solely to the Einstein-Hilbert action since there are connection-full
terms in £37°798% The Riemann frame, however, does exist since the connection is non-dynamical and the
solution can be computed. Thus, recalling the analysis of the previous section, cosmological perturbation in
the Riemann frame will be conducted.
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The solution of the connection for (6.94) is computed as,
1
A X gA A b's A
Mo ={a}, + 5 [{A PX + A%} g +2{B* 9, X + B0, 0} 5U)] , (6.95)
with,

A? = —6G4(2G4p + G31 +2G32 — G35 — 2G3)
—{—6(Gs,8¢ +2G3,94)Ga +2[32(G3,3 + Gs.4) + 5Gs5 + 17G3 6 + 56G3 7]G4.6
4 (8Gs + 12G3.4 + 5Gag + 28Gs.7) a1 — 2(16Gs + 8Gy.4 + 5Ga.s + TC.6)Cas
—8G3,3G38 — 12G34G3 8 — 5G3,6G3 s — 28G3,7G3 8 + 32G33G39 + 16G34G3 9
+10G35G39 + 14G3 G390} ¢
+{(8G33 + 12G3 .4 + 5G36 + 28G3.7)G3.8p — 2(16G3 3 + 8G3 4 + 5G3 5 + TG3.6)G3.00} 2,
(6.96)
AY = 6G{-2Gix + (G35x +2G39x)0}
—2{32(G3,3 + G34) + 5G35 + 17G3 6 + 56G3.7}Gax @
+{(8G33 + 12G3.4 + 5G3 6 + 28G3.7)G38x — 2(16G3 3 + 8G3 4 + 5G3 5 + TG36)G3.0x } 2,
(6.97)

B? = 4G4(6G4p+ G314 — 2G50 — G3s +2G3)
+2{-2(G3 84 — 2G3,94)Ga + 2[16(Gs,3+ G34) + G35+ 7G36 + 4OG377]G4’¢
+(8G33 + 4G54+ G36 +20G37)G31 — 2(8G34 + G35 + 5G36)G32 — 8G33G3 8
—4G34G3 s — G36G38 — 20G3 7Gs 8 + 16G34G3.9 + 2G3 5G3 9 + 10G3 6G39} ¢
+2{(8G33 + 4G54 + G35+ 20G3,7)G3 84 + 2(8G3.4 + G35 + 5G3.6)G3.94 7,
(6.98)
BY = 4G4{6Gix — (G3sx — 2G3.9x)¢} +4{16(G33 + G34) + G35 + TG36 + 40G3 7} Gax b
+{2(8G3,3 + 4G54 + G356 + 20G3 7)G3 sx — 4(8G3,4 + G35 + 5G3,6)Gs.0x }¢°,
(6.99)
D = 24G% +4(8G33 +20G34 — Gs 5 + 8G36 + 44G3 7)Gao
—2{64G3 3 — 32G3 , + 16G33(2G3,4 + G35 + G356 + 10G37) — (G5 6 — 4G5 5G3.7)
+4G34[Gs5 — 8(Gs6 + Ga7)]} ¢°. (6.100)

One can see that, when Gz, = 0, this solution reduces to the one obtained in (6.32). Similarly, when the
scalar has finished its dynamics, 8,,¢ = 0 the connection becomes Levi-Civita.

Inserting the solution of the connection into (6.94), one obtains the Riemann frame, which is,

. g g
Ly = GuR+ K + G000 + Egp + Esx0°dapd’ + Exxd®dapd™ b5 (6.101)
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with the functions being,
X
By = ~3p% [4A?? {12G4 + (40G33 + 28G5 4 + G35 + 10G3 6 + 100G3 7)o}

+B%? {12G4 + (136G 3 + 124G3 4 + 25G3 5 + T0G3 6 + 196G 7)$}

+4A?B? {24G 4 + (56G3 3 + 68G3 4 + 5G3 5 + 32G3 6 + 140G5 7) ¢}

—8DAX{6G4¢ — G311 —10G32 + Gz g+ 10G3,9 + (G378¢ + 10G379¢)¢}
+4DBX{6G4¢. + 5G3)1 + 14G3)2 - 5G3’g — 14G3)9 — (503’&;5 + 14G3}9¢)¢}] s

(6.102)

—# [A?A™ {48G4 + 4(40G3 3 + 28G54 + G35 + 10G3,6 + 100G3,7)d}

+(B?AX 4+ A?BX) {48G4 + 2(56G'3 3 + 68G3 4 + 5G3 5 + 32G3 6 + 140G3 7))}
+B?BX {12G4 + (136Gs5 3 + 124G5 4 + 25G5 5 + T0G5,6 + 196G3 1)}
—4DA?(6G4x + G3sx¢ + 10G39x9)

+2DB?(6G4x — 5G38x¢ — 14G3 9x ¢)

—4DAX {6G4y — G314 — 10G32 + Gz +10G3.9 + (G385 + 10G3.94) 0}
+2DBX {6G44 + 5G31 + 14G32 — 5G3 3 — 14G39 — (5G384 + 14G3.04)0}]

(6.103)

1
L [4AX? {12G4 + (40G3 3 + 28G5 4 + G35 + 10G3,6 + 100G3,7) ¢}

+B*? {12G4 + (136G3,3 + 124G3 4 + 25G3 5 + T0G3 6 + 196G3,7) ¢}
+4AX B¥ {24G4 + (56G3 3 + 68G3 4 + 5G3 5 + 32G3 6 + 140G3 7) ¢}
—8DAY{6G,x + (Gssx + 10G30x)0}
+4DBX{6Gyx — (5G3,8x + 14G59x)0}] . (6.104)
Again, indeed under Gs; = 0, this reduces to the action (6.73).
Notice that this action does not satisfy the degeneracy conditions given as (2.450). Therefore this theory,
in general, has Ostrogradsky ghost, and thus unstable. However, thanks to the numerous number of free

functions, one may tune the functions such that the degeneracy conditions hold. As for the theory (6.101),
the degeneracy conditions boil down to,

Exx

3G%
2G4’
which will make the theory have at most 2 tensor and 1 scalar degrees of freedom. Again such theory is a
qDHOST of class 2N-I/Ta [122, 123].

The cosmological perturbation of this theory is tedious but calculable. The tensor perturbation of (6.101)
, under the degeneracy condition (6.105), becomes (6.50). Thus the sound velocity of tensor perturbation
becomes unity as a result of the ghost-free condition.

As for the scalar perturbations, redefining the functions as,

Exx = (6.105)

[ = Ga (6.106)

Q = G3,0+/E¢XdX7 (6.107)
2

Ay = 3%f=EXX, (6.108)

the action (6.101) becomes the DHOST action given in (6.74). Computation of such action is lengthy, but
nonetheless possible, and one may obtain the form of (6.81) and (6.82) similar to the calculations in §6.1



6.4. SUMMARY 129

6.4 Summary

In this part of the thesis, cosmological perturbation of £3 (6.94) and L4 (6.1) were investigated in different
frames. It was shown that there are three frames; Einstein, Jordan, and Riemann. In cosmological pertur-
bation theory, each frame computes the same quadratic action and observables up to the redefinition of the
variables. The speed of gravitational waves of £4 theory is unity which differs from its metric formalism
counterpart. Furthermore, L3 too takes part in effecting the velocity of gravitational waves, unlike in metric
formalism. Although L3 is, in general, plagued with Ostrogradsky ghost, once tuned to be eliminated, the
speed of tensor perturbation reduces back to unity. Thus both of these theories can be candidates of dark
energy as well as inflation.



Chapter 7

Conclusion

In this thesis, theoretical and observational aspects of cosmology in Palatini and metric-affine formalism were
surveyed in the context of scalar-tensor theories.

In Chapter 2, the theoretical preliminaries of Standard Model of cosmology, its problems, and modified
gravity as a solution were familiarized. First, the Friedmann equations from the Einstein equations were
derived. Using these the evolution of the Hubble parameter and matter were computed. Then the dynamics
of matter were questioned. It was shown that the equivalence principle computes the autoparallel equations
and with assuming the integrability of the geodesics equations. Then whether such dynamics can be derived
from matter was debated. Utilizing geometric optics, minimal coupling ansatz of standard matter follows the
geodesic equations under the point particle limit.

