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Abstract

In this dissertation, we will study mainly two models, the first one is on
inflation and second is on the dark energy. For the inflationary model, we
consider a model inspired on asymptotic safe gravity which can induce a
scalar field and we identify it as the inflaton. We also study the presence
of another scalar field which can be interpreted as the Higgs field. We as-
sume the reheating of the inflaton is controlled by the Higgs field. Firstly,
we study the background trajectories of this model and it shows that our
model may provide sufficient inflationary e-folds and a graceful exit to a
radiation dominated phase. Then we study the possibility of generating pri-
mordial curvature perturbations through the Standard Model Higgs boson.
This can be achieved under the choice of finely tuned parameters by making
use of the modulated reheating mechanism. The primordial non-Gaussianity
is expected to be sizable in this model. Though tightly constrained by the
newly released Planck cosmic microwave background data, this model pro-
vides a potentially interesting connection between collider and early Universe
physics.

As for the dark energy, we consider a class of dynamical dark energy
models which are constructed through an extended version of fermion fields
called the Elko spinors, which are spin one half with mass dimension one. We
find that if the Elko spinor interacts with torsion fields in a homogeneous and
isotropic universe, then we do not expect quantum instability in this kind
of dark energy model even though the fermion possesses a negative kinetic
energy. In other words, this dark energy model will asymptotically approach
the equation of state w = —1 from above without crossing the phantom
divide. Therefore, the stability is preserved, i.e. no phantom field will be
created. Furthermore, we analyze as well the presence of some pressureless
cold dark matter, and the result is unchanged, in this two components system.
At late time, the torsion fields will vanish as the Elko spinors dilute, the
equation of state will still converge to w = —1 and the Hubble parameter
will approach a constant, the universe will eventually enter a de Sitter phase
with or without the presence of this dark matter.

To make it as self-contained as possible, this dissertation will contain
the essential knowledge and relative important issues about these two mod-
els, including the general relativity, Einstein-Cartan theory, the cosmological
inflation, the cosmological perturbations, the asymptotic safe gravity, the
Higgs-modulated inflation model, the dark energy in cosmology, the Elko
spinors, the dark energy of phantom dark spinor with torsion. Finally, we



will briefly conclude this dissertation and discuss their future perspectives.

Keywords— Inflation, Higgs, Asymptotic safe gravity, Dark spinor, Dark
energy
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Chapter 1

Introduction

1.1 A Brief History of the Universe

First of all, let’s start to briefly review the essential knowledge of the history
of our Universe based on the Big Bang Cosmology, including the speculative
era before nucleosynthesis. The central premise of modern cosmology is that,
at least on large scales, our Universe is homogeneous and isotropic. This is
supported by a variety of observations, most spectacularly the nearly iden-
tical temperature of cosmic microwave background (CMB) radiation coming
from different parts of the sky. Despite the belief in homogeneity on large
scales, it is all too apparent that in nearby regions our Universe is highly in-
homogeneous. The temperature variations of CMB radiation bear testimony
of minute fluctuations in the density of the primordial universe. These fluctu-
ations grew via gravitational instability into the large-scale structures (LSS)
that we observe in the universe today. It is believed that these irregularities
have grown over time from a distribution that was more homogeneous in the
past. Besides, there is undeniable evidence of the expansion of our Universe:
the light from distant galaxies is systematically red-shifted, the observed
abundance of the light elements (H, He, and Li) matches the predictions of
Big Bang Nucleosynthesis (BBN), and the only convincing explanation for
the CMB is a relic radiation from a hot early universe.

From 107! seconds to today the history is based on well understood and
experimentally tested theories of particle physics, nuclear and atomic physics
and gravity. We are therefore justified to have some confidence about the
events shaping our Universe during that time. Let us enter the Universe at
100 GeV, the time of electroweak phase transition (107'). Above 100 GeV
the electroweak symmetry is restored and the Z and W* bosons are massless.
Interactions are strong enough to keep quarks and leptons in thermal equi-



librium. Below 100 GeV the symmetry between electromagnetic and weak
is broken, Z and W¥ bosons acquire mass and the cross-section of weak in-
teraction decreases as the temperature of the Universe drops. As a result,
at 1 MeV, neutrinos decouple from the rest of the matter. Shortly after, at
1 second, the temperature drops below the electron rest mass and electrons
and positrons annihilate efficiently. Only an initial matter-antimatter asym-
metry of one part in as billion survives. The resulting photon-baryon fluid is
in equilibrium. Around 0.1 MeV the strong interaction becomes important
and protons and neutrinos combine into the light elements (H, He, and Li)
during BBN (~ 200s). The successful prediction of the H, He, and Li abun-
dance is one of the most striking consequence of the Big Bang theory. The
matter and radiation densities are equal around 1 eV (10''s). Charged mat-
ter particles and photons are strongly coupled in the plasma and fluctuations
in the density propagate as cosmic “sound waves”. Around 0.1 eV (380,000
yrs) protons and electrons combine into neutral hydrogen atoms. Photons
decouple and form the free-streaming cosmic microwave background. 13.7 bil-
lion years later these photons gives us the earliest snapshot of our Universe.
Anisotropies in the CMB temperature provide evidence for fluctuations in
the primordial matter density.

These small density perturbations, p(Z,t) = p(t)[1 + 0(,t)], grow via
gravitational instability to form large-scale structures observed in the late
universe. A competition between the background pressure and the universal
attraction of gravities determines the details of the growth of the structure.
During radiation domination the growth is slow, 6 ~ Ina (where a(t) is the
scale factor describing the expansion of space). Clustering becomes more
efficient after matter dominates the background density (and the pressure
drops to zero), 6 ~ a. Small scales become non-linear first, § = 1, and
form gravitationally bound objects that decouple from the overall expansion.
This leads to a picture of hierarchical structure formation with small-scale
structures (like stars and galaxies) forming first and then merging into larger
structures (clusters and superclusters of galaxies). Around redshift z ~ 25
(1 + 2 = a™'), high energy photons from the first stars begin to ionize the
hydrogen in the inter-galactic medium. This process of “reionization” is
completed at z =~ 6. Meanwhile, the most massive stars run out of nuclear
fuel and explode as “supernovae”. In these explosions the heavy elements
(C, O, . . . ) necessary for the formation of life are created, leading to the
slogan “we are all stardust”. At z = 1, a negative pressure “dark energy”
comes to dominate the universe. The background spacetime is accelerating
and the growth of structure ceases, § ~ const.



1.2 The First 107! Seconds

The history of the universe from 10'° seconds (1 TeV) to today is based on
observational facts and tested physical theories like the Standard Model of
particle physics, general relativity and fluid dynamics, e.g. the fundamental
laws of high energy physics are well-established up to the energies reached
by current particle accelerators (~ 1 TeV). Before 10'° seconds, the energy
of the universe exceeds 1 TeV and we lose the comfort of direct experimental
guidance. The physics of that era is therefore as speculative as it is fascinat-
ing.

To explain the fluctuations seen in the CMB temperature requires an
input of primordial seed fluctuations. In these lectures we will explain the
conjecture that these primordial fluctuations were generated in the very early
universe (~ 103" seconds) during a period of inflation. We will explain how
microscopic quantum fluctuations in the energy density get stretched by the
inflationary expansion to macroscopic scales, larger than the physical hori-
zon at that time. After a perturbation exits the horizon no causal physics
can affect it and it remains frozen with constant amplitude until it re-enters
the horizon at a later time during the conventional (non-accelerating) Big
Bang expansion. The fluctuations associated with cosmological structures
re-enter the horizon when the universe is about 100,000 years olds, a short
time before the decoupling of the CMB photons. Inside the horizon causal
physics can affect the perturbation amplitudes and in fact leads to the acous-
tic peak structure of the CMB and the collapse of high-density fluctuations
into galaxies and clusters of galaxies. Since we understand (and can calcu-
late) the evolution of perturbations after they re-enter the horizon we can use
the late time observations of the CMB and the LSS to infer the primordial
input spectrum. Assuming this spectrum was produced by inflation, this
gives us an observational probe of the physical conditions when the universe
was 1034 seconds old. This fascinating opportunity to use cosmology to probe
physics at the highest energies will be part of the subject of this thesis.



Chapter 2

General Relativity

General Relativity (GR) is Einstein’s theory of space, time and gravitation.
At heart, it is a very simple subject (compared, for example, to anything
involving quantum mechanics); the essential idea is straightforward: while
most forces of nature are represented by fields defined on spacetime (such
as electromegnatic field, or the short-range fields characteristic of subnuclear
forces), gravity is inherent in spacetime itself. In particular, what we experi-
ence as gravity is a manifestation of the curvature of spacetime. This leads
to a slogan “Gravity is Geometry.” In the context of GR, the dynamical
field giving rise to gravitation is the metric tensor describing the curvature
of spacetime itself, rather than some additional field propagating through
spacetime; this was Einstein’s insight. Follow this insight, we will introduce
the field equation of the metric, which is the Einstein equation. Einstein’s
GR opens a door to the study of gravitation, and cosmology. Therefore, we
will briefly review some basic knowledge of GR.

2.1 The Metric

We will assume our spacetime is a 4-dimensional Riemannian differentiable
manifold, each point of spacetime can be labelled by a coordinate x* with
k =0,1,2,3. Every Riemannian manifold is equipped with a metric tensor
Guv, which defines the length of line elements:

ds® = g, datdx”. (2.1)

For example, in the Euclidean 3-dimensional space, the line element is ds? =
dz* + dy* + dz?, the metric tensor is thus g;; = diag(1,1, 1); similarly, in the
theory of special relativity, Minkowski spacetime is assumed, the line element
is ds* = —dt* + da* + dy?® 4 dz?, the metric tensor is g, = diag(—1,1,1,1).

4



In GR, arbitrary metric is allowed, except some few conditions on the metric
tensor is symmetric and (usually, but not always) nondegenerate, i.e. its
determinant g = det (g,,) # 0. This allows us to define the inverse metric
gt¥ via

9" Guo = 0%, (2.2)

where §# is the Kronecker delta, 0* = diag(1, 1,1, 1), standing for the identity.
The symmetry of g,, implies that g"” is also symmetric. Just as in special
relativity, the metric and its inverse can be used to raise or lower indices on
tensors. Given two vectors V#* and W", we can define the inner product of
them by

GV, W) = gu VI, (2.3)

A simple example of a nontrivial metric is provided by a 4-dimensional
expanding spacetime,

ds? = —di® + a?(t)(da® + dy® + dz?). (2.4)

This describes a universe for which “space at a fixed moment of time” is
a flat three dimensional Euclidean space, which is expanding as a function
of time. This is a special case of a Robertson-Walker metric, one in which
special slices are geometrically flat.

2.2 Geodesics

Given a generic metric g, for a manifold, one can define the proper time for
a test particle in a curve parameterized by x#(A). The proper time (for a
time-like path) is defined by the functional:

dz* dzv \ V/?

where the integral is over the path. Take variation of the functional, one

obtains P vy
T xf dx’
e ——=0. 2.6
e TN dn (2:6)
This is the geodesic equation. In other words, the geodesic equation is the

extremum of the proper time. The quantity, I'* . is called the Christoffel

po
symbols, which is important in defining the connection of a metric. It is

straightforward to solve the Christoffel symbols for the metric, the result is

1
Lo = 59" (0p9oa + Do Gpa = Dafpo). (2.7)



Next, we will introduce the idea of covariant derivatives which is gener-
alization of partial derivatives in the flat space. An covariant derivative is
an operator that reduces to the partial derivative in flat space with inertial
coordinates, but transforms as a tensor on an arbitrary manifold. In fact,
the need of covariant derivative is obvious; equations such as 9,7*" = 0
must be generalized to curved space somehow. We begin by requiring that a
covariant derivative V be a map from (k,[) tensor to (k,l+ 1) tensor which
has the following tow properties: (1) Linearity: V(T + S) = VT + V.S; (2)
Leibnitz rule: V(T'® S) = (VT)®@ S+ T ® (VS). If V is going to obey the
Leibnitz rule, it can always be written as the partial derivative plus some
linear transformation. That is, to take the covariant derivative we first take
the partial derivative, and then apply a correction to make the result covari-
ant. It means that, for each direction u, the covariant derivative V,, will be
given by the partial derivative d,, plus a correction specified by a set of n xn
matrices (I',)?,. For a vector V', we therefore have

V.V =8V 4T VP, (2.8)

Notice that in the second term the index originally on V' has moved to T,
and a new index is summed over. If this is the expression for the covariant
derivative of a vector in terms of the partial derivative, we should be able
to determine the transformation property of I';, ; by demanding that the left-
hand side be a (1,1) tensor. That is, we want the transformation law to

be ,
Ox* Ox”
dat’ dav M
Combine Egs. (3.1) and (3.2), we can obtain the transformation rule for the
connection coefficients:

VY = % (2.9)

ox* 0z ox¥' Ozt Oz 0%V

ozt oY ozv M a9z dxrdr
This is of course not a tensor transformation law; the second term on the rhs
spoils it. This is because the connection coefficients are not the components
of a tensor. They are constructed in such a way that the combination of Eq.
(3.1) transforms like a tensor, therefore the extra terms in the transforma-
tion law of the partial derivative cancels exactly with the I'’s. If we further
demand the covariant derivative to have additional two properties, such that:
(3) it commutes with contractions: V,(T*y,) = (VT),*»,, and (4) it reduces
to the partial derivative on scalars: V,¢ = 0,¢. Then, one can deduce the

covariant derivative of a one-form w, by using the fact that w,V* is a scalar
and V,(w\V?) = 9,(waV?), thus one has

VW, = 0w, — T wy. (2.11)

uv

TV = (2.10)

6



Notice that covariant derivative is not unique in a manifold, that is to say,
given a Riemannian manifold with a metric g, there are still many choices of
connection coefficients implying distinct notion of covariant differentiation.
However, if we require that (5) the covariant derivative to be torsion-free:
I, =T, and (6) metric compatible: V,g,, = 0, then the covariant deriva-
tive is unique, i.e. only one set of connection coefficients satisfies conditions
(1) (6), such a set of connection coefficients is called the “Levi-Civita” con-
nection. It is straightforward to solve the Levi-Civita connection coefficients

with the metric tensor components:

Lo = %ggp(augl/p + 0u9up = DpGuv)- (2.12)
We see that the Levi-Civita connection coefficients are exactly the same as
the Christoffel symbol (I'’s) in the geodesic equation, Eq. (), that is why we
use the same symbol for these two coefficients.
Now we can define the directional covariant derivative of a given curve

x#(A) to be

D dx*

ﬁ —_— d—)\v“.
This is a map, defined only along the path, from a (k,[) tensor to a (k,I)
tensor. One can define parallel transport of the tensor T along the path
x#(A) to be the requirement that the covariant derivative of 7' along the
path vanishes:

(2.13)

D A1 dx®
(JT) oy = %VUTW%...W ~0. (2.14)

This equation is well-defined and known as the equation of parallel transport.
For a vector it takes the form

d dx®
— V4T —VP =0. 2.15
e (2.15)
If we take V* to be the tangent vector of the path z#(\), which is dz*/d\,
then a curve along which the tangent vector is parallel transported will satisfy

the condition: Ddet Pt dor d
T T xf dx®
—— = e ——=0. 2.16
NN dE e da (2.16)
Then, we see that it is exactly the geodesic equation, Eq. (2.6). Hence, a
curve is geodesic if it parallel-transports its own tangent vector, in fact, this

property is usually taken as the alternative definition of a geodesics.




2.3 Curvature

Roughly speaking, the concept of curvature is to measure how the “non-
flatness” of a manifold is. In fact, parallel transport around a closed loop
leaves a vector unchanged in a “flat” manifold, however, parallel transport of
a vector around a closed loop in a curved space will lead to a transformation
of the vector; the resulting transformation depends on the total curvature
enclosed by the loop. It would be more useful to have a local description of
the curvature at each point, which is what the Riemann curvature tensor is
supposed to provide. Given two vector fields A* and BY, we imagine taking
parallel transport of a vector V# by first moving it in the direction of A*, then
along BY, then backward along A", and then B, to return to the starting
point. We know the action is coordinate independent, so there should be
a tensor tells us how the vector changes when it comes back to its starting
point; it will be a linear transformation on a vector. Thus, we expect that
this linear map, the change of this vector, 6V*, will depend on A, B, and V,
we can write

SVP = Re,, VOA'BY, (2.17)

where R*,,, is a (1, 3) tensor known as the Riemann tensor. Recall that the
covariant derivative of a tensor in a certain direction measures how much the
tensor changes relative to what it would have been if it had been parallel
transported, since the covariant derivative of a tensor in a direction along
which it is parallel transported is zero. The commutator of two covariant
derivatives, then, measures the difference between parallel transporting the
tensor first one way and then the other, versus the opposite ordering. There-
fore, one obtains that

V.,V V=R, V7 —T" vV, V*, (2.18)
= (0,1, — 0,10, + 0T, =TT, )V — 27, VAV, (2.19)

where we identify the first term as the Riemann tensor

Rl gy = 0,10, — 0,00, + 10,15, —T),T (2.20)

pos

and the second term as the torsion tensor

A A
17, =217, (2.21)
For the torsion-free Levi-Civita connection, the torsion tensor simply van-
ishes. We can see that Riemann tensor measures the part of the commutator
of covariant derivatives that is proportional to the vector field, while the tor-
sion tensor measures the part that is proportional to the covariant derivative



of the vector field; the second derivative doesn’t enter at all. Thinking of the
Riemann tensor as a map from three vector fields to a forth one, we have

R(X,Y)Z =VxVyZ - VyVxZ — VixnZ, (2.22)

where Vx = X#V . Similarly, thinking of the torsion tensor as a map from
two vector fields to a third one, we have

T(X,Y)=VxY — VyX — [X,Y]. (2.23)

We summarize some properties of the Riemann tensor here (without proof),
firstly, we lower the index, Ry, = gpnR” 5., then Riemann tensor is invari-
ant under interchange of the first pair of indices with the second:

Rpopv = Ryuvpos (2.24)
it is antisymmetric in its first and last two indices:
Rpoj = —Rpovpy = —Ropp- (2.25)
The sum of cyclic permutations of the last three indices vanishes:
Ryor + Ropo + Rpvop = 0, (2.26)

which is equivalent to
Rp[cr;w] =0. (227)

With some work, we can prove further
R[pauu] = 0. (228)

With these symmetric properties, the number of independent components of
Riemann tensor is %nQ(n2 — 1). In four dimensions, therefore the Riemann
tensor has 20 independent components.