The section preceding was discussions of the unsolved problems of the universe. Inflation, the accelerated
expansion of the early universe, crack two major problems in big bang cosmology; the horizon and flatness
problem. The slow-roll approximation was oriented in the context of canonical inflaton, and linear pertur-
bation employing gauge invariant variables was achieved. Selecting the vacuum carefully, one was able to
quantize the inflation and obtain the observational variables; spectral index and tensor-to-scalar ratio. Then
dark energy and its observational evidence were delivered. It was implied that, if this dark energy comes
from vacuum energy, one requires extreme fine-tuning. Then certain recent observational results were briefly
noted. Finally, the section ends with mentioning other problems that are relevant for comprehending the
universe, such as reheating and baryogenesis.

The following section was to clarify the notion of Einstein gravity, which is a combination of Einstein
equations and geodesic equations. It was demonstrated that for a certain number of assumptions the Einstein
equations are unique, which is called the Lovelock theorem. Then, based on the theorem, a minimal extension
of Riemann geometry, metric-affine geometry was proposed. Such geometry has a non-Levi-Civita connection
and has torsion and non-metricity. After geometrical and algebraic preliminaries, methods of embedding such
geometry onto a theory were presented; Palatini and metric-affine formalism. As an example, variation of the
Einstein-Hilbert action with respect to the Palatini formalism was executed showing that the results match
that of the metric formalism up to gauge freedom. Such gauge freedom is called projective symmetry and
had numerous properties. Based on this analysis, metric-affine gravity was classified into certain different
models. Meanwhile, it was clarified that the notion of point particle dynamics in metric-affine gravity is not
of auto-parallels but of geodesics. Such differences may arise from quantum properties.

The final section was dedicated to the explanation of scalar-tensor theories. It was first remarked that
one cannot just construct arbitrary scalar-tensor theories due to an instability that appears from more than
2nd derivatives; the Ostrogradsky instability. Respecting this, Galileons were shown that, due to well-tuned
symmetries, have second-order in derivatives. The generalization was extended further to Horndeski theo-
ries, which is the most general theory with a second-order equation of motion for the metric and a scalar.
On the contrary, theories can evade such theorems through degeneracy conditions and assembling further
scalar-tensor theories as seen in DHOST and U-DHOST theories.

In Chapter 3, inflationary scenarios in metric-affine gravity were explored. First, noticing that covari-
antization is non-trivial in metric-affine gravity, one can construct a “minimal” coupled scalar field theory
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that differs from the metric gravity counterpart. After the classification of these models, the connection for
each model was solved, and once substituted in the action the Riemann frame was acquired. Such frame
is written in Riemann geometrical variables and the dynamics are equivalent to that of the original frame.
Then for each of the models, the possibility of a viable inflationary scenario was surveyed. A chaotic inflation
model, which is excluded from observations for the metric gravity case, can be resurrected in some models of
metric-affine gravity. Finally, other actions such as G-inflation and extended d’Alembertians were analyzed
and their observational variables were calculated respectively.

In Chapter 4, Galileons and generalized Galileon that respects projective symmetry were constructed
in metric-affine formalism. After a brief review of non-trivial covariantizations of Galileons in the metric
formalism, a complete and unique covariantization in the metric-affine formalism was constructed. Solving
the connection, one obtains a Riemann frame which is neither covariant Galileon nor covariantized Galileon,
implying that there is another Galileon in curved space than the former two. Based on this result, the gener-
alization of Galileons in metric-affine formalism was examined. It was shown that a certain simple projective
invariant metric-affine scalar-tensor theory computes class ?N-I/Ia of DHOST. This shines a light on the
geometrical description of DHOST and its degeneracy conditions. After analyzing some specific models, the
most general projective invariant scalar-tensor theory up to quadratic order in connection was built.

In Chapter 5, further analysis of projective invariant metric-affine scalar-tensor theories was completed.
Recalling that projective invariance does not necessarily protect the theories from ghost instability, if one
takes the unitary gauge, however, it looks like there are no degrees of freedom besides the initial 3, which
are classes of U-DHOST. After showing how the projective mode eats the ghost in the unitary gauge, models
were classified through trivially U-degenerate theories and their transformations thereof. Finally, for a wide
class of theories, Hamiltonian analysis was conducted showing that indeed there are no hidden ghosts in the
unitary gauge.

In Chapter 6, cosmological perturbations in Palatini formalism and their consistency among different
frames were investigated. First considering a simple theory with K-essence and a non-minimal coupled Ricci
scalar, it was shown that there are three possible frames to calculate upon. One is the original frame called
the Jordan frame. Another is obtained through the conformal transformation of the metric, which is called
the Einstein frame with gravity being purely Einsteinian. The third one is the Riemann frame. It was
shown that, although the methodology of cosmological perturbations differs, the final result of observational
variables are the same and thus consistent. Based on these results, the most general L3 Galileons were
constructed. In general, such a theory is plagued with a ghost. However, it is possible to exorcise the ghost
which also enforces the speed of gravitational waves to be that of light, which eludes the current constraints.

To conclude, this thesis and the works therein is the first to shine light to the construction of ghost-free
scalar tensor theories and their cosmology in the context of Palatini and metric-affine formalism. Such re-
sults unify the approaches of past literature and serves to show a deeper connection between extensions of
geometry and ghost-free properties of alternative theories of gravity.

Investigations of scalar-tensor theories in Palatini and metric-affine formalism are far from complete,
however. Since, although this thesis has shown how to construct certain ghost-free scalar-tensor theories,
it is still far from ‘the most general’ theory. Whether such theory, for example the most general theory
with up to second-order in derivatives in it’s equations of motion, exists and how much it differs from it’s
metric formalism counterpart is a question worth pursuing. Furthermore, phenomenology can be expected
to differ from the usual metric formalism models that can be probed through current or future observations.
Nonetheless, it can be said that our quest has just begun.
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Appendix

Appendix A

Useful Formulae

A.1 Some Formulae in Metric-affine Gravity

For an arbitrary scalar ¢, an arbitrary vector A* and an arbitrary tensor B*,

I r

[vmvu]éb = _Ti\“/a)\qs (Al)
[@ %]AA T (A.2)

Hy VvV - puv pv Vo )
I I A _ F/\ o Fp A I A
[VM7VV]B o R p,u,VB o R a/u/B P T/JVVPB o (A3)

Using this and the Jacobi identity one finds the following three Bianchi identities for the metric-affine Riemann
curvature,

1

Zeroth: fz(“% = %m Q7 + §T‘LVQU“5 (A.4)
r r
First: R)‘[aﬁ,y] = V[QT}\[M] — Ta[aﬁT)‘,y]U, (A.5)
r r r
Second: V[QR’LMBV] = T’\[aﬁR”lVMA (A.6)

The Ricci tensor, co-Ricci tensor, and Homothetic tensor can be related as,

5 1z a 1L o TP L

Ryw) = SHuw = VT = 5V T + T3 T, = 5T T (A7)
T T T N T N
RA, = Pl 4V QM —V,0" —TX 0/ (A.8)

T T N
H,, = 4V[ﬂWy] + QTWJW)\ (A.9)
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where it was defined,

To= T, (A.10)
Q. =%, (A.11)
1
W, = ZQH)‘)\ (A.12)
For the variation g,, — g + 09 I‘>‘W — F’\W + (5I‘)‘W, the geometrical quantities vary as,
A A
0T, = 2017, (A.13)
— AsB a
= 250(5[“63]5F By s (A.14)
r
5O = Vadgh + 2¢°Wor) (A.15)
a 8
= Vabg" + 297606061 (A.16)
DA < A o sTA
OR G = 2V 017, + 79,017, (A.17)
r
A5y sA A o
= (_25a5;5[uvy] + 5a537ﬁy> oT%,, . (A.18)

The Lie derivative of an affine connection is!

A « A
LI §%0.17,,

—T7,,0,6* +T%,,0,67 +T%,,0,¢7 + 0,0, (A.19)

rr T N I N F)\
= VWV =V, (T7,8°) — R,,,5° (A.20)

A.2 Distortion Trick

A.2.1 Introducing Distorsion
The connection, unlike the metric, is not a tensor. However, the difference of two connections is a tensor.
Therefore, consider taking the Levi-Civita connection { Y of some metric g,,, as a 'reference connection’

and define the distortion tensor as,

A
A L A
Ky = T, — { uw }, (A.21)

IThis can be derived both from using, the formal method of coordinate transformation
oz dXP aXY 92X« 9t
=2 2o e (X + o o
0Xe 9zt Oxv v Ozrdzy OX™

or noticing that distortion kK = I' — {} is a tensor and thus

£§K/>\,ul/ = gaaaﬁ)\uu - K/o-puaﬂg)\ + '{)\o'uall«gc + K//\;Lo-allgo- )

T (@)

and

A 1 ,,/& g g
£ o = 39 Vu€eguo +Vifeguo — Vo Leguw

I A N -5\
= V@EVpe® = R 8"
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for any affine connection I'* -

On the other-hand, recall that the definition of torsion, non-metricity and curvature tensors were

A - A A
T[LV = T pur r uy o (A22)
I
QU == Vag", (A.23)
a B L L « fo] L «
R, AP = {v,t, vy} A% 4 T8 VA%, (A.24)

where A% is some arbritary vector.

r
The relation between these geometrical tensors 7,Q and R and the distortion tensor x is

1
K = 3 (Tﬁw + T =T+ Q2+ 9 — QAW) : (A.25)
A _ A A
T;ul = kK urv K vy (A26)
Q)fw _ Hu)\l/ + K;V/\“ 7 (A.27)
Fa ga g «@ g « « A « A
R Buy = R Buv + V,ﬂi v8 — Vuk wB RS IAE v — KT AR g - (A.28)

Using the above, it is straightforward to write the equations in terms of 7 and Q.

A.2.2 Integrating by Parts in Metric-affine Formalism

In general, due to metric incompatibility, a general affine-connection does not satisfy the usual integration
by parts formula of

F / r_7
/d4x /7[ /'E,' VMB/fﬁgjm] /d4x /7{ uaB'Y V Aaﬁ/ﬁ' } (A.29)

for some arbitrary tensor A and B. Using the distortion trick and the general knowledge of integration by
parts in Riemann geometry of,

g IRl 1
/ d* /= {A“ﬁﬂ VBRI } / d*ay/= {B‘fﬁi” v WA ] , (A.30)

it will be shown how the integration by parts in metric-affine geometry are conducted.

Straightforwardly decomposing the general affine connection into the Levi-Civita connection and distor-
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sion, the following can be calculated.
r
4 afy-- pa' B
/d xy/— {A B VB oy

4 afy- J pal Bl e # af ga’ B -
/d TN/ — |:A /ﬁ/ /. VNB aBy- + K A /ﬂ, B

afry--
af o' B’y "
wa Aoy Buaﬁv KA B
afy pof'y'- B A8y po oy’ ..
A B I AR }
_ 4. S pa' By afy:- u afy--- oa'g'y"-
= /d xr |: B aBy-- V A Bl +/<5 A ol By B By
apy-- pal Bl afry--- pal By
A /B/ ’. B 0[3,)/ K #BA /5/ ’. B aoy---
aBy poB'y' aBy pa' oy’
Aa,B’ Baﬂ'y Aaﬁ' Baﬂ7 _|_}
_ 4, /= pa' By aBy- u af ooy
= /d xr |: B aBy-- V A /ﬁ/ /. “V‘K/ A /lg/ /. B afy---
AO‘ Bua’ﬂ'v’- _ kO AP _Bre '8’ 7
’/3’ & opy uB /ﬁ’ & aoy:--
afy-- po By afy-- po' oy’
o A Bl oA BTl
opBy pa! By aoy po! B/~
oA i Blagy.. no A g Blagy.l T+
afy-- po!' By pa' By
HOUA B BO&ﬁ’y _K’U;LB’A a’ory!- BO‘B'Y :|

O/ﬁl ’ aﬁ OLB oo 3
- /d41'\/jg |:BHOJB’Y"7 V A /5/ ’, + HH A /%/ B OlB'Y ’Y :|
4 o' B’ < ap
_ /d xr{ Brof (vﬂ—zm+7;> A ]

Recall that the Weyl vector and the torsion vector can be written as,

1
1
W, = ZgaﬂQ,fB = §I€UHU.
_ A A A
T = TW\ TR TR

A.2.3 Computing Torsionless Gravity

Consider the torsionless case 7 = 0 and consider the Einstein-Hilbert action £ = R gﬁ”R Bow >

r g
R=R+4Q),, Q™ — 20, Q" +2Q,WH — AWHW,, .

(A.31)
The equation of motion of the connection under the torsionless constraint is
085, 1
= 514’1;3/ - X 5 (55,53, + 5;,55,) = —0.P +20,¢% — 2D 4 Qs
(A.32)

where the symmetry of the last two indices of the connection was taken into account.
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Now by varying the action (A.31) with respect of the non-metricity tensor results as,

05, 1 1 1
V- 5o = iQ“y,\ - ZQ(,\V)” + iguAQ'u + 200, Wh) — 29,V (A.33)
m

These two could be connected via,

085,
6Q#I/A

0S5y 1
5l~€a5/ / 2

/=

< (¢ + 587 ) ) = V=5 (507 + 307, .

(A.34)

Because,

69/,1,”)\ 1 8 o v B . ﬁ/ (A l/)’y/ 8 oy Y B
5,€a5,,2(6 5+ 5p60) = o 60g (5,87 +63e)

= (55gw<v n 5ZgB(V) 5
When matter is taken into consideration, this symmetry should also hold as,

0S
5Quy>\

oS
B ~y(v o Bl/ A M
X(ég( +6g()§[)_5/{ B~

Furthermore, the equation of motion for the metric is,

08,
/—g 5‘9”1}
T 1 r
= Byu) = 39w R
= Gu(9:{}) +200 QO — g W' Qu +2W Quja — W Qo
1 1
+4g#uQaIB’YQﬁa'y - ggyugaﬁ’y Qaﬁfy + igaﬂygaﬁy

_2Qaﬁu Qﬂau - 4Qua,8 Quaﬁ

(A.35)
A.2.4 Computing Metric-compatible Gravity
r
For Q@ =0 and £, = R the Einstein-Hilbert could be written in terms of,

r g 1
R = R—T', +4T\u T + 5TWTW ) (A.36)

The equation of motion of the connection under the torsionless constraint is

0S5,

(5‘3“//

S (' —gua®™) = TH T ST (A.37)

Now by varying the action (A.36) with respect of the non-metricity tensor results as,

1 69,

V=9 T

=T = T, 4 60T (A.38)
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These two could be connected via,

]. 5Sg ﬁ 55 1 ’ ’
- 5 (5"/5)\7 uaAA/): — g *(5a5’y/*a/a7>.
V=g aT, e\t T Mg E N ey % g e B s
(A.39)
The equation for the metric is
J— r 1 T
_gag,ugu R(l“’) B igll«VR
_ g 1 « A
- Guu + §g/LVT 7:1 + 27}7‘(;11/)
1 afy 1 Bary 1 ap 1 af
7§g,uu7:xﬁ’y7- - ngy’]-aﬁ'yT - Z aﬁ(u,];) + Zﬁaﬁ,]—u .
(A.40)

A.3 ADM Decomposition of the Connection

Using distorsion, the decomposition of a 3-rank tensor with respect to ADM formalism will be shown.
For a time-like norm-vector n#, where g, n*n” = —1, orthogonal to a surface X, the following projection
~v#, can be defined,

vH =" +nfn, . (A.41)

The distorsion tensor can be then decomposed as,

— ap B
HMU = fiam’yun Yoy
— a By
K’Mu T ’iaﬁ’}”}/uq/yn ’

Ruvp = “aﬁv7375737

Fa = Kap,nonfn? (A.42)

I%}L = liag,ynanﬁ'yl , (A.43)

/%i = /<;o¢5,yno"yl’[fn“Y , (A.44)

,%i = /iagvvfjnﬂnv , (A.45)

iy = Ky V) (A.46)
(A.47)

(A.48)

(A.49)

Note that under projective transformation, k., = Kuvp + g Up, the components transform as,

-3 -3 -1 ~1 a4 .
Ky — Ky — Uy, Ry = Ry + Y Us s Ry, — R, — Uy, RBuvp = Buvp + Y Up

whereas the other components do not change. Here it was defined,

U, :==Uyn®, Uu =Ua7; - (A.50)
To decompose the Riemann curvature, it is useful to define the variables,
F1 L a, B ~1
’C;w = (vﬁna)’y,u%/ = K;w —Kpys (A51)
3 2 L « B ~2
IC/U/ = (V5TL )’Yoqfﬁ = K;w + Kuv s (A52)

which could be considered as the extrinsic curvature of metric-affine geometry.
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A.3.1 ADM Decomposition of the Riemann Curvature

With the tools in hand, all of the independent components of the 3 + 1 decomposed curvature are as follows,