In addition to the algebraic symmetries, the Riemann tensor also obeys

a differential identity, which constrains its relative value at different points:
V[ARpO'],LLI/ = 0. (229)

This is known as the Bianchi identity. Take trace of the first and third indices
of the Riemann tensor, we can define the Ricci tensor

R,uy = RA;L)\I/‘ (230)



The Ricci tensor associated with the Levi-Civita connection is automatically
symmetric: R,, = R,,, as a consequence of the Riemann tensor. The trace
of the Ricci tensor is callled the Ricci scalar

R=g"R,, = R",. (2.31)

The Ricci tensor and Ricci scalar contain all information of the trace of the
Riemann tensor, leaving us the trace-free parts. The trace free part of the
Riemann tensor is called the Weyl tensor, which is defined by

2 2
Coopw = Rpopw — m(gp[uRV]a = Golullp) + (n—1)n— Q)QP[MQV}UR'
(2.32)
This messy formula is designed so that all possible contractions of C\yp
vanish, while it retains the symmetry of the Riemann tensor:

Cpa,uu = szpzn (233)
Crou = Cloolim) (2.34)
Cp[auu] = 0. (235)

The Weyl tensor is only defined in three or more dimensions, and in three
dimensions it vanishes identically. One of the most important property of
the Weyl tensor is that it is invariant inder conformal transformations. For
this reason, it is often known as the conformal tensor.

An especially important form of the Bianchi identity comes from con-
tracting twice on Eq. (2.29):

VIR, = %V,JR. (2.36)
We define the Einstein tensor as
G =R, — %ng,. (2.37)
Then, the Bianchi identity, Eq. (2.36) gives
ViG,, = 0. (2.38)
The Einstein tensor will play the key role in GR and cosmology.

2.4 Einstein’s Equation

Consider a (classical) field theory in which the dynamical variables are a set
of fields ¢;, the action S generally expressed as in integral of a lagrangian .2,

5= [ 26.9,0)v=gd". (2.39)
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For example, a scalar field theory ¢ in the curved spacetime can be written
as

1
5= [ |3 V00 - Vo) | v=ada, o)
which would lead to an equation of motion
av
O¢p — — = 2.41
6= 5 =0 (2.41)

where the covariant d’Alembertian is 00 = ¢*'V,V, = V*V .

To construct the action for general relativity, note that the dynamical
variable is now the metric g,,. Since we know one can choose a coordinate
such that the metric is in its canonical form and its first derivatives vanish at
each point, the lagrangian scalar should contain at least second order deriva-
tives of the metric for a non-trivial field theory. The Riemann tensor itself is
second order derivative in the metric and we know that the Ricci scalar is the
only independent scalar we can construct from the Riemann tensor. There-
fore, the simplest independent scalar constructed from the metric, which is
no higher than second in its derivatives, is the Ricci scalar. Hilbert proposed
this simplest possible choice foe a lagrangian for GR,

Su = / J=gRd"z, (2.42)

which is known as the Hilbert action (or Einstein-Hilbert action). The equa-
tion of motion for the Hilbert action come from variation the action with the
metric. By using the facts, ¢""dg,, = —g,,09"", and the trace formula,

det(M) = exp Tr(In(M)), (2.43)

where M is arbitrary matrix, and the variation of the Christoffel symbol:

1
o7, = —5[2%(“%)(59”) = 9uagus V7 (69°7)], (2.44)

we obtain the variation of the Hilbert action with respect to the metric:

1
58y = / d"zv/—g {Rw - §gWR] 59" (2.45)

Therefore, we arrive the equation of motion of the Hilbert action, the Einstein
equation in vacuum, is

1
Ry — 5 Ry = 0. (2.46)
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We derived the Einstein equation in ”"vacuum” because we only included
the gravitational part of the action, no additional term for matter part. To
get full Einstein equation, we consider

1
5= 167G

Su + Swr, (2.47)

where S}, is the action for matter. Take similar procedure, which leads to

1 08 _ 1 (p 1\ 1 Sy
V=g g 167G \" " 9 I V=g dghv’

then, one obtains the complete Einstein equation:

1
S9u = Gul/ =81 Tp,)/; (248)

RW—Q

where the energy-momentum tensor for matter is defined by

2 0Sy
T, = ————2M (2.49)
T V=g ogm
For example, for the action of the single scalar field S;, Eq. (2.40), the
energy-momentum tensor is

1
T = V,udV0d — 0w d” V Vet — gV (9). (2.50)

2
Note that the conservation law V#T),,, = 0 now is consistent with the Bianchi
identity V*G,,, = 0.

2.5 Einstein-Cartan Gravity

In this section, we will introduce a simple generalization of GR, the Einstein-
Cartan(-Sciama-Kibble) (EC) theory of gravity. EC theory is one, and maybe
the simplest one of the modified gravitational theories, which is also based
on the Einstein-Hilbert action [184], just like GR. It relaxes, however, the
GR constraint on the affine connection, ffj, to be symmetric in its lower
two indices. Hence the anti-symmetric part of the affine connection, i.e.
the Cartan torsion tensor S;;* = f’ﬁ.j] = %(ff] — ffz), which is a dynamical
variable, independent of the Riemannian metric g;; is also allowed [184].
The notation [ij] stands for the anti-symmetrization of the tensor indices,
defined by Tj;;; = 5(13; — Tj;) for any tensor Tj;; similarly, the notation (ij)
means symmetrization of the tensor indices, T{;;) = %(Tij + T};). Quantities
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denoted with a tilde always take torsion into account. The torsion tensor
has 24 independent components in general. Note that we still require the
metric compactibility condition A2 9w = 0, and the metric compactible affine
connection with torsion can be written as [184]

If =TF — K, (2.51)

where Ffj is the usual Christoffel symbol, defined by Ffj = % g (Digij + 0, 9u —
919:;), and K" is called the contortion tensor, defined by [184]

K k Sz]k - Sk (ij) — Szjk Skij - Skﬂ (252)

Note that the Cartan torsion tensor is anti-symmetric in its first two indices,
Sljk = Sﬂ , by definition; however, the contortion tensor is anti-symmetric
in its last two indices, Kj; F— _K; k . By virtue of the last two equations, the
inverse relation between the torsmn and the contortion tensor reads Sijk =
— K"

After introducing the Cartan torsion and the contortion tensor, we can
now define the action of the Einstein-Cartan theory of gravity which is simply
the Einstein-Hilbert action with torsion and metric which are regarded as
independent variables:

/d4:r;\/_< R+.$) (2.53)

where we set the speed of light to be unity, ¢ = 1, the gravitational coupling
constant £ = 87G, and .%,, is the lagrangian density of matter minimally
coupled to gravity. Before taking the variation of the action, it should be
noted that the independent variables are the metric tensor g;; and the torsion
tensor Sijk , the contortion tensor Kijk actually depends on the metric since
we lower and rise some indices via g;; [184]. Even though, in principle we
should do the variation with respect to the metric and the torsion tensors, it is
more convenient to vary with respect to the contortion tensors instead, since
the affine connection can be separated into the torsion-free Christoffel symbol
and the contortion tensor, and the relation between torsion and contortion is
only algebraic. Thus, we will vary the total action with respect to the metric
and the contortion tensors, and we obtain two field equations:

1 -~ ~
Rz‘j — ERgU = /@Eij, (254)
Sy 4 6189 — 615 = kT, (2.55)

where the first ﬁeld equation is similar to the original Einstein equation, we
define G i = RZJ Rg”, which is the Einstein tensor with torsion, E ij 1s the
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canonical energy-momentum tensor, and the second one is called the Cartan
equation. Note that in general, ]:Eij is no longer symmetric, so as the @ij
due to the fact that affine connection is asymmetric f‘fj # ffz We define the
modified torsion tensor to be T¥, = S¥; 4 6:S7,! — §.5%!. The right hand
side (rhs) of Eq.(2.5) is the spin tensor 7%, which is defined by

= gf’; (2.56)
The canonical energy-momentum tensor is given by
iij =045 + (% + szl> (Tijk — 7+ Tkl-]-) , (2.57)
where ;5 is the metric energy-momentum tensor, defined by
N 9 0 (x/—_g izm)
Gij = : (2.58)

V=g ogY
and the second term in Eq. (2.7) is the correction to the energy-momentum
tensor generated by spin-torsion interaction. Since the Cartan equation is,
in general, a set of 24 algebraic equations rather than differential relations
between torsion and spin fields, it means that there would be no torsion
outside matter distribution with spin source. In other words, torsion cannot
propagate through the spacetime outside the matter distribution with spin
source [184]. Furthermore, we are able to substitute the torsion everywhere
by the spin and eliminate the torsion from the formalism. It then leads to
the so-called Einstein-Cartan equation,

Gij = KOyj, (2.59)
where the effective energy-momentum tensor on rhs is given by [184, 226]
0ij =04 + K (—4Tik[l7'|j|lk] — 27 R + Tklirklj)
+ %gi]’ (407 ™ )+ T )
= 045 + Kugj, (2.10)

which is symmetric and obeys the usual conservation law V7¢;; = 0. In fact,
note that the Einstein-Cartan equation can be rewritten without including
any torsion term by simply substituting all the torsion terms with the spin
tensor terms. For example, Eq. (2.10) can be rewritten without any torsion
term as the metric energy-momentum tensor can be split as a pure metric
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term plus a spin tensor term. One can interpret Eqs. (2.9) and (2.10) as
that the geometry is a result from the contribution of the matter field plus
some spin-spin interaction. In summary, all the torsion terms disappear in
both side of Eq. (2.9), however, torsion exists on both sides of Eq. (2.4).
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Chapter 3

A Review of Inflation in
Standard Cosmology

3.1 Big Bang Puzzles

In the conventional Big-Bang model, the universe is taken to be radiation-
dominated at early times and matter-dominated at latter times, with a very
late transition to vacuum-domination, as we have mentioned in the intro-
duction. Although the Big-Bang model is successful in interpretation of
observational data, such as BBN and CMB, one may still ask a philosoph-
ical question whether initial conditions giving rise such a universe we see
now. The conventional Big-Bang model requires precisely such a fine-tuned
set of initial condition to allow the universe to evolve to its current state.
Within the conventional picture, the early universe need finely tuned to in-
credible precision to arrive our current status. In particular, two features of
our universe seem highly nongeneric: its spatial flatness, and its high degree
of isotropy and homogeneity. One of the major achievements of inflationary
scenario provides such a mechanism that it explains the initial conditions
of the universe. Via inflation, the universe could grow out of generic initial
conditions. Before discussing inflation, we first describe three puzzles of the
Big-Bang model which the inflation claims to solve.

3.1.1 The homogeneity problem

A first question is why the approximation of homogeneity and isotropy turns
out to be so good. Indeed, inhomogeneities are unstable, because of gravita-
tion, and they tend to grow with time. It can be verified for instance with the
CMB that inhomogeneities were much smaller at the last scattering epoch
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than today. One thus expects that these homogeneities were still smaller
further back in time. How to explain a universe so smooth in its past ?

3.1.2 The flatness problem

The flatness problem comes from considering the Fredmann equation (which
is the Einstein equation in the FRW metric, we will introduce latter) in a
universe with matter and radiation but no vacuum energy, which can be

written as 1

3my,

where pr and py; are the energy densities for the radiation and the matter,
respectively, and /a? is called the curvature term and  is a constant taking
the values 1,0, or —1. The curvature term is proportional to a=2, while
the energy density is proportional to the scale factor a(t), py o< ™ and
pr o< a~*. This raises the question of why the ratio (ka=2)/(p/3m,) is not
much larger than unity, given that a has increased by a factor of 10%° since
the Planck epoch. In other words, the density parameter {2 = 1 is a repulsive
fixed point in a matter/radition dominated universe, so why do we observe

Q ~ 1 today?

H? =

(PR + par) — % (3.1)

3.1.3 The horizon problem

In FRW cosmology, the particle horizon is defined as the maximum distance
that light can propagate between an initial time ¢; to some later time ¢:

Wt = [ % (32)

The physical size of the particle horizon is d,(t) = a(t)x,. The particle
horizon exists because there is finite amount of time since the Big-Bang
singularity, and thus only a finite distance that photons can travel within the
age of the universe. Assume, for simplicity, we are in a matter-dominated
universe, for which a o t¥2, assume ay = 1. The Hubble parameter is
therefore given by H = 2t~! = a=3/2H,. Then the photon travels a comoving

distance
Ar =2H; " (\az — /ap). (3.3)

The comoving horizon size at any fixed value of the scale factor a = a, is the
distance a photon travels since the Big-Bang,

Thor(@) = 2Hy ' \/as,. (3.4)
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The physical horizon size at some a, is simply dop(ax) = @rnor(as) = 2H, L.
The horizon problem is simply the fact that CMB is isotropic to a high
degree of precision, even though widely separated points on the last scattering
surface are completely outside each other’s horizons. When we look at the
CMB we are observing the universe at the scale factor acyrp ~ 1/1200, the
comoving distance between a point on the CMB and an observer on Earth is

Ar=2H;'(1 — \Jacup) ~ 2H; . (3.5)

However, the comoving horizon distance for such a point is

Thor(acarB) = 2Hy '/acp ~ 6 x 1072 H; . (3.6)

Hence, if we observe two widely separated parts of the CMB, they will have
non-overlapping horizons; distinct patches of the CMB sky were causally
disconnected at recombination. Nevertheless, they are observed to be at the
same temperature at high precision. To question then is, how did they know
ahead of time to coordinate their evolution in the right way, even though
they were never in causal contact?

3.2 The Physics of Inflation

A solution to the horizon problem and to the other puzzles is provided by
the inflationary scenario, which we will examine in the this section. The
basic idea is to “decouple” the causal size from the Hubble radius, so that
the real size of the horizon region in the standard radiation dominated era
is much larger than the Hubble radius. Such a situation occurs if the co-
moving Hubble radius decreases sufficiently in the very early universe. The
corresponding condition is

i >0, (3.7)

i.e. the Universe undergoes a phase of acceleration.

3.3 The FRW Universe

Recall that modern cosmology is based on the theory of general relativity,
according to which our Universe is described by a four-dimensional geometry
g that satisfies Einsteins equations, Eq. (2.48),

1

G =R, — 5

Ry, = 87GT,,. (2.48)
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One of the main assumptions of cosmology, which has been confirmed by
observations so far, is to consider, as a first approximation, the universe as
being homogeneous and isotropic. Note that these symmetries define implic-
itly a particular “slicing” of spacetime, in which the space-like hypersurfaces
are homogeneous and isotropic. A different slicing of the same spacetime
would give space-like hypersurfaces that are not homogeneous and isotropic.