I r I r I
Ragn,(sno‘nﬁn”%‘g = £nk) — Dykiy — apkia + a” (K}, — K2 ) + KM 72 + K27 )R2 (A.53)
T Iy Iy r T
Roprsn®yin"ys = —£,K),, — Dol + KL, K — a®Rapp — aukh — aphs + K} ks + KRS, + RLRS 4+ 5% k2
(A.54
T T T T
Rapysanny) = £,K2% = Dokl — K2, K, — a®Fuap — auhiy — apiy + Ko gk + K2 i3 — RLRD — Ry RS
(A.55)
r T T
RapysVovon™y) = Enfiyp — Do, — 2D, Ky — au(Kyp — KL,) + au (K — K2) — apiis,
T T
+ (B5% = Ky have — (R + K Rpap + Kb 55 + K2 &2 (A.56)
I I T
Ralgvgno‘nﬁfyg'yg = 2D[pl%(17] — QICl’Y[pK:‘Z,Y‘U] , (A.57)
L a, B Y0 1Hl 1—‘1 ~1 Fla ~
Raﬁ’ﬂsn 7;/7,)70 - 72D[plc|u|g] —2K u[p’{g] - 2K [pFlapla] (A58)
r aBavab o Lo a1 Coa o
Raprs 1" Voo = 2D(pKi 101 = 2K, Fg) — 2K (pR a0l » (A.59)
T T T T
Raﬁvé'yﬁ’Yf’YZWg = RHVPU + 2,C11/[UIC\2M;)] . (AGO)
where
r ot
Ruupg = ’R,W,pg + 2D[pf€wj|a] + 2’%#04[‘)%“”‘0] (Aﬁl)

¥
and R, is the spatial curvature constructed by the spatial metric v, .

Using this result, one can find that the non-minimal couplings (5.15) introduced in §5.2.1 can be computed
as,

FMV 1 Fuy Flp, F2u FluuFQ
Gy = 5 (RM  + KK, — KK, ) (A.62)

Fl ’F2’ F1’1“2 ! F1 F2” Fl”r2 F1 F2 F1 FQ ‘B’
L T R S —/c“,ticﬁa—/cﬁa/c#ﬁ(/cmcm—/w"ic )wf’

r ’ ’ 1
Gy = n

r / / T ’ ’ r -u
_ RMB po' g pa s le;u/Ya 8 ‘| , (A.63)

which indeed show that they do not have time derivatives of the distorsion tensor in the unitary gauge.

A.4 Irreducible Decomposition of the Riemann Tensor

The Riemann tensor, having anti-symmetry in the last two indices, have in total 96 components. In this
section, the irreducible decomposition of the Riemann tensor will be introduced.

First, consider dividing the Riemann curvature tensor with respect to symmetric and anti-symmetric
indices of its first two indices as,

r
Zoéﬁws = R(ag),y(;, (A.64)

T
WO&B’Y(S = R[aﬁ]’y& (A65)
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with Z,gs having 60 independent components and W,g,s having 36. Both tensors can then be decomposed
irreducibly, with respect to trace and traceless parts, as,

(1)Za676

(Q)Zaﬁ'yts
(3)Zaﬁ,y§
(4) Zaprs
(S)Zaﬁw
(2)Wa[3'y§

(3)Waﬂfy§
(4) Wapys
(S)Wab”ﬂ?

(G)Waﬁ'yé

mWaﬂw

1

Zaprs + ZLisipiia + Lislanis) — 13

1
2

A A A
(g/%Z (ay)x T Jas & (BYA — 9o Z (ad)A

— s =~

1

3
1 DY
Zg(xf)’Z A6 o

1

1

i(goé,u')(g:/ - gﬁﬂXgu)E#l:yé ;

1
EXfaﬁ’yﬁ )

T T
9atyWs15) = 98 Wials) »

Jaly" Xig1s) — 981y Xlale) »

1T
6 ¥9an9119)

6
Waﬁ’y& - Z () WOLB’)/5 )

n=2

where it was defined,

A
(55)/\> )

A A A A 3 1 A
1 <9B5Z [av]x T gaaz [ByIA — gﬁvZ [ad)A — goz’yZ [55],\) 3 (Zﬁ[oc'yﬁ] + Zwms]) + iga;;Z [67]A

A A A A A
-3 (955Z lyajx T gaaZ vBIA — ng B\ — ga'yZ [68x T gaﬂZ [67])\> )

A A
— (gB'yZ (sa)x T Jor Z (5N — gggZA(w)A — go“sZA('vB)A) ’

1
Zaﬁ'yé = Za,B’y5 - zgaﬁzkxy&v (A77)
1
X = _ieﬂypdwuupa7 (A78)
1
xm = §W”a g€, (A.79)
1
X;z;/ = X(;UJ) - ZgMVX7 (ASO)
1
*X,uu = §Euuo¢ﬂX[aﬁ] (A81)
T [
W,uy = W(p,l/) Zg;wR (A82)

A A A A A
(966Z [av]x — ng [as]x T Jas? BYIA — gowZ [Bo]x T QQaBZ [57],\)

- goc'yZ

(A.66)
(A.67)
(A.68)
(A.69)
(A.70)
(A.71)

(A.72)

(A.73)
(A.74)

(A.75)

(A.76)
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Helmholtz Conditions and it’s Applica-
tions

When one first learns analytical mechanics, it is common to be given a certain Lagrangian L(z*,v*) and
then computes its equation of motion &, =. A natural thought that could arise from this classical textbook
method is the question “what kind of equation has a Lagrangian?”. In this section, the “Helmholz conditions”
which precisely answers this question will be introduced, and also applied to classical field theories.

In the main part of the thesis, Lovelock and Horndeski theories approached the most general Lagrangians
through an Eulerian approach, i.e. computing the theorems through the equation of motion. By using
the Helmholz conditions and the idea thereof, one could correctly obtain the Lagrangian of its Eulerian
counterpart. Thus through Helmholz conditions and the later introduced Vainberg-Tonti trick, one can
easily get the best of both worlds which is why it is introduced in this part of the appendix.

B.1 The Helmholtz Conditions

Let one start with a Lagrangian,

Sz/dTL(x“,v“), (B.1)

dz

where v := <7~ is the velocity, and the Greek indicies run up to D-dimensions (u = (0,1,2,--- ,D — 1))

The equation of motion is written as
é oL 0?L 0%L

BT 9zh T Quldzv v OvHOvY " =0, (B.2)

with acceleration being a* := %. Obviously, in a general Lagrangian there always exists an equation of

motion. However, one can ask whether the other direction can be tread.
Thus the inverse problem of (Lagrangian) mechanics is the following question:

Does a function L(x,v) exist for a given equation £, = E,(z,v,a) = 0 so that £,=E, with respect to (B.2)?"

Theorem 1.

INotice that it was assumed S#:gu, therefore this question is about whether the given equation is an EL equation, no more
no less. However, this question is not the same as: can a given dynamics of the equation have a Lagrangian? For example
consider £, = O”#(‘:’V with OY, being a non-degenerate matrix(tensor). In such case the dynamics of £, = 0 does indeed have a
Lagrangian whereas the equation itself does not. This is why the Helmholz conditions are by themselves somewhat incomplete
which leads to the Douglas’ theorem that will be introduced later.
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A certain equation of £, = &,(x,v,a) = 0 has a Lagrangian if and only if the following three Helmholtz
conditions are satisfied.

o 05, 08,

(h1):0= b =52 =5 (B.3a)
0= _ 086, 06, 1d (0§, 08

(h2):0="hew =500 ~ G " 3ar <8v” aw) ' (B.3b)
o 08, 08, d [0€,  0&,

(13):0="how =50+ 50~ ar <8a” * aaﬂ) ' (B.3¢)

The necessary conditions are straightforward, for the following the sufficient conditions will be outlined.
Firstly, (B.3c) computes

%€, a’ -
da¥ 0a®
Since &£, only depends up to a”, the first term disappears when the Helmholtz conditions hold. Thus &, is
linear with respect to a”. Such as

ha,u = —2

v
&y = bua” +cy,

for some function of b,,, = b, (x,v) and ¢ = ¢(z, v).
Secondly, with above, (B.3b) computes

1 /0b ob
h L, =—= po vo \ -0 )
B 2 ( ovv ovt > “

Therefore, noting that b, is symmetric since (B.3a), there exists a function d(z,v) such that

0%d
pr = 61]/1.8,01/' (B4)

Substituting the results back into (B.3c¢) computes

0 24, od
B = 5w \ W T gum oz +(‘3x“) '

Thus
oo O s 0d
B Qurdr oxr 1
for some function e, = e, (x)
Then (B.3b) computes
b _Oe,  Oey,
BT Jav Qo

Thus there exist a function f = f(z) such that

_of
eu - @.
As a result, when the Helmholtz conditions are satisfied the equation of motion must have the form of
o?d 9?d  , od af

bu = P A BITY Yoo . TR

(a d a>(_d+f).

dak dr Ok

Thus, the Lagrangian is L = —d 4+ f up to some constant, and the sufficient conditions were proved.
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Vainberg-Tonti trick
When the Helmholtz conditions are satisfied, a second-order Lagrangian of the form,

1
Lyr = x"/ Ey(sz, sv, sa)ds, (B.5)
0

computes the Euler-Lagrangian equation that coincides with the equation &,(z,v,a). Direct computation
results as,

oxv

1
1 . d
=& (x,v,a) — / {a“hmw(sz, sv, sa) + 2" ho (s, sv, sa) + <v” + 2xﬂd> hs sz, sv, sa) | ds,
0 T

(B.6)

where h; ., are the three Helmholtz conditions.?

This second-order Lagrangian is called the Vainberg-Tont:i Lagrangian and has a key role in this chapter.

Furthermore, when the Helmholtz condition holds, it is always possible to reduce the second-order
Vainberg-Tonti Lagrangian to a first-order Lagrangian by integration by parts. Since there exists a function
L = L(x,v) such that the equation of motion is the form,

OL d (0L
00 =~ o (a)

The Vainberg-Tonti Lagrangian becomes

frr = 9”/ [agiw i (a<aL>>} o
- / e g g ) ()|
- [ % (o) |
— L(z,0) - L(0,0) - % /01 (w 8(23)) ds

where the arguments of functions within the s-integration is (sz, sv, sa), and L(0,0) is assumed to be a
constant. Therefore the Vainberg-Tonti Lagrangian could be reduced to the original first-order Lagrangian
by integration by parts.

The above calculations can be extended to higher-order cases. For example, consider an nth-order equation
of &, (at, a't a'" - ,2(Mr) = 0. If there exists a m-th order Lagrangian L(z*,z',z"*, ---  z(™*") that
computes the equation as its EL- equation, it is related to the Vainberg-Tonti Lagrangian upon integration

2Variational calculus makes the above clearer to calculate.

L 1 1 w
1) vT — / |:5u + P ad 6&:| ds = / |:5u —+ xﬂ 6i:| ds
dxv 0 doxv 0 dxv

1 1 1
= / {Suﬂ-x"&ﬁ-x”{dé‘“—&gu}}ds:/ [—d(sg”)Jra:“{‘sg”—&Hdszewr/ z”{dg“—agy}ds
0 dxh dxv  dxM 0 ds dxv  dxM 0 dxv  dxH
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by parts, i.e.

Lyr = / Eu(sat, s, s, -, sz ds

A (a£5a>+~~+<—l>”d‘fn (@)

= L(x“,x“,x “,-~ ,x(m)") + L(0,0,0,---,0) + surface terms

Now, this computation actually shows the following feature.

When m > n, the original mth-order Lagrangian can be reduced to nth-order through integration by parts.
Thus a seemingly higher-order Lagrangian can be reduced its order if its equation of motion has lower order
in derivatives.

B.1.1 The Douglas Theorem

The Helmholtz conditions (B.3a)-(B.3c) introduced are a powerful method to see whether a second-order dif-
ferential equation &, = 0 has a Lagrangian. However, even if £,, = 0 can not be computed from a Lagrangian,
it is possible that there could be a different equation &, = 0 that could have a Lagrangian, with &, being a
one-to-one map of &, such as &, = A&, = 0 where A being a non-degenerate matrix. If so, although the

0
equation &, = 0 does not have a Lagrangian, it’s dynamics has a Lagrangian.

For example, the equation with friction & + b& = 0 does not satisfy the Helmholtz conditions and thus
one expects that there is no Lagrangian for such equation. However, the equation e (% + bi) = 0, satisfies
the conditions and indeed can be derived from the Lagrangian L = eM32. Since ebt # 0 for t = (—00,00), it
can be safely said that the dynamics of the friction equation has a Lagrangian, although the equation itself
does not.

Now consider generalizing this case further. Since it was assumed that the Lagrangian is written with
only respect to position and velocity, the equation of motion is always linear with respect to acceleration,
ie. £ = Ay (at — f*(x,v)). Substituting this to the Helmholtz conditions (B.3a)-(B.3c)the following are

obtained.

(HO) : A=Ay, (B.7a)

(H1)'&(H2)" : 0= A,®%,. (B.7b)
of* of* d
H2) : 0=A Ay, 2— A B
(H2) 0=, +>\avﬂ+d7_/ (B.7¢)
where ®#,(z,v) is defined as
1dofr 10+ 0f°
wo_ -2 _ "o
Y 2dr O %l = 4 Ov O’ (B.8)

and is related to curvature.
Then the Helmholtz conditions can be equivalently restated into the Douglas’ theorem.

Theorem 2. The (tensor) equations of motion,
0=a"— fH(z,v) (B.9)

are an Euler-Lagrangian equations of a Lagrangian if and only if there exists a non-singular tensor Ay, (z,v)
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such that the following three Helmholtz conditions hold.

(H1) : A dY, = Ay @Y, (B.10a)
d af°

(HZ) : EAMV + WAV)U = O, (BlOb)
0

B.1.2 Application: The Non-integrability of Autoparallel Equations

Using the given Douglas’ theorem it can be shown that

Autoparallel Equations can be computed from a Lagrangian if and only if it is a geodesic equation of some
metric.

First consider the autoparallel equations of

A d?at A
Pa,v) = g = =T, (@), (B.11)

Once a metric g, is introduced the connection could be decomposed into the symmetric and anti-symmetric
components as,

r, = S, +T., (B.12)
A 1
A _ A A A
S pyo { v } + 5 |:Q(’u.l/) - Q pr T(/u/)i| ’ (B13)
g

with { )\1/ } being the Levi-civita tensor constructed from the metric. Recall that the torsion tensor and
g
the non-metricity tensor are defined as

T, = 21 (B.14)

pv]

I
QM = Vi (B.15)

Note that although the autoparallel equations are governed by the symmetric part of the connection, torsion
does not decouple. Keeping this in mind the autoparallel equations are equivalent to,

fx,v) = fS’\W(:c)v“v”. (B.16)
On the other hand, ®*, can be calculated as

o,

(28@52} 5= S, gﬁ) veP — fogn
S
= R' 070, (B.17)

s
with R" | being the Riemann curvature of the symmetric part of the connection, which is related to the
usual metric-affine Riemann curvature as

r

S S
RHG’V}\ = R#O'l/)\ -2V [VTIL)\]U - 2Tl;) VTP)\ (B18)

[

Jo*
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Calculating the second Helmholtz condition computes

g g a o
0 = o 80Ap,1/ + f ﬁAHV - 2S>\U(HA,,)>\’U
g g (63 8
= v (a[,AW - 2S{,(MAV)A) — 55500 S A (B.19)
As a next step, note that the tensor A,, and Sﬁ‘y transforms under coordinate transformation of z# — z/*
as
ozt dxV
Ay = 5o 5o A, (B.20a)
ox'® ([ OxH dx¥ 0%z
S, = s . B.20b
be x> (ax/b oylc” w + I Hx'c ) ( )

Therefore (B.19) transforms as

/lc a C € a
v <ax/CAab — 2Sdc(aAb)d> — devld’l}/ WA(LI)

oxt oz¥ | N - 5 0
= [v (a,,A,W 28 (,(HAV)A) — §%50°0 S A

Ozt Oa” 022 /Cq/di
dx'* 9x'® Oz’ Dz’ oA

For the above to be a consistent tensor equation, the final non-tensorial term must vanish. Thus

0 — 8%,/\#% (B.21)

which automatically satisfies the third Helmholtz condition.
Then (B.19) computes
0 = oM —25% A (B.22)

Where cyclic permutation shows that,

O = (“)UA,W + a’,},AO'I/ - az/AcTu
= +QS)\G(;LAV))\ + 2S)‘,LL(UAV)>\ - QSAU(UAH)A

= 25, A

Since A, is by definition non-singular, it is invertible. Thus the symmetric part of the connection and A,
has the relation of

1 o
S = 5 AT Outor + Aoy = Do) (B.23)

Therefore, for an autoparallel equations of motion to have a Lagrangian, the symmetric part of the connection
must be the Levi-Civita connection of a certain symmetric and nonsingular tensor A, .