Homogeneity and isotropy turn out to be very restrictive and the only
geometries compatible with these requirements are the FRW (Friedmann-
Robertson-Walker) spacetimes, with metric

dr?

ds® = —dt* + a*(t)

+r? (d6* + sin® 0d¢?) | 3.8
1 —rkr? ( @) (3.8)
where k£ = 0,1, 1 determines the curvature of spatial hypersurfaces: respec-
tively flat, elliptic or hyperbolic. Moreover, the matter content compatible
with homogeneity and isotropy is necessarily characterized by an energy-
momentum tensor of the form

T} = diag(—p(t), p(t), p(t), p(t)), (3.9)

where p stands for the energy density and p for the pressure.
Substituting the metric, Eq. (3.8) and the energy-momentum tensor, Eq.
(3.9) into Einsteins equations gives the Friedmann equations,

(9) _8Gp_ &k (3.10)

a 3 a?’

a 47 G

Zy___7 A1
(a) 3 (p+3p), (3.11)

which govern the time evolution of the scale factor a(t).
An immediate consequence of the two above equations is the continuity
equation
p+3H(p+p) =0, (3.12)

where H = a/a is the Hubble parameter. The continuity equation can also
be obtained directly from the energy-momentum conservation V,T# = 0.
The cosmological evolution can be described by the equation of state for the
matter once it is specified. Let us define

p=wp, (3.13)

with w constant, which includes the two main types of matter that play an
important role in cosmology, namely non relativistic matter (w ~ 0) and a

19



gas of relativistic particles (w = 1/3). The conservation equation can be
integrated to give
p oc a0, (3.14)

For k = 0, one finds
2
a o< 30+ (3.15)

which implies a(t) oc t*/2 for relativistic matter and a(t) oc #*/3 for non-
relativistic matter. The present cosmological observations seem to indicate
that our Universe is currently accelerating. The simplest way to account for
this acceleration is to assume the presence of a cosmological constant A in
Einsteins equations, i.e. an additional term Ag,, on the left-hand side of Eq.
(2.48). By moving this term on the right hand side of Einsteins equations
it can also be interpreted as an energy-momentum tensor with equation of
state P = p, where p is time-independent. This leads, for x = 0 and without
any other matter, to an exponential evolution of the scale factor

a(t) oc exp(Ht). (3.16)

In our universe, several species with different equations of state coexist, and

it has become customary to characterize their relative contributions by the

dimensionless parameters

O = 87er(()i)
W= "3H2

(3.17)
where the p(()i) denote the present energy densities of the various species, and
H, is the present Hubble parameter. The first Friedmann equation, Eq.
(3.10), evaluated at the present time, implies

K

Qo =LepQe =1+ prpTE (3.18)
One can infer from present observations the following parameters: €2, ~
0.3 for non-relativistic matter (which includes a small baryonic component
O ~ 0.05), 2y ~ 0.7 for a “dark energy” component (compatible with a
cosmological constant), €2, ~ 5 x 10° for the photons, and a total €y close
to 1, i.e. no detectable deviation from flatness.

3.4 Inflation

The broadest definition of inflation is that it corresponds to a phase of ac-

celeration of the universe,
a > 0. (3.19)
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In this sense, the current cosmological observations, if correctly interpreted,
mean that our present universe is undergoing an inflationary phase. It is
worth noting that many of the models suggested for inflation have been
adapted to account for the present acceleration. We are however interested
here in an inflationary phase taking place in the early universe, thus char-
acterized by very different energy scales. Another difference is that inflation
in the early universe must end to leave room to the standard radiation dom-
inated cosmological phase. Cosmological acceleration requires, according to
the second Friedmann equation, Eq. (3.10), an equation of state satisfying

1
p< =3P (3.20)
condition which looks at first view rather exotic. A very simple example
giving such an equation of state is a cosmological constant, corresponding to
a cosmological fluid with the equation of state

p=—p. (3.21)

However, a strict cosmological constant leads to exponential inflation forever
which cannot be followed by a radiation era. Another possibility is a scalar
field, which we now discuss in some details.

3.4.1 Single scalar field inflation

Recall that the dynamics of a scalar field minimally coupled to gravity is
governed by the action

5, = [aey=a (—5000,0- (@), (322)

where g det(g,,) and V (¢) is the potential of the scalar field. The correspond-
ing energy-momentum tensor, obtained by varying the action Eq. (3.22) with
respect to the metric, is given by

Th = 0,60, — g 30700, +V(0)) (3.29

In the homogeneous and isotropic geometry Eq. (3.8), the energy-momentum
tensor is of the perfect fluid form, with the energy density p = %¢2 + Vo),
where one recognizes the sum of a kinetic energy and of a potential energy,
and the pressure p = %ng — V(¢). The equation of motion for the scalar
field is the Klein-Gordon equation, obtained by taking the variation of the
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above action Eq. (3.22) with respect to the scalar field, V¥V ,¢ = d¢, which
reduces to ) .
$+3HS+V' =0 (3.24)

in a homogeneous and isotropic universe. The system of equations governing
the dynamics of the scalar field and of the cosmological geometry is thus
given by

H? = 87;G ( ¢ + V(¢)> (3.25)
G+ 3Ho+V' =0, (3.26)
H = —4nG ¢, (3.27)

The last equation can be derived from the first two and is therefore redun-
dant.

3.4.2 The slow-roll conditions

The dynamics of Eqgs. (3.25) (3.27) does not always give an accelerated
expansion but it does so in the so-called slow-roll regime when the potential
energy of the scalar field dominates over its kinetic energy. More specifically,
the slow-roll approximation consists in neglecting the kinetic energy of the
scalar field, ¢, in Eq. (3.25) and its acceleration, ¢, in the Klein-Gordon
equation, Eq. (3.25). One then gets the simplified system
8rG
H? ~ 7; v, (3.28)
3HG+ V' ~0. (3.29)

Let us now examine in which regime this approximation is valid. From Eq.
(3.29), the velocity of the scalar field is given by

V/

Substituting this relation into the condition (¢2 /2) < V yields the require-
ment ) )
_my (V!
=—— (= 1 31
€y 9 (V < 1, (3 3 )

where we have introduced the reduced Planck mass m, = 1/v87G Alterna-
tively, one can use the parameter

(3.32)



which coincides with €y at leading order in slow-roll, since & = ¢?/(2m2H?).

Similarly, ¢ < V implies, after using the time derivative of Eq. (3.30) and
(3.28), the condition

"

Vv
ny = miv < 1. (3.33)

In summary, the slow-roll approximation is valid when the conditions ey, ny <
1 are satisfied by the potential, which means that the slope and the curvature
of the potential, in Planck units, must be sufficiently small.

3.4.3 Number of e-folds

Inflation must last long enough, in order to solve the problems of the Hot Big

Bang model. To investigate this question, one usually introduces the number

of e-folds before the end of inflation, denoted N, and simply defined by
Qend

N =1 3.34
(3:34)

where a.,q 1s the value of the scale factor at the end of inflation and a is a
fiducial value for the scale factor during inflation. By definition, N decreases
during the inflationary phase and reaches zero at its end.

In the slow-roll approximation, it is possible to express N as a function
of the scalar field. Since dN = dlna = Hdt = (H/(é)d(b, one easily finds,
using Eqgs. (3.30) and (3.28), that

bend 1/
N(¢) 2/(15 mg‘/,dgzﬁ. (3.35)

Given an explicit potential V' (¢), one can in principle integrate the above
expression to obtain N in terms of ¢. This will be illustrated by our model
for inflation. Let us now discuss the link between N and the present cosmo-
logical scales. If one considers a given scale characterized by its comoving
wavenumber k = 27 /), this scale crossed out the Hubble radius, during
inflation, at an instant t,(k) defined by

k= a(t.)H(L.). (3.36)

To get a rough estimate of the number of e-foldings of inflation that are
needed to solve the horizon problem, let us first ignore the transition from
a radiation era to a matter era and assume for simplicity that the inflation-
ary phase was followed instantaneously by a radiation phase that has lasted
until now. During the radiation phase, the comoving Hubble radius (aH)™*

23



Ina

Figure 3.1: Evolution of the comoving Hubble radius AH = (aH)~! , during
inflation, radiation dominated era and matter dominated era. The horizontal
dashed lines correspond to two different comoving lengthscales: the larger
scales cross out the Hubble radius earlier during inflation and re-enter the
Hubble radius later in the standard cosmological era.

increases like a. In order to solve the horizon problem, the increase of the co-
moving Hubble radius during the standard evolution must be compensated
by at least a decrease of the same amount during inflation. Since the co-
moving Hubble radius roughly scales like a! during inflation, the minimum
amount of inflation is simply given by the number of e-folds between the end
of inflation and today

In(ao/teng) = I(Tona/Tp) ~ In(10*(T,,,4/10'°GeV)), (3.37)

i.e. around 60 e-folds for a temperature T ~ 10'°GeV at the beginning of
the radiation era. As we will see later, this energy scale is typical of inflation
in the simplest models.

This determines roughly the number of e-folds N (k) between the mo-
ment when the scale corresponding to our present Hubble radius ky = agH)
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exited the Hubble radius during inflation and the end of inflation. The other
lengthscales of cosmological interest are smaller than k; ' and therefore exited
the Hubble radius during inflation after the scale kg, whereas they entered
the Hubble radius during the standard cosmological phase (either in the ra-
diation era for the smaller scales or in the matter era for the larger scales)
before the scale ky (see Fig. (3.1)).

A more detailed calculation, which distinguishes between the energy scales
at the end of inflation and after the reheating, gives for the number of e-folds
between the exit of the mode k and the end of inflation

Vkl /4 1 1/4

1/ P
In—FrF — 41 — In Lreh 3.38
wolle TN ongey TNy gy (338)

end

N(k) ~ 62 —1n

Since the smallest scale of cosmological relevance is of the order of 1 Mpc,
the range of cosmological scales covers about 9 e-folds. The above number of
e-folds is altered if one changes the thermal history of the universe between
inflation and the present time by including for instance a period of so-called
thermal inflation.

3.5 Reheating

After inflation ends the scalar field begins to oscillate around the minimum
of the potential. During this phase of coherent oscillations the scalar field
acts like pressureless matter
Ao
Lo | 3Hp, = 0. (3.39)
dt
The coupling of the inflaton field to other particles leads to a decay of the
inflaton energy
dpg o
o + (3H + F¢)p¢ = 0. (3.40)

The coupling parameter I'y depends on the model of physical processes. In
our thesis, we will consider a reheating mechanism called Higgs modulated
reheating, which the decay rate of the inflaton is controlled by the Higgs
boson. Eventually, the inflationary energy density is converted into standard
model degrees of freedom and the hot Big Bang commences.
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3.6 Quantum Fluctuations and Cosmological
Perturbations

In cosmology, inhomogeneities grow because of the attractive nature of grav-
ity, which implies that inhomogeneities were much smaller in the past. As
a consequence, for most of their evolution, inhomogeneities can be treated
as linear perturbations. The linear treatment ceases to be valid on small
scales in our recent past, hence the difficulty to reconstruct the primordial
inhomogeneities from large-scale structure, but it is quite adequate to de-
scribe the fluctuations of the CMB at the time of last scattering. This is the
reason why the CMB is currently the best observational probe of primordial
inhomogeneities. In this section, we concentrate on the perturbations of the
inflaton and show how the accelerated expansion during inflation converts its
initial vacuum quantum fluctuations into “macroscopic” cosmological pertur-
bations. In this sense, inflation provides us with “natural” initial conditions.
We will also see how the perturbations of the inflaton can be translated into
perturbations of the geometry.

Let us now move to the perturbed inflaton field living in a perturbed
cosmological geometry. In fact, Einsteins equations imply that scalar field
fluctuations must necessarily coexist with metric fluctuations. A correct
treatment, either classical or quantum, must therefore involve both the scalar
field perturbations and metric perturbations. We thus need to resort to the
theory of relativistic cosmological perturbations

3.6.1 Metric perturbation

The most general linear perturbation about the homogenous metric can be
expressed as

ds® = a*{—(1 4 2A)dr* + 2B;dx'dr + (0;5 + hy;)dx'dx’}, (3.41)

where we have assumed, for simplicity, a spatially flat background metric.
We have introduced a time plus space decomposition of the perturbations.
The indices 7, j stand for spatial indices and the perturbed quantities defined
in Eq. (3.41) can be seen as three-dimensional tensors, for which the indices
can be lowered (or raised) by the spatial metric d;; (or its inverse). It is very
convenient to separate the perturbations into three categories, the so called

IThis is all the more justified given that the metric in the early Universe was closer to
a spatially flat metric than our present metric, which is itself indistiguishible from a flat
geometry, according to observations.
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“scalar”, “vector” and “tensor” modes. For example, a spatial vector field B?
can be decomposed uniquely into a longitudinal part and a transverse part,

B'=0,B+ B;,, 0,B'=0, (3.42)

where the longitudinal part is curl-free and can thus be expressed as a gra-
dient, and the transverse part is divergenceless. This yields one “scalar”
mode, B , and two “vector” modes B! (the index i takes three values but
the divergenceless condition implies that only two components are indepen-
dent). A similar procedure applies to the symmetric tensor h;;, which can
be decomposed as

hij = 2C0;; + 20,0, E + 20, Ej) + Ey, (3.43)

with E% transverse and traceless (TT), i.e. 9;EY = 0 (transverse) and
6;;E = 0 (traceless), and F; transverse. The parentheses around the indices
denote symmetrization, namely 20, E;) = 0;E; + 0;E;. We have thus defined
two scalar modes, C' and F, two vector modes, E;, and two tensor modes,
E;;.

Coordinate Transformations

The metric perturbations, introduced in Eq. (3.41), are modified in a coor-
dinate transformation of the form

R N S SN (DT (3.44)

It can be shown that the change of the metric components can be expressed
as
0Gu — 09w — 2V .60, (3.45)

using the symbol V for the four-dimensional covariant derivative, where the
variation due the coordinate transformation is defined for the same old and
new coordinates (and thus at different physical points). The above variation
can be decomposed into individual variations for the various components of
the metric defined earlier. One finds

A— A—€Y — 76, (3.46)
B — B+ 08" - &, (3.47)
hij = hig — 2 (9&5) — HE ;) (3.48)

where 7 = a'/a. The effect of a coordinate transformation can also be
decomposed along the scalar, vector and tensor sectors introduced earlier.
The generator zi* of the coordinate transformation can indeed be written as

£ = (£4,0¢+ &), (3.49)
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with & transverse, which shows explicitly that &% contains two scalar com-
ponents, £ and &, and two vector components, £. The transformations Egs.
(3.47) and (3.48) are then decomposed into:

B— B+ ¢, (3.50)
C — C— 68, (3.51)
E— E—¢, (3.52)
B'— B — ¢, (3.53)
E'— E - ¢ (3.54)

The tensor perturbations remain unchanged since £“ does not contain any
tensor component. To summarize, the whole system scalar field plus gravita-
tion is described by eleven perturbations. They can be decomposed into five
scalar quantities: A, B, C' and E from the metric and d¢; four vector quanti-
ties B* and E*; two tensor quantities: the two polarizations of EE;T However,
these quantities are physically redundant since the same physical situation
can be described by different sets of values of these perturbations, provided
they are related by the coordinate transformations described above. One
would thus like to identify the true degrees of freedom, i.e. the physically in-
dependent quantities characterizing the system. One can reduce the effective
number of degrees of freedom by using the four coordinate transformations,
which consist of two scalar transformations and two vector transformations
as we saw earlier. Moreover, Einsteins equations contain nondynamical equa-
tions, i.e. constraints, which are also the consequence of the invariance by
coordinate transformations. They can be decomposed into two scalar con-
straints and two vector constraints. By taking into account the coordinate
changes and the constraints, one finds three true degrees of freedom: two
polarizations of the gravitational waves and one scalar degree of freedom. If
matter was composed of N scalar fields, one would get N scalar degrees of
freedom in addition to the two tensor modes.

In a coordinate transformation, the scalar field perturbation is also mod-
ified, according to

8¢ — 6 — ¢'€°. (3.55)

In single-field inflation, there are thus two natural choices of gauge to describe

the scalar perturbation. The first is to work with hypersurfaces that are flat,

i.e. C' =0, in which case we will denote the scalar field perturbation by @),
ie.

Q = 66— (3.56)

The other choice is to work with hypersurfaces where the scalar field is uni-

form, i.e. d¢ = 0, in which case the scalar degree of freedom is embodied by
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the metric perturbation Css, = 0. In other words, the true scalar degree of
freedom can be represented either as a pure matter perturbation or a pure
metric perturbation. In the general case, we have
¢/
Q=0p— (3.57)
which is a gauge-invariant combination (often called the Mukhanov-Sasaki
variable.

3.6.2 Quantizing the scalar degree of freedom

In order to quantize the true scalar degree of freedom, one needs the action
that governs its dynamics. Let us first note that the linearized equations
of motion for the coupled system (gravity + scalar field) are obtained from
the expansion of the full action at second-order in the perturbations. Indeed
the equations for the linear perturbations correspond to the Euler-Lagrange
equations derived from a quadratic Lagrangian. In our case, the difficulty is
that there are several scalar perturbations that are not independent. In order
to quantize this coupled system, one can work directly with the second-order
Lagrangian, or resort to a Hamiltonian approach.

The modern approach, introduced by Maldacena to study perturbations
beyond linear order, is based on the Arnowitt-Deser-Misner (ADM) formal-
ism. In the ADM approach, the metric is written in the form

ds® = —N?dt* + hy;(da' + N'dt)(dz? + N’dt), (3.58)

where N is called the lapse function and N° the shift function. The full
action for the scalar field and gravity

S = /d4x\/—_g K—% GO ) — V(¢)) + m?gRl (3.59)

becomes, after substitution of Eq. (3.58),

1 m; Vh
3 %, 3 % 2
S = /d zdtvVhN {W — —hjalgb@j(ﬁ - V((b)] - [ didPe= (E4EY — E?),
(3.60)
where h = det h;;, . .
YV =¢— N0;¢. (3.61)
and the symmetric tensor £j;, defined by
1.
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(the symbol | denotes the spatial covariant derivative associated with the
spatial metric h;;) is proportional to the extrinsic curvature of the spatial
slices.

The variation of the action with respect to N yields the energy constraint,

7 + L hiige0,6 + V(g) + m—’?’(E- E7 —E*) =0 (3.63)
oN2 T 2n T N2+ - '

while e the variation of the action with respect to the shift N? gives the
momentum constraint,
1, ; vV
2 j j
m: | —=(F] — Ed; = —0,;¢. 3.64
(e - ) = (3.64)
In order to study the linear perturbations about the FRW background,
we now restrict ourselves to the flat gauge, which corresponds to the choice

hij = CLQ(t)(SZ‘j. (365)

The scalar fields on the corresponding flat hypersurfaces can be decomposed
as

»=0+Q, (3.66)

where ¢ is the spatially homogeneous background value of the scalar field
and (@ represents its perturbation (on flat hypersurfaces). In the following,
we will often omit the bar and simply write the homogeneous value as ¢,
unless this generates ambiguities.

We can also write the (scalarly) perturbed lapse and shift as

N=1+ [ Nl = 571', (367)

where the linear perturbations o and f are determined in terms of the scalar
field perturbation ) by solving the linearized constraints. At first-order, the
momentum constraint implies
o= ¢
2m2H

Q, (3.68)

while the energy constraint gives 824 in terms of Q and Q.

3.6.3 Second order action

We now expand the action, up to quadratic order, in terms of the linear
perturbations. This action can be written solely in terms of the physical
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degree of freedom @ by substituting the expression Eq. (3.68) for « (it turns
out that [ disappears of the second order action, after an integration by
parts). The second order action can be written in the rather simple form

1 . 1 .
with the effective (squared) mass
1d (a®.
2 n_ - =2 a2
v 13 (55, 5o

As we did earlier, it is convenient to use the conformal time 7 and to introduce
the canonical degree of freedom v = a() which leads to the action

1 ) "
S, = 5 /d7d3x |:1)/2 + 0vd'v + 2—1)2} : (3.71)
z

with z = a%. This action is analogous to that of a scalar field in Minkowski
spacetime with a timedependent mass.

The quantity we will be eventually interested in is the comoving curvature
perturbation &, which is related to the canonical variable v by the relation

v = zZ%. The power spectrum for v is given by
22k Py (k) = |ue?, (3.72)
the corresponding power spectrum for & is found to be

_ |l

27.—3
217k yg(k) 22 .

(3.73)

In the case of an inflationary phase in the slow-roll approximation, the
evolution of ¢ and of H is much slower than that of the scale factor a.
Consequently, one gets approximately

~ — (slow—roll) (3.74)

- 9

P a”
z a

and all results obtained previously for u apply directly to our variable v in the
slow-roll approximation. This implies that the properly normalized function
corresponding to the Bunch-Davies vacuum is approximately given by

o 1
~ 4l —e " (1 — —). )
Uk le ( kT) (3.75)
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In the super-Hubble limit k|7| < 1 the function v, behaves like

/ h .| haH

where we have used a ~ 1/(HT) Consequently, combining (113), (110) and
(115) and reintroducing the cosmic time gives the power spectrum for R, on
scales larger than the Hubble radius,

h [ H* ho (H\?
47 &2 ) hurr 2mp€* 2

where we have used ¢ = H /H? in the second equality, and the subscript x
means that the quantity is evaluated at Hubble crossing (k = aH). This is the
main result for the spectrum of scalar cosmological perturbations generated
from vacuum fluctuations during a slow-roll inflation phase.

3.6.4 Covariant approach

Instead of the traditional metric-based approach, we use here a more geomet-
rical approach to cosmological perturbations, which will enable us to recover
easily and intuitively the main useful results, not only for linear perturba-
tions but also for non-linear perturbations. Let us consider a spacetime with
metric gab and some perfect fluid characterized by its energy density p, its
pressure P and its four-velocity u®. The corresponding energy momentum-
tensor is given by

Tap = pugtpy + P(gap + uqup).(123) (3.78)
Let us also introduce the expansion along the fluid worldlines,
© = V,ut, (3.79)

and the integrated expansion

a= %/dTp@, (3.80)

where 7, is the proper time defined along the fluid worldlines. In a FRW
spacetime, one would find © = 3H. Therefore, in the general case, one can
interpret ©/3 as a local Hubble parameter and S = exp(a) as a local scale
factor, while « represents the local number of e-folds. Then, the conservation
law for the energy-momentum tensor, V,7;' = 0, implies that the covector

Ca = vaa - %Vap (381)
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satisfies the relation

: ___9 __D
b =Hua = 3(p+p) (v“p /')Vap) ’ (3.82)

where a dot denotes the time derivative defined as the Lie derivative along
u®2. This result is valid for any spacetime geometry and does not depend on
Einsteins equations.

The covector (, can be defined for the global cosmological fluid or for
any of the individual cosmological fluids. Using the non-linear conservation
equation

b= —3a(p +p), (3.83)

which follows from u*V, T} = 0, one can re-express (, in the form

Vaup

a — VaOé + ——.
‘ 3(p+p)

(3.84)

If w = P/p is constant, the above covector is a total gradient and can be
written as

Ca = Va {a + m In p} : (3.85)

On scales larger than the Hubble radius, our definition agrees with the non-
linear curvature perturbation on uniform density hypersurfaces which is de-

fined as _r 1 4
g:(SN—/H—f’:(SNJr—/ P (3.86)
s D 3J; (14+w)p

where N = a. The above equation is simply the integrated version of Eq.
(3.81), or of Eq. (3.84).

3.6.5 Linear conserved quantities

Let us now introduce a coordinate system, in which the metric (with only
scalar perturbations) reads

ds® = a*{—(14+2A)dr*+20;Bdz'dr+|(1 + 2C) &;; + 20;0; E] dx'dx’}. (3.87)
We decompose the fluid four-velocty as

' =t + dut, out = {—Aja,v'/a}, v; = 0w+, (3.88)

2For scalar quantities, this is equivalent to an ordinary derivative along u® (e.g. p =
uV4p), but for (,, one has ¢, = u*Vy(, + GV ub
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where v; is transverse. At linear order, the spatial components of (, are
simply

¢ = 9¢, (W = ga - %M (3.89)
p

where a prime denotes a derivative with respect to . Linearizing Eq. (3.82)

implies that the curvature perturbation on uniform-energy-density hypersur-
faces, defined by

op op
(=C—-H—=C+ —~—, 3.90
p 3(p+p) (390)
obeys the evolution equation
H 1
"= - §Pa— =V?(E +v), 3.091
(= 0P~ 3V (E +0) (391)

where 0 P,.q d is the non-adiabatic part of the pressure perturbation, defined
by
6Paqg = 6P — c26p. (3.92)

Note that (™) differs from ¢ but they coincide when the spatial gradients can
be neglected, for instance on large scales. The expression Eq. (3.91) shows
that ( is conserved on super-Hubble scales in the case of adiabatic perturba-
tions. Another convenient quantity, which is sometimes used in the literature
instead of ( , is the curvature perturbation on comoving hypersurfaces, which
can be written in any gauge as

I
R =—C——"—"—06q, 0i6q=0T7, 3.93
e (s) (3.93)

where the subscript (S) denotes the perturbations of scalar type. For a
perfect fluid, d¢ = (p + P)v, where v has been defined in Eq. (3.88). One
can relate the two quantities ( and R by using the energy and momentum
constraints, which were derived earlier in the ADM formalism. Linearizing
Eq. (3.63) and Eq. (3.64) yields, respectively,

3

BHSN + a B = ——3p, (3.94)
2m,
a3

Combining these two equations yields the relativistic analog of the Poisson
equation, namely

2 2

2y — Y (5, — _ v
0 2m123(5p 3°0q) 22

5pe, (3.96)
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where we have replaced by the Bardeen potential ¥ = —C' — #°(B — E') =
— ¢ and introduced the comoving energy density dp. = dp — 379q. Since

gy ey % (kN (3.97)
B ptp 3(p+p) \all) '

one finds that { and Z coincide in the super-Hubble limit k£ < aH.

3.7 Initial Conditions for Standard Cosmol-
ogy

In standard cosmology, the initial conditions for the perturbations are usually
defined in the radiation dominated era around the time of nucleosynthesis,
when the main cosmological components are restricted to the usual photons,
baryons, neutrinos and cold dark matter (CDM) particles. The scales that are
cosmologically relevant today correspond to length-scales much larger than
the Hubble radius at that time. Before the invention of inflation, “initial”
conditions were put “by hand”, with the restriction that their late time
consequences should be compatible with observations. Inflation now provides
a precise prescription to determine these “initial” conditions® . Since several
species are present, one needs to specify the density perturbation of each
species. A simplification arises in the case of single field inflation, since
exactly the same cosmological history, i.e. inflation followed by the decay
of the inflaton into the usual species, occurs in all parts of our Universe, up
to a small time shift depending on the perturbation of the inflaton in each
region. As a consequence, even if the number densities of the various species
vary from point to point, their ratio should be fixed, i.e.

d(na/ng) =0, (3.98)

for any pair of species denoted A and B. This is not necessarily true in
multi-field inflation, as the perturbations in the radiation era may depend on
different combinations of the scalar field perturbations. The variation in the
relative particle number densities between two species can be quantified by

the quantity

Sna 6
Syp=—a_ B (3.99)
na np

3although one must be aware that present cosmological scales can correspond to scales
smaller than the Planck scale during inflation, suggesting the possibility of trans-Planckian
effects

35



which is usually called the entropy perturbation between A and B. When the
equation of state for a given species is such that w = P/p = const, one can
reexpress the entropy perturbation in terms of the density contrast, in the
form

Sap = (3.100)

It is convenient to choose a species of reference, for instance the photons, and
to define the entropy perturbations of the other species relative to it. The
quantities

Sb = (51, — 157, (3101)
S, =6, — 257, (3.102)
S, =96, — 257, (3.103)

thus define respectively the baryon, CDM and neutrino entropy perturba-
tions.

For single field inflation, all these entropy perturbations vanish, S, =
S. =95, =0, and the primordial perturbations are said to be adiabatic. An
adiabatic primordial perturbation is thus characterized by

1 1 1 1

Only one density constrast needs to be specified. However, since it is a gauge-
dependent quantity, it is better to use the gauge-invariant quantity ( , i.e. the
uniform density curvature perturbation, which is also equivalent to Z, since
we are on super-Hubble scales here. Note that the adiabatic mode, which is
directly related to the curvature perturbation, is also called curvature mode.
By contrast, the entropy perturbations can be non-zero even if the curvature
is zero, and the corresponding modes are called isocurvature modes.

3.8 Modulation

In the multiple fields inflation, a scenario is called modulation when the pri-
mordial perturbations are due to the perturbations of a scalar field, which
has never dominated the matter content of the universe but has played a cru-
cial role during some cosmological transition, while in the curvaton scenario
the curvaton dominates the energy density of the Universe at some epoch in
order to give the main contribution to the primordial perturbations.
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The best example is the modulated reheating scenario where the decay
rate of the inflaton, I' , depends on a modulaton o, which has acquired clas-
sical fluctuations during inflation. The decay rate is thus slightly different
from one super-Hubble patch to another, which generates a curvature per-
turbation. A simple way to quantify this effect is to compute the number
of e-folds between some initial time ¢; during inflation, when the scale of
interest crossed out the Hubble radius, and some final time t;. The curva-
ture perturbation is then directly related to the fluctuations of the number
of e-folds.

For simplicity, we will assume that, just after the end of inflation at time
te, the inflaton behaves like pressureless matter (as is the case for a quadratic
potential) until it decays instantaneously at the time t¢; characterized by
Hy; = T. At the decay, the energy density is thus p; = p.exp [3 (Ng — N.)]
and is transferred into radiation, so that, at time ¢; , one gets

py = pae NN = p NN =N =) (3.105)

Using the relation I' = Hy = Hyexp[2(N¢Ny)| to eliminate (NfNy) in Eq.
(3.105), we finally obtain

1 pf 1 r
Ny=N,—-In— — —In—. 3.106
! s T, (3.106)
If one ignores the inflaton fluctuations, the final curvature perturbation is
therefore

(= N,do, = —6?’050*, (3.107)

which yields the curvature power spectrum

1 /T \?/H\>

The dependence on the modulaton can alternatively show up in the mass of
the particles created by the decay of the inflaton. The modulaton can also
affect the cosmological evolution during inflation, as in the modulated trap-
ping scenario, which is based on the resonant production of particles during
inflation (see also for other recent scenarios based on particle production). If
the inflaton is coupled to some particles, whose effective mass becomes zero
for a critical value of the inflaton, then there will be a burst of production
of these particles when the inflaton crosses the critical value. These particles
will be quickly diluted but they will slow down the inflaton. This effect,
which increases the number of e-folds until the end of inflation, can depend
on a modulaton, for example via the coupling between the inflaton and the
particles, and a significant curvature perturbation might be generated.
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3.9 Non-Gaussianities

One of the most promising probes of the early Universe, which has been
investigately very actively in the last few years, is the non-Gaussianity of the
primordial perturbations. Whereas the simplest models of inflation, based on
a slow-rolling single field with standard kinetic term, generate undetectable
levels of non-Gaussianity, a significant amount of non-Gaussianity can be
produced in scenarios with i) non-standard kinetic terms; ii) multiple fields;
iii) a non standard vacuum; iv) a non slow-roll evolution.

3.9.1 Higher order correlation functions

The most used estimate of non-Gaussianity is the bispectrum defined, in
Fourier space, by

(G Caics) = (27)20P) (Sikq) Be (K, ko, ki), (3.109)

where the Fourier modes are defined by

Ge = / e (x). (3.110)

Equivalently, one often uses the so-called fy; parameter, which can be de-
fined in general by

5 o o 6
Bc(kl, k?g, l{?g) = ngL[PC(/ﬁ)P((kQ) + 2 perm], (3111)
where P is the power spectrumb defined by

(G Gieo) = (27)°8%) (ke + ko) P(ky). (3.112)

The fy; parameter was initially introduced for a very specific type of non-
Gaussianity characterized by

C00) = Golox) + 5 frch(x). (3113)

in the physical space, where (g is Gaussian and the factor 3/5 appears be-
cause fyr was originally defined with respect to the gravitational potential
® = (3/5)C, instead of ¢. In this particular case, fyr, as defined in Eq.
(3.111), is independent of the vectors k;. In general, fx is a function of the
norm of the three vectors k; (which define a triangle in Fourier space since
they are constrained by kj + ks + k3 = 0 as a consequence of homogeneity),
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and the shape of the three-point function is an important characterization of
how non-Gaussianity was generated. In the context of multi-field inflation,
the so-called d N-formalism is particularly useful to evaluate the primordial
non-Gaussianity generated on large scales. The idea is to describe, on scales
larger than the Hubble radius, the nonlinear evolution of perturbations gen-
erated during inflation in terms of the perturbed expansion from an initial
flat hypersurface (usually taken at Hubble crossing during inflation) up to a
final uniform-density hypersurface (usually during the radiation-dominated
era). Using the Taylor expansion of the number of e-folds given as a function
of the initial values of the scalar fields,

1
(2> Nogl+ 5 > Nio¢Ls, (3.114)
7 17
in Fourier space,
(Gr GiesGies) = X1a NI N g N i (5by, 601, 61, (3.115)
1
+§EIJKLN,IN,JN,KN,L<5¢£15¢i2 (00" 66" )x,) + perms.

The first term on the right hand side corresponds to non-Gaussianities aris-
ing from nonvanishing three-point function(s) of the scalar field(s). This is
the case for models with non-standard kinetic terms, leading to a specific
shape of non-Gaussianities, usually called equilateral, where the dominant
contribution comes from configurations with three wave vectors of similar
length ki ~ ko ~ k5.

The terms appearing in second line of Eq. (3.115) can also lead to sizable
non-Gaussianities. Indeed, substituting

56 S6L) — (201,69 (ks + ko) 2 2 (), 2, = L 3.116
(01, 00,) = (2m)°0750" (ky + 2)]{;—% L (F1), « = o (3.116)
in Eq. (3.115), one finds
6 NJN}JN’IJ

sfve = N RNF) (3.117)
where we use Einsteins summation convention for the field indices, which
are raised with §7/. This corresponds to another type of non-Gaussianity,
usually called local or squeezed, for which the dominant contribution comes
from configurations where the three wavevectors form a squeezed triangle.