Finally, the Riemann curvature with respect to the Levi-Civita connection has the symmetry of
S 17 S 17
A;U/R ocaf = AQVR Buo- (B24)
Multiplying both sides with v“v” computes

Aw®, = Ag®,.

g (B.25)
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which is none other than the first Helmholtz condition. Thus all of the Helmholtz conditions are satisfied if
and if only the symmetric part of the connection is a Levi-Civita connection and thus by Douglas’ theorem
rendering the autoparallel equations of motion to be integrable.

Obviously, when the symmetric part of the connection is a Levi-Civita connection of some metric A,
the action that computes this autoparallel/geodesic equation is the well known,

S = /dT\/AW,U“UV (B.26)

or
S = /dTAN,,v“U” (B.27)

This result implies that in order to have autoparallel equations to be the equation of motion that govern
particle dynamics, one has to introduce non-Lagrangian methods. Furthermore, from a Lagrangian perspec-
tive, no matter can be deduced to follow autoparallels unless it is taken as a principle.

B.1.3 Autoparallel equations with friction

The previous discussion can be easily extended to theories with friction.
fr==5, v'v” + Frt, (B.28)

where F'*y = F#,(x) is some asymmetric tensor only dependent on position.
First of all, the second Helmholtz conditions computes

A
- A A ADur
07 (0 A = 28% ( Aon ) + M) + 55 (B.29)
Similar to the previous section, the non-tensorial parts must be zero, and this again computes
OA
=0. B.30
av)\ ( )

Noting that both S/\W and F' />L are independent with respect to velocity, the first two terms and third term

are independent. Thus

0 = 0ol —25% Ay, (B.31a)

o(p

0 = Mk (B.31b)
The first condition again implies that S /\;w is the Levi-Civita connection of A, where as the second condition

shows that F),, := AMF);, is anti-symmetric.
For the first Helmholtz condition, noting that

K 1 S S 1
o#, = R v’ + SV Val"y = Vy (Flgu®) = 2FLFS, (B.32)

s
and V,(A,)) = 0, the second Helmholtz condition is re-written as

1, [8 s s 1,
0= @) = 50 | VaFou + VoFou + ViFua| + 7FFo (B.33)
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Again using the velocity independency of A*,, the condition above is re-written as

s S s
= VLYF;J,V + vaau + VNF’/C” (B34a)
= FF)., (B.34b)
where the indices are lowered with respect to the tensor A, .

The first condition, under general conditions, implies that F},, must be closed, 3and thus there exists a vector
such that

S
Fy = 2V, Ay = 20,4, (B.35)

where the final equality comes from the fact that S)‘W is a Levi-Civita connection. When F),, is written as
such, the second condition B.34b is automatically satisfied.

Thus, for an autoparallel equation with some friction to have an action, the connection again must be
a Levi-Civita connection and the friction term F' must be closed. When so, the equation of motion can be
computed from the following action,

L = A, 00" — AP (B.36)

B.2 Extending Helmholtz Conditions to Classical Field Theories

B.2.1 Existence of a first-order Lagrangian

In ’conventional’ field theories of multi-scalars, the Lorentz invariant equation of motion are constructed up
to second-order derivative.

e = el(67,07,87,), (B37)
with ¢}, := 9,¢" and ¢}, := 8,8,¢" The question at hand is whether this can be computed from a Lagrangian
of

S = / d*zL(¢", ¢},). (B.38)
In other words; Is there some function L(¢!, d)l{) that satisfies

oL oL oL
ek =— - i~ o7 (B.39)
¢ v

¢t 08}0¢7 " 0¢l06]

for a given eé?

Analogous to the previous section for the case of analytical mechanics consider a field-theoretic extended
Vainberg-Tonti Lagrangian,

1
Lyr(6', ol 6l,) = ¢! /O el (397, 567, 567, )ds. (B.40)

which computes the Euler Lagrangian equation of 4

0Ly
Sl

3In the language of differential forms, when dF = 0 for a two form Fuyda? Ndx, F = dA
4When inside the integral, the argument of the functions are with respect to (59, spu, s¢pur) which are omitted when obvious.

1
. |
(97, O Bjv) —/ ds [ e HI 4 67 Y (qs;{ + 2¢"aﬂ) H;j’”} .
0
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Naively, one would expect the candidates for the extended Helmholtz conditions could be,

D€l ded
0= H» —_—¢ ¢ (B.41a)
! ¢y, 00/,
del  0ed 1 el Oe]
0= HI =-2%__<¢_ -5 <¢ _ 4’) , (B.41b)
9¢7 ol 27"\ o] 0ol
del 0e] Oel de’
0= HM =242 _p, < ¢ 4 > : (B.41c)
3 8¢J 3¢I ‘9%{ 3(;5

It is straightforward to see that (B.39) satisfies the conditions above. Therefore these extended conditions
are indeed necessary conditions for the equation of motion to have a Lagrangian. The question arises whether,
similar to the analytical mechanics’ case, these are also sufficient conditions. It will soon be shown that this
is not the case.

First, from (B.41c),

HE = 8—%4—% — 20, (%é
° oy 0¢, "\ 991,
82

d) ¢> Ko 4.

Noting eé only depends on ¢, ¢I the first terms of above will vanish when (B.41c) is satisfied. Thus

2 1
7 (B.42)
99,,(,9%0)5

which under the condition (B.41a), is fully symmetric with respect to the indices (IJK).

At first glimpse, one may be tempted to conclude from (B.42) that eé is linear with respect to qﬁiu, just
as the analytical mechanics’ case, since the affinity of ¢;{u is an obvious necessary condition for eé to be
first-order variational. However, the term

2.1
86¢

01,9015

decouples from (B.42) and allows the equation of motion with higher-orders of ¢ . while still satisfying the

nvo

‘candidate’ Helmholtz conditions. Such terms frequently appears in contexts of Galileons [108, ]. For
example a single scalar equation of motion of the form
g
e = ((0)2 — 9", (B.43)
satisfies all of the ’candidate’ Helmholtz conditions, but obviously 2nd order of ¢,,,. °
Therefore, another condition of
(’“)QGé
—FF =0 (B.44)
J K
a(b#[uaqsa]ﬁ

5This could be thought as follows: In analytical mechanics, where there is only one parameter 7 that governs dynamics,
%l %l d%el
267 06K, " 93704K T 93Kag7

parameters for space-time variables, this degeneracy does not hold.

such terms like

= 0 trivially degenerates. However, in field theory where there are D # 1
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must be imposed so that e¢ is linear with respect to

From (B.41b)

g7 . %_%_,3 %_% (B.45)
2T 997 ogf 27"\ 0¢) 0l '
1 d%el, d%€]
= —= - oRs + e, B.46
2 [acﬁza% 8000, | P (B40)
Since the first terms to disappear
8261 32 J
0 = J ¢K
997 06K, 04! a¢
_ O Oy (B.47)
09(, %ﬁ 99, %ﬁ
Again imposing
82
0= , (B.48)
99 5%][;
the equation of motion must be the form of,
E(¢', 9))
b= A Ot F (16, (B.49)

€, =
¢ 04L0¢]

with some function E = E(¢', ¢;) and F!(¢", ¢],), where (B.44) was used. This of course satisfies the first
candidate Helmholtz condition (B 41a).5
Substituting this back into (B.41c)

oel el oel,
HPY = Ty 0 g, (0
9¢;, 09}, %3,

= 2 a(l F! — (?)E ¢y + aE;
Doy O 06K 9¢"
Which computes,
0’E OFE
Fl= ———olf D'(¢! B.
STt — 57 + DI (13.50)
with some function D! (¢7).
Then (B.41b) becomes,
oD! B oD’ 0
apl Ol

Therefore, for general cases, there exists a function C' = C(¢!) such that
0

—C

lolodd

SFor the general proof for the existence of an exact form in field theory, see Appendix B.2.6

Dl =
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As a result equation of motion that satisfies the extended Helmholtz conditions are of the form

PE ., OF ., 9F-C)
09/, 0¢] "~ 0¢/0¢7 "+ op!

€= . (B.51)

With defining the Lagrangian to be L = —F + C, one obtains the same equation as (B.39) and therefore
there indeed is a Lagrangian.

To conclude, the 5 extended Helmholtz conditions

826{¢
HOa): 0= _— B.52a
32655
(HOb) : 0= _— (B.52b)
061,002
Oel o€’
(H1): 0= g™/ = _—¢ "¢ (B.52¢)
9y, 00y,
del 0l 1 ol e
H2): 0= HI =_—2¢__"°2_ _—p |2 __2 B.52d
( ) 2 8¢‘] 8¢I 9 12 a(,bl{ a(ybl]; ’ ( )
ol 0el Oel Oe’
H3): 0= HMY =242 4 2 i B.52
(H3) 7 = e Taer % \aan T ) (B:52¢)
are the necessary and sufficient conditions for an equation of motion eé((bl , Iﬂ, fw) to have a Lagrangian of

L(¢', ¢},)-
' P

Similar to the previous case, the extended Vainberg-Tonti Lagrangian is equivalent to the original La-
grangian up to the surface terms and a constant.”