Extending the Taylor expansion Eq. (3.114) up to third order, one can
compute in a similar way the tri-spectrum, i.e. the Fourier transform of the
connected four-point function defined by

(Ciey Gies G s ) = (27)20P) (85K ) T (K, oo, o, K. (3.118)
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Assuming the scalar field perturbations to be quasi-Gaussian, the trispectrum
can be written in the form

Te(y, ky, ks, k) =7np[P(k13)P(ks) P(ks) + 11 perms] (3.119)
54
+ %gNL[P(kQ)P(kg)P(kz;) + 3 perms],
with
Ny N'ENINg 25 Ny NN NE

= = — 3.120
TNL (N7LN’L)3 9 gNL 54 (NLNL)S ) ( )

and where ]C13 = |k1 + k3|
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Chapter 4

Asymptotic Safe Gravity

4.1 Asymptotic Safety

A useful and efficient way of analyzing quantum effects on the low energy
scale physics is the renormalization group (RG). An effective theory is ob-
tained by integrating out the quantum fluctuations with higher energy scales
than a certain cutoff scale. It contains a number of parameters that run
along with the cutoff scale, called the RG flows. One can then incorporate
the quantum effects using classical equations of motion from the effective
action. The main problem in applying the RG approach to cosmology is
that we do not know the complete quantum gravity theory that governs
the UV (Planck) scale physics. The notion of asymptotic safety was intro-
duced by Weinberg in 1979 and is connected with the fact that the coupling
parameters quantum field theory are energy-dependent due to renormaliza-
tion. In this scenario the renormalization group (RG) flows approach a fixed
point in the UV limit, and a finite dimensional critical surface of trajecto-
ries evolves to this point at short distance scales. This picture suggests a
nonperturbative UV completion for gravity, where the metric fields remain
the fundamental degrees of freedom. Moreover, the low energy regime of
classical general relativity is linked with the high energy regime by a well-
defined, finite, RG trajectory. A theory is called asymptotically safe if all
essential coupling parameters g; approach a non-trivia fixed point for ener-
gies k — 0o. The scenario of AS gravity has been studied extensively in the
literature [5, 139, 140, 142, 9, 143, 146, 55, 13, 14]. There is evidence that
black hole solutions in an AS gravity with Einstein-Hilbert truncation may
be nonsingular [15, 16, 17]; however, the study of black hole physics in an
AS gravity theory including higher derivative terms [145] showed that, while
the metric factor may be everywhere finite, curvature invariants may still di-
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verge at the origin. The implications of AS gravity with Einstein truncation
and Friedmann-Robertson-Walker (FRW) cosmologies were analyzed with re-
spect to late time cosmological acceleration in Refs. [19, 141, 21, 106, 24, 22].
The relation between Brans-Dicke theory and AS gravity was discussed in
[25]. It is also possible that AS gravity might drive inflation at early times
[138, 26, 27, 28].

A covariant gravitational effective theory (for simplicity matter will be
ignored here) involving running coupling with a cutoff p can be expressed as

Splguw] = /d4x\/—_g[p4go(p) +p°0(p) R+ OR*) +---],  (41)

where ¢ is the determinant of the metric g,, and R is the Ricci sclalr. The
coefficients ¢;(p), (i = 0,1,...) are dimensionless coupling parameters and
are functions of the dimension-full UV cutoff. In particular, we have

wlp) = o 0l = g (4.2)

where G(p) and A(p) are the quantum corrected gravitational and cosmolog-
ical constants. The couplings satisfy the following RG equations,

d

iy 91P) = Bila ()] - (4.3)

According to Ref. [2], all beta functions vanish when the coupling param-
eters g; approach a fixed point g/ in the scenario of asymptotical safety. If
gf = 0, the fixed point is Gaussian; if g/ # 0, the fixed point is Non-Gaussian
(NG). For the NG fixed point, all the coupling parameters are fixed, the cut-
off p becomes irrelevant as p — oo, and the theory is adequately described
by a finite number of higher order counter-terms included in the effective
action. Near the fixed point we may Taylor expand the beta functions in a
matrix form

Bilgl = Z%’j(gj -9 (4.4)

where the elements of the matrix are defined by %;; = %g[jg]* at the fixed

point. Solving the RG equations (4.3) in the neighborhood of the fixed point
we find

g:(p) = g; + ; e (%) , (4.5)
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where e and v,, are the suitably normalized eigenvectors and corresponding
eigenvalues of the matrix %;;. Since 4 is a general real matrix with symmetry
determined by a particular gravity model, its eigenvalues can be either real
or in pairs of complex conjugates. As a consequence, the dimensionality of
the UV critical surface is equal to the number of eigenvalues of the matrix
A, of which the real parts take negative values. The above solution involves
an arbitrary mass scale M,. By requiring the largest eigenvector of order
unity, M, is typically identified with the energy scale at which the coupling
parameters are just beginning to approach the fixed point.

The low energy effective action can, in principle, be obtained from the RG
equation. This is however a highly nontrivial functional differential equation
with respect to the RG scale k& [29] that is virtually impossible to solve
exactly. As a simple approximation, we (in agreement with much of the
literature) shall adopt the Einstein-Hilbert truncation [30] in the gravity
part by neglecting higher derivative terms. In the matter part, the kinetic
term of the scalar field is taken to be canonical (i.e. no running since there is
no coupling parameter) while the potential is allowed to vary as the RG scale
k changes. In this approximation, the practical effect of RG flow is then an
evolution of the gravitational coupling Gy (generalizing Newton’s constant)
and the scalar field potential V(¢). In particular the equations of motion
will take the same form as the classical ones.

4.2 Functional Renormalization Group

Whether or not a non-trivial fixed point is realised in quantum gravity
can be assessed once explicit renormalisation group equations for the scale-
dependent gravitational couplings are available. To that end, we recall the
set-up of Wilsons (functional) renormalization group, which is used below
for the case of quantum gravity. Wilsonian flows are based on the notion
of a cutoff effective action k, where the propagation of fields with mo-
menta smaller than k is suppressed. A Wilsonian cutoff is realised by adding
ASy, = 3 [ ¢(—q) Ri(q) ¢(g) within the Schwinger functional

v Z40J] =t [ IDelunoxp (=516l - Al + [70¢) 4

and the requirement that Ry obeys (i) Rip(q) — 0 for k?/¢* — 0, (ii)
Ri(q) > 0 for ¢*/k* — 0, and (iii) Rx(q¢) — oo for k — A (for examples
and plots of Ry, see [82]) Note that the Wilsonian momentum scale k takes
the role of the renormalisation group scale p introduced in the previous sec-
tion. Under infinitesimal changes & — k — Ak, the Schwinger functional
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obeys 0;In Z, = —(0;ASk)s; t = Ink. We also introduce its Legendre trans-
form, the scale-dependent effective action I'y[¢] = sup, ([ J - ¢ —InZy[J]) —
% J ¢Rio, ¢ = (). It obeys an exact functional differential equation intro-
duced by Wetterich [83]

_ 1 (2) !
Ol = S Tr (Fk v Rk> Ry, (4.7)

which relates the change in I'y, with a one-loop type integral over the full
field-dependent cutoff propagator. Here, the trace Tr denotes an integra-
tion over all momenta and summation over all fields, and Fgf) [6](p,q) =
62T /06 (p)dp(q). A number of comments are in order:

e Finiteness and interpolation property. By construction, the flow
equation 4.7 is well-defined and finite, and interpolates between an ini-
tial condition I'y for kK — A and the full effective action I' = I',—y. The
endpoint is independent of the regularisation, whereas the trajectories
k — I'y depend on it.

e Locality. The integrand of 4.7 is peaked for field configurations with
momentum squared ¢* ~ k*, and suppressed for large momenta [due
to condition (i) on Ry and for small momenta |[due to condition (ii)].
Therefore, the flow equation is essentially local in momentum and field
space [82, 85].

e Approximations. Systematic approximations for 'y, and 0,['; are
required to integrate 4.7. These include (a) perturbation theory, (b)
expansions in powers of the fields (vertex functions), (c¢) expansion in
powers of derivative operators (derivative expansion), and (d) combi-
nations thereof. The iterative structure of perturbation theory is fully
reproduced to all orders, independently of Ry [86, 87]. The expansions
(b) - (d) are genuinely non-perturbative and lead, via 4.7, to coupled
flow equations for the coefficient functions. Convergence is then checked
by extending the approximation to higher order.

e Stability. The stability and convergence of approximations is, addi-
tionally, controlled by Ry [82, 84]. Here, powerful optimisation tech-
niques are available to maximise the physics content and the reliability
through well-adapted choices of Ry [82, 84, 85, 89, 80]. These ideas
have been explicitly tested in e.g. scalar [88] and gauge theories [89].

e Symmetries. Global or local (gauge/diffeomorphism) symmetries of
the underlying theory can be expressed as Ward-Takahashi identities
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for n-point functions of I'. Ward-Takahashi identities are maintained
for all k if the insertion ASy is compatible with the symmetry. In
general, this is not the case for non-linear symmetries such as in non-
Abelian gauge theories or gravity. Then the requirements of gauge
symmtry for ' are preserved by either (a) imposing modified Ward
identities which ensure that standard Ward identities are obeyed in
the the physical limit when & — 0, or by (b) introducing background
fields into the regulator Rj; and taking advantage of the background
field method, or by (c) using gauge-covariant variables rather than
the gauge fields or the metric field [90]. For a discussion of benefits
and shortcomings of these options see [76, 80]. For gravity, most im-
plementations presently employ option (b) together with optimisation
techniques to control the symmetry [53, 54].

Integral representation. The physical theory described by I' can be
defined without explicit reference to an underlying path integral repre-
sentation, using only the (finite) initial condition I'y, and the (finite)
flow equation 4.7

" dk @ -
D=Ty+ [ S-fraci2Tr (rk + Rk> O, Ry, . (4.8)
A

This provides an implicit regularisation of the path integral underlying
4.6. It should be compared with the standard representation for I' via
a functional integro-differential equation

= [Dglm 0 (—S[qs o+ [ 5. go) (19)

which is at the basis of e.g. the hierarchy of Dyson-Schwinger equations.

Renormalisability. In renormalisable theories, the cutoff A in 4.8
can be removed, A — oo, and I'y — I', remains well-defined for ar-
bitrarily short distances. In perturbatively renormalisable theories, I',
is given by the classical action S, such as in QCD. In this case, illus-
trated in a), the high energy behaviour of the theory is simple, given
mainly by the classical action, and the challenge consists in deriving
the physics of the strongly coupled low energy limit. In perturbatively
non-renormalisable theories such as quantum gravity, proving the ex-
istence (or non-existence) of a short distance limit I', is more difficult.
b), experiments indicate that the low energy theory is simple, mainly
given by the Einstein Hilbert theory. The challenge consists in identify-
ing a possible high energy fixed point action I',, which upon integration

45



matches with the known physics at low energies. In principle, any I,
with the above properties qualifies as fundamental action for quantum
gravity. In non-renormalisable theories the cutoff A cannot be removed.
Still, the flow equation allows to access the physics at all scales & < A
analogous to standard reasoning within effective field theory [69].

e Link with Callan-Symanzik equation. The well-known Callan-
Symanzik equation describes a flow k% driven by a mass insertion
~ k?¢* 1In 4.7, this corresponds to the choice Ry(q?) = k?, which
does not fulfill condition (i). Consequently, the corresponding flow is
no longer local in momentum space, and requires an additional UV
regularisation. This highlights a crucial difference between the Callan-
Symanzik equation and functional flows 4.7. In this light, the flow equa-
tion 4.7 could be interpreted as a functional Callan-Symanzik equation
with momentum-dependent mass term insertion [91].

Now we are in a position to implement these ideas for quantum gravity
[139]. A Wilsonian effective action for gravity I'y should contain the Ricci
scalar R(g,,) with a running gravitational coupling Gy, a running cosmolog-
ical constant Ay (with canonical mass dimension [A;] = 2), possibly higher
order interactions in the metric field such as powers, derivatives, or func-
tions of e.g. the Ricci scalar, the Ricci tensor, the Riemann tensor, and,
possibly, non-local operators in the metric field. The effective action should
also contain a standard gauge-fixing term S,¢, a ghost term Sy, and matter
interactions S,,qer. Altogether,

1
I, = | dxy/det I [IESTGk (—R+2A;) + -+ + St + Sen + Smatter:| )
(4.10)

and explicit flow equations for the coefficient functions such as Gy, A, or
vertex functions, are obtained by appropriate projections after inserting 4.10
into 4.7. All couplings in 4.10 become running couplings as functions of the
momentum scale k. For £ much smaller than the d-dimensional Planck scale
M., the gravitational sector is well approximated by the Einstein-Hilbert
action with G} &~ Gj—¢, and similarily for the gravity-matter couplings. At
k ~ M, and above, the RG running of gravitational couplings becomes im-
portant. This is the topic of the following sections.

A few technical comments are in order: To ensure gauge symmetry within
this set-up, we take advantage of the background field formalism and add a
non-propagating background field g, [139, 76, 92, 93, 94, 95, 96]. This
way, the extended effective action I'y[g,., g becomes gauge-invariant under
the combined symmetry transformations of the physical and the background
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field. A second benefit of this is that the background field can be used to
construct a covariant Laplacean —D?, or similar, to define a mode cutoff
at momentum scale k> = —D?. This implies that the mode cutoff R, will
depend on the background fields. The background field is then eliminated
from the final equations by identifying it with the physical mean field. This
procedure, which dynamically readjusts the background field, implements
the requirements of “background independence” for quantum gravity. For a
detailed evaluation of Wilsonian background field flows, see [95]. Finally, we
note that the operator traces Tr in Eq. (4.7) are evaluated using heat kernel
techniques.
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Chapter 5

Higgs Modulated Reheating of
RG improved Inflation

In this chapter, we will study the inflationary cosmology of asymptotically
safe gravity with Einstein-Hilbert truncation taking into account the renor-
malization group (RG) running of both gravitational and cosmological con-
stants. We also consider the dynamics of a scalar field which can be inter-
preted as the Higgs field. The Higgs plays a role of modulating the decay rate
of reheating. The background trajectories of this model can provide sufficient
inflationary e-folds and a graceful exit to a radiation dominated phase. Due
to the compatibility with general relativity (GR) requires some constraints
on the running constants and their contributions to the stress energy tensor
can be taken into account in the perturbation analysis.

5.1 A Model of Asymptotic Safe Gravity

We start from a RG inspired effective gravitational Lagrangian with Einstein-
Hilbert truncation,
R —2A
2 = 120
167G (p)

where p is the RG cutoff scale. Just like the ordinary effective field theory,
quantum fluctuations beyond the cutoff scale are integrated out. By asymp-
totic safe, we assume the effective lagrangian automatically connects with
ordinary Einstein gravity in the IR regime where the gravitational and cos-
mological constants flow to some present values that can be constrained by
observations. In the UV limit, these “constants” flow to a UV fixed point ac-
cording to their beta functions. Quantum corrections are therefore described

(5.1)
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by the evolution of the coupling constants as functions of the cutoff scale p,
whose beta functions can be extracted from the RG equations.
We first define the dimensionless gravitational and cosmological constants
as follows:
’ _ Alp)

o) = 5 -G, Mp) ==

If we had known the exact forms of RG equations, we can follow the flows of
g and X along with the cutoff scale and obtain a fixed point in the UV limit.
The AS scenario suggests that this UV fixed point is attractive. Note that the
explicit forms of beta functions depend on the choice of the cutoff function
and the relevant gauges. In Ref. [138], it was observed that the UV fixed
point often corresponds to a de Sitter solution; however neither the energy
scale of the background nor the amplitude of quantum fluctuations provide
a successful application to early Universe inflationary cosmology [150].

If the RG improved gravity theory is viable, its RG trajectory should
connect smoothly with standard Einstein gravity in the IR limit so as to
be consistent with astronomical and cosmological observations. We would
therefore like to study the RG improved gravity theory in the regime that
is sufficiently close to GR while still retaining some quantum corrections by
the beta functions at linear order. To begin with, we assume the linearized
beta functions for dimensionless coupling constants as follows:

(5.2)

By = popA = —2) + 2ag, (5.3)
By = pdg = 29 — 26°¢%/3, (5.4)
which include next-to-leading order corrections to g. The coefficients o and

[ are cutoff function dependent. Under this parametrization, one can obtain
approximate forms of the dimensionless couplings, which are given by

3G yp?
Ar 3a  2l6ra . [(T21
Ap) 2 — + — — | 5.6
(p) 2 +52 54GNp2n(GN+6p : (5.6)

where Gy and A;p are Newtons constant and the cosmological constant
in the infrared limit and thus correspond to those in GR. The above two
couplings approach nonvanishing constant values in the p < M, limit and
therefore have the expected AS behavior. Note also that the parameters «
and 3 should in principle be calculated from the theory of quantum theory
of gravity rather than free model parameters. However, because it is not
known how to do this calculation, there can be many different possibilities
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and thus we can treat them as free parameters effectively. The corresponding
parameter choice can determine the way g and A\ approach their fixed point,
and thus could impose a possible constraint on the theory. Therefore, we can
choose the values of o and [ such that our model can fit the observational
data.

The corresponding RG improved gravitational and cosmological constants
obey the following relations:

1+ &ep?

Mp) = Arr+ " = 2651 (146G (5.8)

G(p) (5.7)

where { and £, are the model parameters determined by RG flow coefficients
through
2 3a

When p — 0, approach the classical values determined by observations and
thus GR is recovered in the IR limit. Conversely, in the extreme UV regime
the value of G approaches zero, which implies a weakly coupled gravitational
system at extremely high energy scale. In between, we expect a period of
sufficiently slow variation of A and thus the occurrence of an inflationary
phase at early times of cosmological evolution. We note that if £z is chosen
to be much smaller than unity, one can Taylor expand the last term of Eq.
(6.8) and the simplified expression

1
A~ A+ §£A£GGNP47 (5.10)

even if p is of order M,. We will find that this condition is necessary in order
to achieve a viable inflationary phase.

5.2 The f(R) Correspondence

We consider minimal coupling between the AS gravity and the matter field,

SAS:/d4I\/—_g[$A5+$m], (5.11)

where %, is the Lagrangian of the matter field. As the gravitational con-
stant varies along the cutoff scale p which can be a function of spacetime,
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taking variation of the Lagrangian with respect to the metric g, yields the
generalized Einstein equation

1
Ry — §R9uu + Aguw = 87TGT;ST) +G(V,V, = gu) G, (5.12)

where we have introduced the covariant derivative V,, with respect to g,, by
V,.V¥ =09,V¥+T%,V* and the affine connection is
1
PR Y
Fuu = 59 P (0uGvp + OvGup — OpGpuw) -

We also define the operator O = ¢V ,V,. We see that, Eq. (6.12) is the
same as the Einstein equation in classical general relativity, plus an extra
contribution due to the RG running of the gravitational constant. Since
both G and A are no longer constants but functions of the cutoff scale p,
it is important to specify the distribution of p in AS gravity. One way
to achieve this is by writing down the generalized Bianchi identity of AS
gravity. Assuming the conservation of the stress energy tensor of matter
fields V“T}J,n) = 0, we can derive the following useful equation requiring the
running of the cutoff scale to obey the constraint

R —2A(p)
G(p)

Since V,G(p) = G, - (V,p), and V,A(p) = A, - (V,p), we can simplify the
above equation to

V,.G(p) + V. A(p) = 0. (5.13)

R —2A
—7m§@Gp+Am=Q (5.14)
if V,p # 0.

The continuity equation of energy density determines the dynamics of
matter components and allows derivation of the equations of motion by vary-
ing the Lagrangian with respect to matter fields. Therefore, the dynamics of
this cosmological system are completely determined. Inserting the forms of
RG modified gravitational constant G' ,Eq. (6.7) and cosmological constant
A \Eq. (6.10) into Eq. (6.14), one can identify the relation between the Ricci
scalar and the cutoff scale,

2 R - 2A]R _ 35@GNR2
26 8¢
We see that the original theory may be reformulated as an effective f(R)
model, where %45 is replaced by
A R —2A
. P R~ IR + €G
8rG ), 167Gy 32mép

p (5.15)

f(R) = (R—2AsR)". (5.16)
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The subscript ,p denotes the derivative with respect to p. In general, the
correspondence between the AS gravity and f(R) theory holds if the Einstein-
Hilbert truncation is applied. However, the detailed expression of f(R) de-
pends strongly on the specific forms of RG functions as well as the identifica-
tion between the cutoff scale and Ricci scalar. We refer to [152] for a general
discussion on this issue.

5.3 Classical Equivalence to the JBD Theory

The Jordan-Brans-Dicke (JBD) theory is one of a scalar-tensor theory in
which the gravitational interaction is modified by introducing a scalar field
coupled to the tensor field of general relativity. In the JBD theory, the gravi-
tational constant GG is allowed not to be a constant but instead is replaced by
a scalar field which can vary from place to place and with time. Compared to
classical GR, this theory contains an extra dimensionless constant, w, which
is the so-called Brans-Dicke parameter. The JBD theory with a scalar degree
of freedom ¢ and potential U(¢) can be described by the action

©* R — wd, ot
167

SyBp = /dx\/—_g [ —U(p)+ %Ll . (5.17)
If ¢ varies slightly from point to point in spacetime, it would be interpreted
as a spacetime-dependent Newton’s constant. This theory could include a
variety of gravitational theory by different choices of w and U(p). In our AS
gravity, since the gravitational constant also varies with spacetime points, we
expect that it would correspond to some kind of the JBD theory. Varying
with the metric, we obtain the generalized Einstein equation

1 8T /i _
R — iRQuV :? (T;Eu) - U(go)g;w) +o (ViVy = guwt) ¢
w 1
+ E (VHQOVVSO - §guuvpgpvp¢) : (618)

Varying with ¢, we obtain the equation of motion of ¢
2
R— 16U, + —Op — —V,pV’p =0, (5.19)
¥ ¥

where the subscript , ¢ represents differentiation with respect to ¢. Combine
Egs. (6.18) and (6.19), and take the trace, one gets

(2w + 3)0p — 87T + 327U — 167U, = 0. (5.20)
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where TU™ is the trace of the stress energy tensor of matter components.
Now, we can see our AS theory is equivalent to one class of JBD theory if
we set

- Alp)
=G w=0, Ulp) =" 5.21
¥ w=0 Ulp)=gras (5.21)
Making use of Eq. (6.14) and the trace of Eq. (6.12), we find
8T 2N 2A
0G'=—1m - — - =2 5.22
3 3G 3G, (5.22)

We see that Eq. (6.22) is consistent with Eq. (6.20) if we substitute Eq.
(6.21) into Eq. (6.20). Therefore, we have shown that the AS gravity is
equivalent to one class of the JBD theory. This equivalence provides a conve-
nient way of studying the cosmology of the AS gravity and telling us whether
us or not the AS gravity is a viable theory of gravity.

5.4 R? Inflationary Cosmology

In a standard cosmological model, the value of A;r is determined by obser-
vations pertaining to late-time acceleration which are typically of the order
O(107*2'M,,). Since we are considering the inflation occurring in early uni-
verse when the typical energy scale is O(1072M,,), the contribution of Asx to
the early Universe background dynamics is totally negligible. For the time
being, we neglect it and our model reduces to an R? inflationary cosmology
[116], which is
R gG 2
f(R) = TN + 327T€AR : (5.23)
In addition, for the matter field Lagrangian we focus on the SM Higgs
scalar. We use the unitary gauge for the Higgs boson and temporarily neglect
all gauge interactions. As a consequence, the Lagrangian of the matter field
is given by

1
L D> =500 h =V (1) = Vi, (5.24)

where V' (h) is the potential of the Higgs boson and Vj,; represents the in-
teractions between the Higgs and other particles in the Standard Model of
particle physics. Without considering interactions with other particles, the
form of the potential is approximately,

V(h) ~ 2(h? — %), (5.25)

in which v is the vacuum expectation value (VEV) of the Higgs boson, with
associated Higgs mass, my = v2\v.
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5.5 Background Evolution

Now we turn our attention to inflationary solutions. Recall the action of our
theory is now Eq. (6.11) with matter Lagrangian given by in Eq. (6.24):

Sis — /d%\/_—g (R — 2A(p)

1
R AR L -
6rGy)  20uh"h V(h)) .

It is convenient to perform a conformal transformation into the Einstein
frame:

G = G = VG, (5.26)
where 2 is the conformal factor and we can define a new introduce scalar

field ¢ as follows:

G 20

Q%(¢) FN = VoMp | (5.27)
As a result, the original AS system is equivalent to a two-scalar-field system
minimally coupled to Einstein gravity without RG running, for which the
effective Lagrangian in the Einstein frame is given by

R (Vo)  (Vh)

— — —V 2

L fomay 2 2(g) V@) (5.28)

with V()
V(6. h) =U(¢) + ==, 5.29
(6.1) = U(0) + g (529)

where the potential of the new scalar field takes the form

_ 48 -2

U(p) = 27TMP£— 1—e VoMp |, (5.30)
a

This potential is sufficiently flat in the regime where ¢ < M, and has the
quadratic form around ¢ = 0. This scalar field ¢ can thus play the role of
the inflaton under a careful selection of RG running parameters.

We consider an isotropic and homogeneous universe, described by the flat
Friedmann-Robertson-Walker (FRW) metric,

ds® = —dt* + a(t)*d’x, (5.31)
then the Fredmann and Raychaudhuri equations are
1
P=—p 5.32
) 1 .
H=— p+ P 5.33
37+ D) (533)
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where H = g and the dot denotes the time derivative in the Einstein frame.
The energy density and the pressure in the Einstein frame (we dropout the
tilde) are

p= %éQ + 292;@)52 +U(o) + gg(];)), (5.34)
_ 1, T V()
P=5¢"+ —292(¢)h Ul(g) 90 (5.35)

By varying the Lagrangian with respect to ¢ and h, we obtain the equations
of motion for the scalar fields:

G+3H)+ U, — 2Q—ﬁv + Q—’fh?’ =0, (5.36)
h+3Hh — 26’¢¢h + % = 0. (5.37)

5.6 Slow-roll Inflation

Equations (6.36) and (6.37) show that the inflaton and the Higgs fields are
coupled with each other and the system is rather complicated. Fortunately,
the coupling terms can be greatly suppressed during inflation by using the
slow-roll condition. We now introduce the series of slow-roll parameters

H (bQ h2
= = — = 5.38
T TEY YT AMHEY ©T 20 M2H (5.38)
_ Vo _ Vi _ Vi

for a cosmological system of coupled double fields. We note that the potential
of ¢ becomes very flat when ¢ is larger than M, and in comparison the
parameters €, and 7, are relatively small. Simultaneously, other parameters
are also very small due to the suppression by the large value of the conformal
factor €.

As a consequence, under the slow-roll conditions, the background dynam-
ics are determined by the following solutions:

S S

~

o= 3m " Tz 302

(5.40)

which implies a quasi-exponential expansion at early times. Since inflation
ends when the slow-roll condition breaks, i.e., €, = 1, the substitution of the
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background solution for ¢ in Eq. (6.39) into the slow-roll parameter €, in
Eq. (6.38) yields the value of ¢ at the end of inflation:

V6 2
= —M,In(1+ —). 5.41
6 =3 MyIn(1 + ) (5.41)
As the contribution of the Higgs field during inflation is negligible, the num-
ber of e-folding of inflation mainly depends on ¢ through the relation

I u
N =— d
/i M2U #
which is given by
3 2 3 ¢
N(¢) ~ —eVeMp — — —1.04 5.42

It is easy to achieve N = 60 if initially the inflaton is placed at ¢; ~ 5.46]M,.
Applying the slow-roll condition, one obtains the Hubble rate

27T§AM

Hy ~ ,
! e "

(5.43)

during inflation.

Moreover, the slow-roll parameters for the Higgs field h are automati-
cally small due to the suppression of the large value of the conformal factor
2 ~ O(10). Thus during inflation h also varies slowly. As is well known,
the inflationary phase is an attractor solution in an expanding Universe,
and thus it is expected that other matter fields would be dominant in the
pre-inflationary phase. Thus, in our model, we assume the Universe was
dominated by the Higgs field in the pre-inflationary era and at that moment
the slow-roll condition was not satisfied. As a result, the parameter 7, can be
larger or of order of unity. Then, we can make use of the relation n, ~ 1 to
estimate the amplitude of the Higgs field at the initial moment of inflation,
which requires

Vo
=3 E0r
Therefore, one can estimate the initial amplitude of the Higgs at the begin-
ning of inflation as

02
h; ~ —=Hj. 5.44
\/X 1 ( )

At the end of inflation there is no more suppression on slow-roll parameters
of h and the values of 7, becomes of the order of unity simultaneously. As a
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consequence, by using Eq. (6.41), the conformal factor at the end of inflation
is Q% ~ 2 and the amplitude of the Higgs field at the end of inflation is

estimated as 5
hy~—H;. 5.45
d \/X ! ( )

Combining Eqs. (6.44) and (6.45), we easily verify that during inflation the
Higgs boson hy is required to satisfy the inequality

hy < hr < h;. (5.46)

Note that the Higgs field during inflation is not required to be less than
the Hubble rate since its background energy density contributed is suppressed
by the large value of the conformal factor. Our model therefore evades the
theoretical constraint suggested in [159], where they study the inflation which
model Higgs field plays as a source for the primordial curvature perturbation,
in the curvaton and modulated reheating scenario and conclude that the
contribution of the Higgs field to the primordial curvature perturbation must
be less than 8%. We will see that this is the key to realizing Higgs modulated
reheating.

In the above, we presented analytic solutions to inflationary dynamics.
We now verify the results with numerical computations. The results are
shown in Figs. 6.1, 6.2 and 6.3. Figure 6.1 shows that the Hubble parameter
varies very slowly in the middle region, which corresponds to the inflationary
period. On the other hand, the Higgs boson oscillates dramatically at the
beginning of the evolution, which implies that the Universe is dominated by
the Higgs field in the pre-inflation phase. The transition from the Higgs dom-
inated pre-inflation phase to the inflation phase follows an attractor solution
that does not strongly depend on the choice of initial conditions. However,
this result also implies that such a scenario has to meet the big bang singu-
larity if one traces backwards in the cosmic evolution. From Fig. 6.1, one
can see that inflation ends when the value of ¢ decreases below M,,. The cor-
responding e-folding number is roughly 65. Subsequently, the inflaton field
oscillates around ¢ = 0 which corresponds to an IR fixed point of AS gravity.
Therefore, GR is recovered at the end of inflation.

Figures 6.2 and 6.3 show the evolutions of slow-roll parameters defined in
Egs. (6.38) and (6.39) along with the cosmic expansion. In Fig. 2, the back-
ground slow-roll parameter € almost coincides with that for inflaton, €, it is
not surprising since inflation is driven by the inflaton ¢ which areinduced ef-
fects of RG-modified gravitational and cosmological constants. Among those
parameters associated with the Higgs boson, the value of n;, is the first to
break the slow-roll condition after inflation. Consequently, the method of de-
termining the value of A during inflation by requiring €4 ~ 1 is reliable. By
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Figure 5.1: Evolution of the Hubble parameter H and two scalar fields ¢
and h as functions of the e-folding number N. In the solutions, the model
parameters are {g = 0.72 and &4 = 1071%. The parameters of the potential
for the Higgs are taken as A = 0.13 and v = 246 GeV according to particle
physics observations. Initial field values are taken as ¢; = 5.46M,, and h; =
1072M,,. Planck units are adopted in the figure.
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substituting the parameter choices provided in Fig. 6.1 into the expression
Eq. (6.46), we find it consistent with the numerical result shown in the lower
panel of Fig. 6.1.

5.7 Higgs Dependent Decay after Inflation

After the inflaton field rolls below the critical value ¢y, it starts to oscillate
around its fixed IR point which corresponds to the GR limit. One can perform
a Taylor expansion of the potential in Eq. (6.29) around ¢ = 0 up to the ¢?
order:

1

V(¢ h) = =M3¢? + V(h) + Vi (1 o | 4

~ oL, + 3M§) +0(¢*)  (5.47)

2

In the above expression, we have introduced an effective mass for the inflaton
defined by ) :
2 _ 4T 5 9GA
Mg = 3 M, & (5.48)

The last term of Eq. (6.48) shows that ¢ interacts with other particles
through the expansion of the conformal factor. Thus, if V},; contains interac-
tions of the Higgs boson with other particles, the same interactions provide
channels for the inflaton to decay into them and the corresponding decay rate
is expected to be a function of the Higgs field value. A reheating mechanism
of such scenario is called Higgs modulated reheating.

In our case, the last term of Eq. (6.47) is responsible for the Higgs
dependent inflaton decay. Following Ref. [165], one can generally take the
following Higgs dependent interactions:

V2, D ya(R)dhatbe + Ma(h)dX2 + ga(R)$*X2, (5.49)

where Y, and v, are the scalar and spinor fields which constitute radiation
in the early Universe; the subscript , represents the species of particles. The
oscillations of the inflaton can be regarded as periodically oscillating external
field on the x, and v, fields. The energy is stored in the oscillation of the
inflaton. This oscillating inflaton can produce x, or 1, particles out of the
vacuum, i.e. it decays into y, or v¢,. To achieve the modulated reheating
scenario in our case, the coupling constants y,, M,, and g, must be functions
of the Higgs field. Under this assumption the decay rate of the inflaton to
the lowest order in coupling constants is given by
Ya(h) Mg(h) ,  ga(h)

r(h) = Y2y
() =g Mo T Sar, T Tomoarz™

(5.50)
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Figure 5.2: Evolution of the slow-roll parameters €, €, and ¢, as functions
of the e-folding number N. The model parameters and initial conditions for
this plot are the same as those for Fig. 5.1.
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Figure 5.3: Evolution of the slow-roll parameters 74 1y, and 74, as functions
of the e-folding number N. The model parameters and initial conditions for
this plot are the same as those for Fig. 5.1.
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where the quadratic potential for ¢ has been applied. Once we obtained the
decay rate of the inflaton, we can calculate the time when the inflaton field
decays completely into other particles, then the Universe enters the radiation
dominant phase. In the following, we consider a specific example to illustrate
one possible way of these decay processes. We consider

K
Vi 2 7ah™x*¢", (5.51)

p
which could arise from the term V> /M7 appearing in the last term of Eq.
(6.47). The corresponding decay rate is given by [? |

KZh4

['(h) ~ —————po. .52
)= fraarite (552)

When the inflaton domination phase turns into the radiation domination
phase, the expansion rate is at the same order of the decay rate of inflaton,
thus we have the condition H ~ I'. At this reheating surface, py ~ 3MT*.
By making use of Eq. (6.45), we obtain the value of inflaton decay,

VBN

¢p =~ M2, (5.53)

2K b
at the reheating surface. In order to connect the reheating phase with the
inflationary phase smoothly, we expect ¢p < ¢;. As a consequence, it im-

poses an additional severe constraint, which requires the coefficient x needs
to be finely tuned to satisfy Kk > A,/ One may take into account the first

sa

&n”
and second terms in the interaction (39) as well. The corresponding values
of inflaton decay are estimated as

2492 2
& 1 2 C3EA o 19
Ve My, and NEq M,

respectively, with ¢; and ¢y being the coefficients in front of these interaction
terms. We can easily find that both values are much smaller than the result
obtained in (6.53) due to the fact that E—g < 1. Therefore, one can conclude

that the decay channel through the term (6.51) is generally dominant.