1
Lvr = 1600 - 10.0) -0, [ (o500 ) ds (B.53)

B.2.2 Existence of a second-order Lagrangian

In certain theories, it is common that even though the equation of motions is second-order, the Lagrangian
is also of second-order. One famous example is General Relativity since the Einstein equations are of second-
order while the Einstein-Hilbert action is also of second-order. Furthermore, in the context of recent ap-
proaches of modified gravity, a Lagrangian of second-order that computes the equation of motion of second-
order was widely explored, such as the Horndeski theory and multi-Horndeski theories [1 10, ]. This is due
to the fact that second-order equation of motion avoid Ostragradsky ghosts which appear in the context of
higher derivative equations of motion, as seen in §2.5.1.

Therefore it is also important to see the criteria for the existence of second-order Lagrangian in the
presence of a second-order equation of motion. Following the previous section, a weakened form of the
Helmholtz conditions (or more famously the integrability conditions ) could be stated as follows.

Theorem 3.

"Through out this paper, the Lagrangian is assumed to be a constant when all of the arguments are zero, such as L(0,0),
which could be considered as a vacuum limit.
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For a given second-order equation of motion eé(d)‘], ¢/{’ l{u) there exists a second-order Lagrangian if and

only if the weak Helmholtz conditions of the following are satisfied.

el e’
0 — pr dJ ¢ _ ¢
(H1): 0= H! =561~ ol (B.54a)
el oed 1 Oel e’
. _ ._ ¢ [ ¢ @
Oel e’ Oel Oe’
H3): 0= HPY =24 ¢ _ ¢ 0 B.54
(H3): 0 A 3¢i+3¢ﬂ 0, 8%{”4-8(1)[{” , (B.54c)

The necessary condition can be proved by straightforward substitution of the second-order Lagrangian.
The sufficient condition could be shown by first varying the Vainberg-Tonti Lagrangian computes

0Lyt
Sl

Thus when the weak Helmholtz conditions are satisfied, Vainberg-Tonti Lagrangian computes the same
equation of motion as the given eé, and since Vainberg-Tonti Lagrangian is by definition second-order, it is
sufficient.

For example, consider the Lagrangian

! 1
=l (¢7, 07, 01,) — /0 ds { nH o Y (qu + 2¢>Jau> Hg”} : (B.55)

L= ¢"dnd” (B.56)

that computes the equation of motion

e = (B6)2 — M. (B.57)

This satisfies all of the weak Helmholtz conditions(B.54a),(B.54b),(B.54c), but fails for the full Helmholtz
conditions (B.52a), (B.52b), (B.52c), (B.52d), (B.52e). Thus, there is a second-order Lagrangian for this
equation of motion and not of first-order. Indeed, the Vainberg-Lagrangian computed for this equation of

motion is
S PN P v
Lyr = ¢/ S (D¢) - ¢# ¢MV ds
0
1 {9 )

= 3¢{(D¢)2 - ¢“ ¢uu}

1 g
= ¢M¢MV¢V + gau <¢¢MD¢ - ¢¢V¢,uu - ¢M¢V¢V> (B58)
Which is none-other than the Lagrangian first introduced. Furthermore, there are no non-trivial integration

by parts that can make this Lagrangian first-order since the full Helmholtz conditions (B.52a),(B.52b),
(B.52¢), (B.52d), (B.52¢) do not hold.

B.2.3 Application: On non-tensorial Lagrangians with tensorial equations of
motion

Theories are expected to be diffeomorphism invariant and thus written with respect to tensors. However,
theories are somewhat ambiguous since it can be either considered a Lagrangian or the equation of motion.
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Usually, this is not a problem since both are assumed to be tensorial. However, even though the equation of
motion is tensorial, the Lagrangian does not have to be so. 8. Such example is the so-called I'T' Lagrangian,

o (A HAD)

are by definition non-tensorial, but computes tensorial equation of motion,

1 —
OvV_gkrr _ ¢ (B.60)

V=g 0og*

This is obvious since the I'T" Lagrangian is actually related to the Einstein-Hilbert Lry = R up to total
derivative as,

/ Ao/ =g L — / d*av/—g (Crr + 0,B"), (B.61)

where,

weval () 5)

Most theorems tend to implicitly assume the diffeomorphism of the action. Therefore, one could dream
to explore loopholes through non-tensorial Lagrangian with tensorial equations of motion. However, thanks
to the Vainberg-Tonti trick, one could show that
any non-tensorial Lagrangian with tensorial equations of motion can be integrated by parts to obtain a tensorial
Lagrangian.

The proof is trivial since first by construction the tensorial equation of motion satisfies the Helmholz conditions
and the Vainberg-Tonti Lagrangian through the equation of motion is also tensorial.

B.2.4 Application: Reducibility of higher-order Lagrangians in the presence of
a lower-order equation of motion.

One may wonder that if there could be an existence criterion of Lagrangians that are third-order or higher
that computes second-order equation of motion. However, it can be shown that any higher-order Lagrangian
that computes an equation of motion lower than its order can be reduced to the order of the equation of
motion with integration by parts.

Theorem 4.
A Lagrangian of nth order,

L=L(¢", b1 Opiypy Oy, ); (B.63)

H1? e 2 "Ppapzpin

that computes Euler-Lagrangian equations of kth order

oL oL " oL
W b o) = =0 (g ) + 000 () o

with k < n, can be reduced to kth order using integration by parts.

8In general, if a Lagrangian is tensorial and the variation of the independent variables are also tensorial the resulting equation
of motion is also tensorial. This is why, even though the affine connection I is not a tensor, its equation of motion is, since §I"
is a tensor. It will be interesting whether, a non-tensorial Lagrangian and a non-tensorial independent variable can compute
tensorial equation of motion, but it is beyond the scope of this thesis.
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Straightforward calculation shows that

L(¢ (bﬂl’” (leNZ Mn)
[L(s6", s8L, - 50% )]y + L(0,0, -+ ,0)

1
d
/O { L(s¢!,sgl sl .. )| ds+L(0,0,-- ,0)

_ Ll ! L Y
- /O {Qﬁ a¢[ + ¢u1 a¢ M2 fhn 8¢mm M”] (S(’b 5¢#1’ S¢H1u2 ‘Hn )ds + L(O’ O’ ’O)
op / L 0 (=)0, -0 L L(sp!, sp? - spl Yds + L(0,0, - - -
a¢[ I 8¢ M1 Hn 8¢M1N2 o w1’ Hip2 (e
= /0 o'l (sp" sp) - 50, )ds + L(0,0,- - ,0) +s.t.

The first line is n-th order while the final line is of k-th order, and since n > k is assumed, the original n-th
order Lagrangian is indeed reduced to k-th order under integration by parts.

Since this theorem states that any Lagrangian that is higher than third-order can be reduced to second-
order. The existence of a Lagrangian for a second-order equation of motion can be confirmed by only seeing
whether a first-order or second-order Lagrangian exists.

B.2.5 Application: Deriving K(X) from Equation of Motions

A simple example of the effectiveness of using the Helmholz conditions and the Vainberg-Tonti trick is
computing Horndeski action for the Horndeski equation of motion. For simplicity, consider a (shift-symmetric)
K-essence Lagrangian,

L=K(X), (B.65)
where X = —%g””@u¢8y¢, which gives the equation of motion,
g
E(; = Kx0O¢ — Kxx¢" 0" . (B.66)

Keeping the above in mind, consider the equation of motion of the form.

Ey = ACX)06 + B(X)0" 600" . (B.67)

For a single-scalar case, the Helmholtz conditions are given as

6E¢ 9 ( (9E¢ )
= _v, -0, B.68
96, oy (B.68)

which for the given equation of motion earlier, computes,

0= (Ax + B)(¢d” — Ud0,). (B.69)

Therefore, for F4 to be the EL equations, the functions must satisfy,

B=-Ayx. (B.70)

,0) +s.t.
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Then the Vainberg-Tonti Lagrangian computes

1 2
Lyp — ¢/ A(s?X) xsﬁqs—a’g%XX) S
DA(s2X
= (;S/ s {A (s2X) DQSJr &SX ) X%#(52X) ds
_— / A(s2X)0"0) ds

= / A(s*X) x 2X sds + surface terms
0

b

= / A(X")dX' (Here it was redefined: s*°X = dX')
0

= K(X).

which is precisely the initial K-essence Lagrangian.