5.8 Adiabatic and Entropy Perturbations Dur-
ing Inflation

In this section, we briefly review the standard calculations of the primordial
power spectrum, the bispectrum and the trispectrum for the mechanism of
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modulated reheating, with the assumption that the inflaton ¢ decays with
a variable decay rate. Then, we will apply this mechanism to our model in
which the decay rate is a function of the Higgs field and study its cosmological
implications.

We analyze primordial perturbations in a double-field inflation model in-
volving kinetic couplings. We refer to [166, 167, 168| for earlier studies of
inflation models in terms of kinetically mixed double fields and [169, 170] for
the paradigm of double-field inflation. Also, the topic of primordial pertur-
bations in multiple-field inflation models was recently reviewed in [171, 172].

During inflation, it is convenient to decompose the field space of our
model to directions parallel and orthogonal to the trajectory of background
evolution. Along these two directions, one can define the adiabatic field, o,
and the entropy field, s, as follows:

& = cosfp 4+ Q sin Ah, (5.54)
$ = —sinf¢p + Q' cosOh, (5.55)
where the rotation angle is given by
' Q'h
cosf = ¢ sinf = —————. (5.56)

V/¢2+Q*2h2 ‘/¢2+szhz

After that, we can perturb the metric and fields up to linear order. One can
introduce the field fluctuations along the adiabatic and entropy directions as
follows:

S0 = cos0d¢p + Q' sinO0h, (5.57)
§s = —sin05¢ + Q' cos Oh. (5.58)

The potential can also be decomposed as

Ve = Vycos + QVj sind, (5.59)
Vs = —Vysin 0 4+ QV}, cos 6. (5.60)

When 6 = 0, the adiabatic and entropy perturbations decouple. During
inflation, by using the slow-roll conditions, we have 6 ~ 0. Therefore, we can
neglect interactions between these two modes, then we solve for the amplitude
of entropy perturbation, ds, = H. /27, during inflation and therefore the field
fluctuation for the Higgs boson, which is given by

H,
o’

where the subscript . denotes the moment of Hubble crossing.

Shy = Q.0s, = Q, (5.61)
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Figure 5.4: An illustration of the decomposition of an arbitrary perturbation
into an adiabatic do and entropy ds component. The angle of the tangent to
the background trajectory is denoted by #. The usual perturbation decom-
position, along the o and y axes, is also shown.
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5.9 Higgs Modulated Reheating

The generation of curvature perturbation via Higgs modulated reheating in
a canonical model was recently suggested in [160, 161], and soon it was
pointed out in [159] that the Higgs dependent interaction potential of the
inflaton would be severely constrained by an upper bound on the value of
the Higgs during inflation. In the present paper, we extend the paradigm
into the noncanonical model under consideration. We show that this upper
bound can be greatly relaxed by the relatively large value of the conformal
factor and thus the corresponding parameter space is dramatically enlarged.
Our scenario is easily extended to nonminimal inflation models.

In the treatment of local non-Gaussianity, the curvature perturbation can
be expanded order by order as follows:

(@) = Gla) + 2 InaGha) + o) + O,

_yeo (@) (5.62)

=l

where (;(x) is the Gaussian fluctuation and (,(x) are the non-Gaussian com-
ponents of order (]'. The relation between (,, and the non-Gaussian param-
eters yields the following non-Gaussian estimators:

5 25 3

fNLZaZ%, gNL:5_4C13-

(5.63)

The correlation functions are defined as

<C(E1)C(E2)> = (27)3]3(/?1)53 (Z En) )
<C(E1)C(E2)C(E3)> = (2ﬂ)33(51,E2,E3)53 <Z l;n) )

4
(SRR D) = erPnE R (35, ).
n=1
(5.64)
where P(kq) is related to the dimensionless power spectrum as

Peh) = 2 P(h). (5.65)

22
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Inserting the ansatz Eq. (6.60) into Eq. (6.62), one can relate the bispectrum
B and the trispectrum 71" with P as follows:

B(El, EQ, Eg) = ngL[P(kl)P(kQ) + 2 perm], (566)

Lo . .. 54
T(kl,kg,/{?g,]ﬁl) = 2—5gNL[P(]{?1)P<k'2)P(]€3> +3 perm]

+ 75 L[P (k1) P (ko) P(|k1 + Ka|) + 11 perm). (5.67)

Note that if we neglect the nonlinear perturbations induced by self-interactions
during inflation, which will be treated, there exists, in this case, a simple re-
lation 7, = 32 f3 .

In the modulated reheating scenario, the decay of the inflaton occurs on
a spatial hypersurface with a varying local decay rate I', which is assumed
to be a function of the Higgs boson in our model. Thus, the local Hubble
parameter on the slice of modulated decay satisfies the condition H = I'(h)!.
On super-Hubble scales, the curvature perturbation arising from modulated
decay can be written as

Sho 1. (6h\® 1 _ [6h\°
Ch(x)z—@lf—ﬁ@g <7> —6@3 (F) ‘D; (568)

where the subscript p denotes the moment of modulated decay. In our model
the potential is dominated by its mass term after inflation, as shown in Eq.
(6.47). We therefore obtain the coefficients as follows:

hT

0, = ETﬁ’ (5.69)
W (T T
h3 (T L pL pn F?h

At linear order in the curvature perturbation, the coefficient ©; is typically
of the order O(1) and thus ¢ is mainly determined by dh/h at the moment
of modulated decay. In the conventional scenario of modulated reheating,
one can approximately take dhp to be the amplitude of entropy field at the

"'Within the framework of the multi-field inflationary cosmology, there exist many in-
teresting scenarios for generating primordial curvature perturbation based on different
choices of decay slices, such as the modulated curvaton decay mechanism [173, 174, 175]
and the uniform curvaton decay mechanism [176]. All these scenarios are well established
based on the validity of the § N formalism.
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moment, of Hubble-crossing during inflation. However for the model of AS
inflation, the Higgs boson and the inflaton are coupled through a conformal
factor in front of its kinetic term. Making use of Eq. (6.59), one finds

Qp QpH,

Shy = . (5.72)

h p—
Ohp Q. 2

Moreover, the value of the Higgs at the slice of modulated decay can be
related to the Hubble-crossing value by introducing a general function

hp = g(h.), (5.73)

where its detailed form is determined by the explicit potential of the entropy
field. For example, in the model under consideration, g(h,) o h, ~ h;. For
simplicity, we assume that g(h,) is linear.

As a consequence, the power spectrum of curvature perturbation due to
modulated reheating is given by

dh?2 H?
2 D ~ 202 *

where we have applied the field fluctuation Eq. (6.70) to obtain the second,
approximate equality, expression.

5.10 Observables at Linear Order

If we further neglect the variation of the Hubble parameter during inflation,
then we can obtain an approximate power spectrum from Higgs modulated
reheating,

A 028

PCh ~ @@19—4}, (575)

by inserting the approximate relation Eq. (6.44). Note that the usual decay
rate is a power-law function of the Higgs boson such as that in Eq. (6.52),
considered in the previous section. Thus ©? is typically of the order O(0.01 ~
1). The coefficient Qp is totally determined by ¢p as provided by Eq. (6.53),
and it therefore depends only on A and k; numerically €)p is of the order
O(1). Finally, we note that the power spectrum generated from the Higgs
modulated reheating is determined by the Higgs coupling A, the interaction
coupling k, and the conformal factor during inflation €2; (or, equivalently,
the value of inflaton ¢;).
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In addition to the curvature perturbation generated by modulated re-
heating, there exists the intrinsic curvature perturbation due to the inflaton
fluctuation, which takes the form

Hj

= —. 5.76

R 8m2eM32 (5.76)
It is convenient to define a Higgs-to-curvature ratio
P, eAOIOZ M?

an - P (5.77)

TP+ Py, O M2 4 QIH?

to characterize the relative contribution of Higgs fluctuations. If the main
contribution to generating primordial curvature perturbation is due to the
modulated reheating, then we expect g, ~ 1. By choosing a group of values
for the model parameters such as that provided in Fig. 1 and the decay rate
given by Eq. (6.52), one finds € ~ 1074, Q; ~ 10, Qp ~ 1, ©2 ~ 0.10,
and A ~ 0.13. Under this particular parameter choice, we find that the
mechanism of Higgs modulated reheating dominates as long as H? < 10_9]\/[102
without any fine-tuning.

These two power spectra actually show different signatures on their spec-
tral indices. Specifically, their spectral indices are given by

2U

ne, —1 = —6¢+ 3;’;, (5.78)
2V

ng, — 1= —2 4 —" (5.79)

30IHY

which are calculated at the moment of Hubble-crossing. In addition, the pri-
mordial tensor perturbations are only dependent on the inflationary Hubble
parameter, whose spectrum is given by

2H?
Pr=—L. 5.80
T 7T2M3 ( )
As usual, the spectral tilt is given by
nr = —2e. (5.81)

In the modulated reheating scenario the conventional tensor-to-scalar ratio
ro is now defined as

Pr

= T 16e(1— qp), (5.82)
P, + F,

rT

which indicates that the amplitude of a primordial gravitational wave is dou-
bly suppressed in the Higgs modulated reheating mechanism since both e
and 1 — g, are small quantities.
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5.11 Non-Gaussianities

In contrast to the prediction of a canonical single-field inflation model [177],
a salient feature of the modulated reheating mechanism is that sizable am-
plitudes of primordial non-Gaussianities can be obtained under suitable pa-
rameter choices. In this section we study the curvature perturbation beyond
linear level. As we expected, the curvature perturbation is mainly sourced
by the Higgs fluctuations. For the time being, we ignore the nonlinear ef-
fects of inflaton, which are generally suppressed by slow-roll parameters. For
the nonlinear fluctuations seeded by the Higgs fluctuations, there exist two
categories of seeds, with one being proportional to the connected correlators
of the Higgs and the other being an intrinsically non-Gaussian distribution
[161].

5.11.1 Non-Gaussianities from modulated reheating

The first type of non-Gaussianity originates from the field fluctuations at
super-Hubble scales during the process of postinflation modulated reheating.
In this era the Higgs field is considered Gaussian while the non-Gaussianity is
induced by the nonlinear conversion from dh to (. One can insert the second
and third order curvature perturbations in Eq. (6.66) into the non-Gaussian
estimator Eq. (6.61) and obtain this part of the “universal” nonlinearity
parameters:

oca FF,hh
h
50 T r’r
local 3 Jhh Jhhh

which are of local type.
In particular, for the interaction term considered in Eq. (6.51), the decay
rate is proportional to A* and ¢, ~ 1 can be obtained under a reasonable set

of values of model parameters. As a consequence, one obtains fi ~ 3 and

1
ghoget -~ 2 These nonlinear parameters are sizable when compared with
those in slow-roll inflation models, but the corresponding non-Gaussianities

are still difficult to test observationally.
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5.11.2 Non-Gaussianities from Higgs self-interaction dur-
ing inflation

The second type of non-Gaussianity originates from the nonquadratic poten-
tial of the lighter field, which in our model corresponds to the Higgs potential:
V ~ Ah*/4. In fact, this self-interaction of the scalar field can also generate
primordial non-Gaussian fluctuations during inflation.

Following from [161] (see also [178]), the n-point correlation function of
0h is evaluated by

(Ohg, (7)0hy, (7) - Ok (7))
<'/ adr’ 6h (7)0hg,(7) -+ - Shy; ()7Hf§2<h(r’))]’>, (5.85)

where H, int is the nth order interaction Hamiltonian and (---) is the
ensemble average. Here by nth order we mean the part of H;, that is of
the order &(6h™). In our model the Higgs field is conformally coupled to the
inflaton due to the RG running gravitational constant. The corresponding
field fluctuation is expressed as

1QOH
vV 2k3

during inflation. In addition, the interaction Hamiltonian of the Higgs field
takes the form

Shy = (1 +ikr)e 7, (5.86)

Hz(nt - /dJI'CLS%n?Z),
1
= / Bra® Q4 () =V (h)sh", (5.87)

n!

where V(" (h) = ZXis the nth derivative of the potential V() with respect
to the field h, and V'(h) as well as Q(¢) are given by Eqs. (6.25) and (6.27),
respectively.

We perform the integrals appearing in the correlation functions and find

(QH,)" VIV K
(hi, (7)0hy (T) -+ 6hg (7)) = VEED) (Zk)

x (2m)2 L, (ky, Ko, - . ki) (5.88)

where a kernel integral function has been introduced as follows:

n

Tend dTl )
—Z/ dgl'm H(l — ’ikiT)elKT s (589)

o i=1

I, = 2Re
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with K defined as K = 3" | k;. For 3— and 4—point correlation functions
which are of observable interest, we identify, according to the definitions in
Eq. (6.62), the following expressions:

Q2H2‘/*(3)K3
[T (2K)
SARZHZK? [8 2, kik; 2 k3
_ = - o <J2 J__(’YE‘i‘Nk)Zl?) ’
AT k|9 K 3 K
(5.90)

Bg};un(lgla EQ) E?)) =

3

and

oL L QileVk(4)K3
To (Ko by, By) = ==
[Ti-1(257)

Sk

_ w14 N Z<] J+2Hz __(IVE—{_N]C);Z

STI_, k2 9 K? Kt 3 K® |
(5.91)

4,

where vg ~ 0.58 is the Euler-Masheroni constant and N is the e-folding
number for the perturbation mode with a fixed K crossing the Hubble radius
until the end of inflation 7.,4. As introduced in the previous section, the
subscript , indicates the values at Hubble-crossing.

We first calculate the non-Gaussianities of equilateral type. One can
estimate the correlation functions Bj, " and T, " under the particular
limit that all the k;’s are of the same value. As a result, substituting Eqgs.
(6.88) and (6.89) into the expressions Eq. (6.62) yields the nonlinearity
parameters of equilateral type as follows:

equil 5)\}12
NL,int — _m
equil 25)\]13 3 169

L BN+ T — —). _
INL,int 27@%@%}[3%( ktle 18 ) (5.93)

G (Ny +Tg —3), (5.92)

Next we study the non-Gaussianities originating from the self-interaction
of the Higgs field during inflation in the squeezed limit where we assume
k1 < ko, ks (for bispectrum) ,and ky < ko, k3, ks (for trispectrum). The
same scenario in the framework of GR was discussed in [161]. Here we
directly calculate the correlation function of the curvature perturbation and
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then derive the nonlinearity parameters:

~ 5A\h? 7
equ}l ~ _ * 2 N e — —
NL,int 3@1931-_[3 Qh( kT 1lE 3)’
equil 25)‘h3

INLint ~ ~5m0902 172
NLint 270202 H?2

(5.94)
g3 (Nx + g — 3). (5.95)

From the above results, we can immediately see that the primordial non-
Gaussianities due to the self-interaction of the Higgs field during inflation are
negative. This is a novel feature in the Higgs modulated reheating scenario.
A similar feature was observed in [161] in the framework of standard GR,
but in our model the amplitude of nonlinearity parameters involves a new
parameter which is the conformal factor €.

Consider for the moment the primordial curvature perturbation due solely
to the modulated reheating, ¢, ~ 1. By choosing a group of reasonable values
for the model parameters such as that provided in the previous section, we
find € ~ 1074, Q; ~ 10, Qp ~ 1, © ~ 0.10, and X\ ~ 0.13. In addition,
there is a theoretical lower bound: h; > % By assuming Ny ~ 50, one
obtains f\{%,, < —10 We see that this particular parameter choice appears
to be incompatible with the newly released Planck data. This points to the
necessity of performing an analysis of the observational constraints on our
model. This is the main content of the next section.

5.12 Constraints on Model Parameters by Planck

We compare our results with Planck mission has released data on CMB
anisotropy. The results highly constrain cosmological parameters with un-
precedented accuracy. Specifically, the amplitude and spectral index of pri-
mordial curvature perturbation are determined to be 10°F; = 2.2340.16, and
ns = 0.9603 + 0.0073 (68% C.L.) at the pivot scale k = 0.002Mpc ™" [120].
Moreover, there is no significant evidence for primordial curvature pertur-
bation deviating from Gaussian distribution. In particular, the bounds on
nonlinearity parameters are quoted as figf® = 2.7 £ 5.8, ff&ual = —42475
(68% C.L.) [121]. In addition, the upper bound on the tensor-to-scalar ratio
is given by rr < 0.11 at 20 level. In our model of RG improved Higgs modu-
lated reheating, there are eight model parameters. Among these parameters,
H, ., € are associated with the background model; h, and A are are related
to the details of the Higgs model; and ©; ©, and O3 are determined by
specific forms of the decay process, respectively. To be more explicit, A is
basically constrained by particle physics experiments such as those at LHC,
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Figure 5.5: Observational and theoretical constraints on h, and H, for g, = 0.
The viable parameter space is within the red region (C.L. 68%) and the light
red region (C.L. 95%).

which have determined that A\ ~ 0.13. At present the Planck data has not
yet imposed strong constraints on the trispectrum and thus Oj is free free.
We therefore only need to analyze the combined constraints on the remaining
parameters.