B.2.6 Comment on closed and exact forms for field theories

Theorem 5.

Finally, here a comment on closed and exact forms for field theories will be introduced. The focus will be
to obtain an intuitive picture rather than a rigorous and mathematically complete proof.

First, consider D-dimensional N-vectors labeled with I,J, when

aj EY) =0 (B.71a)
aAa”E;]) =0 (B.71b)
(1
9then there exists some function S(Ay,) such that
- s o

The proof will be done through two-folds of induction.
For D=1 and arbitrary number of vectors, (B.71a) is trivially satisfied and (B.71b) becomes,

9 o
— p— O_
5‘Ag d

Then by using Poincare’s lemma, there exists a function S = S(AY, A2, --) such that

0
B-s
I
9Al
9or equivalently
0 0
—FEy— —E{=0
9AL™  0A]
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Which, as one example, could be written as

1
S = Al / EY (sA{) ds (B.73)

0
Similarly for arbitrary dimension D = n and one vector, (B.71b) is trivially satisfied and (B.71a) becomes,

0

1 1
3A[u

Therefore, there exists a function 8" = 8§'(A}, -+, AL_;) such that

yfin—1

-2

m
Secondly, let it be assumed that for a fixed dimension D = k with arbitrary number of vectors, when

a 1/] 6 l/)
Tt )
8A[M 8A(u
there exists a function S = S(Af,--- AL_|) such that
-3 (B.74)
YV '

up to dimension D = k.
Consider when (u,v) = (k, k), n such case, (B.71a) is trivially satisfied and (B.71b) becomes,
0
—UE§] =0
04,
This implies that, there exists a function S = S(AL) such that

o -

EY S (B.75)

P
For (u,v) = (k,k — 1), (B.71a) and (B.71b) is,
0
o7
iEk—l)
oAl

R-1
BN =0

=0

where both become trivially satisfied under (B.74) and (B.75). Similarly for (u,v) = (k — 1, k).
Defining a new function S(A%, -+, AL |, AL) = S + S, it could be said that, for dimension D = k + 1,
when

J J v
Tiat)) Tt
8A[H aA(#
there exists a function S = S(A{,---, AL |, Al) such that
0

up to dimension D = k + 1. Similarly, one can show for a fixed number of vectors and arbitrary dimensions.
Through induction, the theorem is proved.



Appendix C

Degrees of Freedom in General Rela-
tivity

C.1 Hamiltonian Analysis of General Relativity

Here the Hamiltonian analysis of General Relativity will be conducted. As a result, it will be shown that
indeed there are two degrees of freedom. This will follow the Appendix A of [179].
The main goal of this section is to derive the following,

{Ho(x), Ho(y)} = H'(2)0,:6°(x —y) — H'(y)9y:0°(x — y), (C.1)
{Ho(2), Hi(y)} = Ho(y)duid’(z —y), (C.2)
where the Poisson bracket is
_ 3, 0A 0B B 0A 0B
{4.B} = /d (5hij(z) omii(z)  omi(z) 5hij(z)> ’ (C4)
and
— i Lo 1
Ho = —Vh(R—2A)+ 7 <7r i3 2> , (C.5)
,Hi = —thjDkﬂ'jk . (C6)

First, start off with the action of
g
S = /dtdg’x\/—gR. (C.7)
Then consider the metric decomposed into the ADM variables as,
gupdrtdz” = —(N°)2dt? + h;j(dx’ + N'dt)(da’? + N7dt), (C.8)
with N being the lapse, N? being the shift, and h;; being the spatial metric. The Einstein-Hilbert action
could then be composed into,

.. 3
S = /dtd?’x\/ﬁNO(Kin” ~K*+R), (C.9)

where K;; is the extrinsic curvature tensor which could be expressed as,

1 .

Kij = grgg(hij = 2DN). (C.10)
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Here D; is the covariant derivative acting on the spatial dimension.
Now, introduce and calculate the momentum conjugate for the spatial metric as

A % (C.11)
)
= Vh(KY — Kh). (C.12)

Thus, general relativity in its canonical form could be written as

S = /dtdgl‘(ﬂ'ijilij — NH’HM), (013)
with
Ho = —VR(R—28) + = (wiim,; — 1q2 (C.14)
Vh vo2n )
H;, = —2hy;Dpri*. (C.15)

The variation of the canonical form of General Relativity with respect to N#, gives the constraint equations,
H,~0, (C.16)

where ~ means 'weak equality’, such that the relations holds when the constraints are considered.
The next step is to calculate the Poisson brackets. To simplify the calculations of the Poisson brackets of
the fields, one may define functionals by using test functions, such as

R = / P fO () Ho () (C.17)
P o= / & fi () Ha(2) (C.18)
Go = [ ) Hotw) (C.19)
¢ = [dumw (C.20)

The Poisson brackets of them are,

(Fo.Go} = / Bad®y ()6 () {Ho(2), Ho(y)}

(F0.G) = [ dady(@)g' o) (Hole). Hilw)}
{F.G} = /d3wd3yfi(ff)gj(y) {Hi(x), Hi(y)} (C.21)
This drastically simplifies the calculation. Following [179], consider dividing the Hamiltonian constraint Hg

into the kinetic term and potential term as

Ho = Hr+Hv, (C.22)
1 1 y
Hix = N (hikhjl - thjhkl> ot (C.23)

Hy —\/5(13% —2A), (C.24)
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and their functionals as
Fx = /defO(x)HK(I),
Fy = / B fo(x)Hy ().

The variations of Fg become,

0Fk _ 0 1 i kj k _ij 1 ij
Shy f (\/E(Qw kT ) 27—[Kh ,
oF 1

57;; = fo \7h(2ﬂ-” hijm"k)

with the results of Gk being similar. Likewise the variations of Fy are

gh" = f° <2fvh” - \/ER”) +Vh (R Dy D* f° — D' D7 f°)
(%]

SFy

omii 0

Using H; = —2hijDk7rjk, F could be written as
F= 2/d3xhij7rjkafi + s.t.,

the variation could be written as,

S = ADES, - DS,
]

oF _ l mk

Smidi 2(Dkf )hlméij )

with G being similar.

Now, the Poisson bracket of General Relativity is calculable.
For starters, {Fo, Gp} could be calculated as

{Fo,Go} = /dBZ (fO’Hi@igO — gO’HiaifO) .
Now, one could use the identities,
g(x) = /d?’yé?’(fc—y)gj(y)
fu) = [dEate-nrie).

and compute,

(Fo.Go} = / By [0(2)g (y) [H (2)0,6%(x — ) — H (1)0y 8 (2 — )}
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(C.25)

(C.26)

(C.27)

(C.28)

(C.29)

(C.30)

(C.31)

(C.32)

(C.33)

(C.34)

(C.35)

(C.36)
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By using (C.21), one could derive the Poisson brackets as,
{Ho(2), Ho(y)} = H'(2)0,:6°(x —y) — H'(y)9,:8°(x — y).-
Next, {Fp, G} could be calculated as
{Fo,G} = [°9,(¢g'Ho)
= [ @10 @) Ho(e).

Similarly, using the identities,
o) Ho(e) = [ &5~ g () Holw)
it could be calculated as,
(Fo,G) = [ dady*(@)g' (1) Ho()00 8~ )
So, by comparing the above with (C.21), one could calculate the Poisson brackets as,

{Ho(z), Hi()} = Ho(y)Daid’(z —y).
Finally, since {F, G} is,

{F,G}

/ B(f M09 — g H0, )

- / &P [ () H; ()09 () — / d*yg? (y)Hi(y)ys [ ()

and the identities could be used to extract the test functions, which results as,

{F,G} = /d?’wd?’yfi(x)gj(y) {H;(2)0,:6*(x — y) — Hi(y)0,:6°(x — )} .

Therefore by comparing the above with (C.21), one could compute the Poisson brackets as,

{Hi(z), Hi(y)} = Hj(2)0,:0°(x —y) — Hi(y)Dyi0° (x — y) .

Thus all Poisson brackets are computed.
From the calculation above, one obtains,

(C.37)

(C.38)

(C.39)

(C.40)

(C.41)

(C.42)

(C.43)

(C.44)

(C.45)

Thus all the constraints are first class. Since there are 6 degrees of freedom in h;;, subtracting the four
degrees of freedom from the constraints, yield two physical degrees of freedom. Therefore, indeed General

Relativity has two degrees of freedom.