Allowing all plausible values for e and ©, we obtain a combined constraint
on the inflationary Hubble rate H, and the amplitude of the Higgs field h,
for different choices of ¢, as depicted in Figs. 6.5, 6.6, and 6.7. One can read
from the figures that H, is constrained to be of the order O(107° ~ 107%)M,,
and h, is allowed to vary between 10~*M,, and 10~2M,, during inflation. One
can also see from the figures that the larger ¢, is, the smaller the central
value of H will be, consistent with the definition of g, namely Eq. (6.75).
This indicates that the more Higgs contributes to the final power spectrum,
the lower scale inflation we can get.
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Figure 5.6: Observational and theoretical constraints on h, and H, for ¢, =
0.9. The viable parameter space is within the blue region (C.L. 68%) and
the light blue region (C.L. 95%).
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Figure 5.7: Observational and theoretical constraints on h, and H, for ¢, =
0.5. The viable parameter space is within the green region (C.L. 68%) and
the light green region (C.L. 95%).
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Chapter 6

A Review of Dark Energy in
Cosmology

It has been shown that our universe is spatially flat and started accelerating
in the recent past. This conclusion has been backed up by many observa-
tional data such as type la supernovae [192], baryon acoustic oscillation [193],
cosmic microwave background radiation [194]. To explain the recent accel-
erated expansion, an unknown component with negative pressure is usually
assumed, and called dark energy. In the last years, answering what dark
energy really is has become one of the most challenging questions in cosmol-
ogy. The simplest candidate for dark energy is a small positive cosmological
constant A which gives the equation of state w = p/p = —1 where p stands
for pressure and p for the dark energy density. Although the cosmological
constant with cold dark matter; i.e. ACDM model, can explain pretty well
the observational data, it suffers, however, from fine-tuning and coincidence
problems, in other words, why the cosmological constant is so small and only
became dominating almost at present? To address these issues, cosmologists
have considered dynamical dark energy models, such as quintessence [195],
phantom [196], quintom [197]. In these models, the equation of state w is not
necessarily a constant and may evolve with time. Most dark energy models
are constructed by scalar fields, having w > —1, converging to w = —1,
and the quantum stability of such theories is guaranteed by the energy con-
ditions [198]. However, recent models with equation of state w < —1 and
converging to w = —1 from below, generally referred to as phantom, have
drawn lots of attention. The equation of state w < —1 is usually realized
by a negative kinetic energy, and this counter intuitive assumption violates
all the energy conditions, resulting usually in singularities, such as the big
rip [199, 200, 196, 201, 202], the sudden [203, 204, 205, 206] the big freeze
[205, 206, 208, 209], the type-IV singularity [205, 207, 208, 209, 210, 211],
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the little rip [212, 213, 214, 215].

In this chapter we briefly review a number of approaches that have been
adopted to try and explain the remarkable observation of our late time ac-
celerating Universe. In particular we discuss the arguments for and recent
progress made towards understanding the nature of dark energy. We re-
view the observational evidence for the current accelerated expansion of the
universe and present a number of dark energy models in addition to the con-
ventional cosmological constant, paying particular attention to scalar field
models such as quintessence, phantom, and Quintom.

6.1 The Cosmological Constant

The cosmological constant A, was originally introduced by Einstein in 1917
to achieve a static universe. After Hubble’s discovery of the expansion of the
universe in 1929, it was dropped by Einstein as it was no longer required.
From the point of view of particle physics, however, the cosmological constant
naturally arises as an energy density of the vacuum. Moreover, the energy
scale of A should be much larger than that of the present Hubble constant
H,, if it originates from the vacuum energy density. This is the “cosmological
constant problem” and was well known to exist long before the discovery of
the accelerated expansion of the universe in 1998.

The Einstein tensor G and the energy momentum tensor 7" satisfy
the Bianchi identities V,G* = 0 and energy conservation V, T*” = (. Since
the metric g"” is constant with respect to covariant derivatives (V,g*" = 0),
there is a freedom to add a term Ag,, in the Einstein equations Then the
modified Einstein equations are given by

1
R, — §gWR + Ag, = 87GT),, . (6.1)

By taking a trace of this equation, we find that — R+4A = 87GT. Combining
this relation with Eq. (6.1), we obtain

R, — Agy, = 871G (Tw/ — %Tg#,,) ) (6.2)

Let us consider Newtonian gravity with metric g,, = 7. + h,,, where
hy. is the perturbation around the Minkowski metric 7,,. If we neglect the
time-variation and rotational effect of the metric, Rgg can be written by a
gravitational potential ®, as Rpg ~ —(1/2)Ahgy = AP. Note that go is
given by goo = —1 — 2®. In the relativistic limit with |p| < p, we have
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Too ~ —T =~ p. Then the 00 component of Eq. (6.2) gives
A® = 4rGp— A. (6.3)

In order to reproduce the Poisson equation in Newtonian gravity, we re-
quire that A = 0 or A is sufficiently small relative to the 47Gp term in
Eq. (6.3). Since A has dimensions of [Length]~2, the scale corresponding to
the cosmological constant needs to be much larger than the scale of stellar
objects on which Newtonian gravity works well. In other words the cosmo-
logical constant becomes important on very large scales.

In the FRW background, the modified Einstein equations give

B G K é

H>=—"—"—p— — 4
a e A

T 3 —. 6.5
C= g (03D + g (6.5)

This clearly demonstrates that the cosmological constant contributes nega-
tively to the pressure term and hence exhibits a repulsive effect.

Let us consider a static universe (a = const) in the absence of A. Setting
H =0and d/a =0 in Egs. (6.4) and (6.5), we find

3K

= SnGa? (6.6)

p=—3p

Equation (6.6) shows that either p or p needs to be negative. When Einstein

first tried to construct a static universe, he considered that the above solution

is not physical! and so added the cosmological constant to the original field
equations, Eq. (2.48).

Using the modified field equations (6.4) and (6.5) in a dust-dominated

universe (p = 0), we find that the static universe obtained by Einstein cor-

responds to
_ A Ky (6.7)
ArG " a?

Since p > 0 we require that A is positive. This means that the static
universe is a closed one (K = +1) with a radius a = 1/+/A. Equation (6.7)
shows that the energy density p is determined by A.

The requirement of a cosmological constant to achieve a static universe
can be understood by having a look at the Newton’s equation of motion
(??7). Since gravity pulls the point particle toward the center of the sphere,
we need a repulsive force to realize a situation in which a is constant. This

'We note however that the negative pressure can be realized by scalar fields.
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corresponds to adding a cosmological constant term A/3 on the right hand
side of Eq. (77?).

The above description of the static universe was abandoned with the
discovery of the redshift of distant stars, but it is intriguing that such a
cosmological constant should return in the 1990’s to explain the observed
acceleration of the universe.

Introducing the modified energy density and pressure

p=p+ A D = A (6.8)
p="r 8tG’ P= 8tG’ '

we find that Egs. (6.4) and (6.5) reduce to the original Fredmann Eqgs. In the
subsequent sections we shall use the field equations (3.10) and (3.11) when
we study the dynamics of dark energy.

6.1.1 fine-tuning problem

If the cosmological constant originates from a vacuum energy density, then
this suffers from a severe fine-tuning problem. Observationally we know that
A is of order the present value of the Hubble parameter Hy, that is

A=~ HF = (2.13h x 107 GeV)?. (6.9)
This corresponds to a critical density pj,
Am?
n=— Pl o~ 10747 GeV?. (6.10)
™

Meanwhile the vacuum energy density evaluated by the sum of zero-point
energies of quantum fields with mass m is given by

1 /°° Pk s
vac — B m
Prac =35 |, (@)
1

— | dkE*VE2 +m?2. (6.11)

~ 42
4m= [y

This exhibits an ultraviolet divergence: py.. o< k*. However we expect that
quantum field theory is valid up to some cut-off scale k., in which case the
integral (6.11) is finite:
k?nax
Pac = e 5 (6.12)
For the extreme case of General Relativity we expect it to be valid to just
below the Planck scale: mp = 1.22 x 10" GeV. Hence if we pick up kpmax =

mp1, we find that the vacuum energy density in this case is estimated as

Pvac = 1074 GeV4 s (613)
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which is about 10'?! orders of magnitude larger than the observed value given
by Eq. (6.10). Even if we take an energy scale of QCD for k., we obtain
Puac = 1072 GeV* which is still much larger than p,.

We note that this contribution is related to the ordering ambiguity of
fields and disappears when normal ordering is adopted. Since this procedure
of throwing away the vacuum energy is ad hoc, one may try to cancel it by
introducing counter terms. However this requires a fine-tuning to adjust pa
to the present energy density of the universe. Whether or not the zero point
energy in field theory is realistic is still a debatable question.

6.2 Quintessence

Quintessence is described by an ordinary scalar field ¢ minimally coupled to
gravity, but as we will see with particular potentials that lead to late time
inflation. The action for Quintessence is given by

s= [ty [—%(Vas)? V() . (6.14)

where (V¢)? = ¢"0,¢00,¢ and V() is the potential of the field. In a flat
FRW spacetime the variation of the action (6.14) with respect to ¢ gives

<}5+3ng5+%/—0. (6.15)

The energy momentum tensor of the field is derived by varying the action

(6.14) in terms of g":

2 0S
Ty = — 1
g g (618)

Taking note that 6v/—¢g = —(1/2)v/—99,,0¢"*", we find
1
T,uz/ = u¢81/¢ — uw égaﬁaa¢aﬁ¢ + V(¢) : (617)

In the flat Friedmann background we obtain the energy density and pressure
density of the scalar field:

p=—T§ =SB4 V() p=Ti = 3 ~V(9). (6.18)
Then the Fredmann eqs yield
H? = ? Bdﬁ + V(qﬁ)] , (6.19)
a &G -
LR -ve) (6.20)
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We recall that the continuity equation is derived by combining these equa-
tions.

From Eq. (6.20) we find that the universe accelerates for ¢* < V().
This means that one requires a flat potential to give rise to an accelerated
expansion. In the context of inflation the slow-roll parameters

_omp (LAVNY my 1 &V 6.21
6—167r<vcz¢) T= 8r Vg2 (6.21)
are often used to check the existence of an inflationary solution for the model
(6.14). Inflation occurs if the slow-roll conditions, € < 1 and || < 1, are
satisfied. In the context of dark energy these slow-roll conditions are not
completely trustworthy, since there exists dark matter as well as dark energy.
However they still provide a good measure to check the existence of a solution
with an accelerated expansion. If we define slow-roll parameters in terms of
the time-derivatives of H such as e = —H/H?, this is a good measure to
check the existence of an accelerated expansion since they implement the
contributions of both dark energy and dark matter.

The equation of state for the field ¢ is given by

_ 9P 2V(9)
¢* +2V(¢)

In this case the continuity equation can be written in an integrated form:

D
Wy = — 6.22
6= (6.22)

p = po €Xp {—/3(1 + w@%a} : (6.23)
where pg is an integration constant. We note that the equation of state for
the field ¢ ranges in the region —1 < wy < 1. The slow-roll limit, ¢* < V (¢),
corresponds to wg = —1, thus giving p = const from Eq. (6.23). In the case
of a stiff matter characterized by ¢* > V(¢) we have w, = 1, in which case
the energy density evolves as p oc a9 from Eq. (6.23). In other cases the
energy density behaves as

pxa ™ 0<m<6. (6.24)

Since wy = —1/3 is the border of acceleration and deceleration, the universe
exhibits an accelerated expansion for 0 < m < 2.
It is of interest to derive a scalar-field potential that gives rise to a power-

law expansion:
a(t) oc tP. (6.25)
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The accelerated expansion occurs for p > 1, we obtain the relation H =
—‘47TG¢2. Then we find that V(¢) and ¢ can be expressed in terms of H and

H:
3H?2 H
— 14— 2
v 87TG< +3[{2) ’ (6.26)

o [u

Here we chose the positive sign of ¢ Hence the potential giving the power-law
expansion (6.25) corresponds to

H
G (6.27)

V(6) = Voexp (— 16—“i) | (6.28)

P mpl

where Vj is a constant. The field evolves as ¢ o Int. The above result shows
that the exponential potential may be used for dark energy provided that
p> 1.

In addition to the fact that exponential potentials can give rise to an
accelerated expansion, they possess cosmologicalscaling solutions in which
the field energy density (p,) is proportional to the fluid energy density (p.,).
Exponential potentials were used in one of the earliest models which could
accommodate a period of acceleration today within it, the loitering universe.

The above discussion shows that scalar-field potentials which are not steep
compared to exponential potentials can lead to an accelerated expansion. In
fact the original quintessence models are described by the power-law type

potential "
Vg =, (6.20)
¢
where « is a positive number (it could actually also be negative) and M is
constant. Where does the fine tuning arise in these models? Recall that
we need to match the energy density in the quintessence field to the current

critical energy density, that is

) = m? HE ~ 10747 GeV*. (6.30)

The mass squared of the field ¢ is given by m7 = CCI;T‘; ~ pg/d?, whereas
the Hubble expansion rate is given by H? ~ p,/ mgl. The universe enters a
tracking regime in which the energy density of the field ¢ catches up that of
the background fluid when mi decreases to of order H?. This shows that the
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field value at present is of order the Planck mass (¢9 ~ my;), which is typical

of most of the quintessence models. Since p((;) ~ V(¢y), we obtain the mass
scale

M = ( gf))mgl) e (6.31)

This then constrains the allowed combination of @ and M. For exam-
ple the constraint implies M = 1GeV for a = 2. This energy scale can be
compatible with the one in particle physics, which means that the severe
fine-tuning problem of the cosmological constant is alleviated. Neverthe-
less a general problem we always have to tackle is finding such quintessence
potentials in particle physics.

The Quintessence field must couple to ordinary matter, which even if
suppressed by the Planck scale, will lead to long range forces and time de-
pendence of the constants of nature. There are tight constraints on such
forces and variations and any successful model must satisfy them.

6.3 Phantom

Recent observational data indicates that the equation of state parameter w
lies in a narrow strip around w = —1 and is quite consistent with being
below this value. The scalar field models discussed in the previous subsec-
tions correspond to an equation of state w > —1. The region where the
equation of state is less than —1 is typically referred to as a being due to
some form of phantom (ghost) dark energy. Specific models in braneworlds
or Brans-Dicke scalar-tensor gravity can lead to phantom energy. Meanwhile
the simplest explanation for the phantom dark energy is provided by a scalar
field with a negative kinetic energy. Such a field may be motivated from
S-brane constructions in string theory.

Historically, phantom fields were first introduced in Hoyle’s version of the
steady state theory. In adherence to the perfect cosmological principle, a
creation field (C-field) was introduced by Hoyle to reconcile the model with
the homogeneous density of the universe by the creation of new matter in
the voids caused by the expansion of the universe. It was further refined and
reformulated in the Hoyle and Narlikar theory of gravitation. The action of
the phantom field minimally coupled to gravity is given by

5= [dey=g B(V@S)Q - V(cb)} , (6.32)

where the sign of the kinetic term is opposite compared to the action (6.14)
for an ordinary scalar field. Since the energy density and pressure density are
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given by p = —¢2/24+V(¢) and p = —¢%/2 — V(¢) respectively, the equation
of state of the field is )
_p_ 9P +2V(9)
UJ¢ = - = —.
P ¢*=2V(9)
Then we obtain wy < —1 for ¢?/2 < V().

As discussed in previous sections, the curvature of the universe grows
toward infinity within a finite time in the universe dominated by a phantom
fluid. In the case of a phantom scalar field this Big Rip singularity may be
avoided if the potential has a maximum, e.g.,

(6.33)

Vig) =Vy {cosh (a—(é)} h : (6.34)

mp1

where « is constant. Due to its peculiar properties, the phantom field evolves
towards the top of the potential and crosses over to the other side. It turns
back to execute a period of damped oscillations about the maximum of the
potential at ¢ = 0. After a certain period of time the motion ceases and the
field settles at the top of the potential to mimic the de-Sitter like behavior
(wg = —1). This behavior is generic if the potential has a maximum. In the
case of exponential potentials the system approaches a constant equation of
state with wy < —1.

Although the above behavior of the phantom field is intriguing as a “clas-
sical cosmological” field, unfortunately phantom fields are generally plagued
by severe Ultra-Violet (UV) quantum instabilities. Since the energy density
of a phantom field is unbounded from below, the vacuum becomes unstable
against the production of ghosts and normal (positive energy) fields. Even
when ghosts are decoupled from matter fields, they couple to gravitons which
mediate vacuum decay processes of the type: vacuum — 2 ghosts + 2v. It
was shown by Cline et al. that we require an unnatural Lorenz invariance
breaking term with cut off of order ~ MeV to prevent an overproduction of
cosmic gamma rays. Hence the fundamental origin of the phantom field still
poses an interesting challenge for theoreticians. covering various cosmological
aspects of phantom fields.

6.4 Chaplygin Gas

So far we have discussed a number of scalar-field models of dark energy.
There exist another interesting class of dark energy models involving a fluid
known as a Chaplygin gas [180]. This fluid also leads to the acceleration of
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the universe at late times, and in its simplest form has the following specific
equation of state:

A
p=—=, 6.35
P (6.35)

where A is a positive constant. The equation of state for the Chaplygin gas
can be derived from the Nambu-Goto action for a D-brane moving in the
D + 1 dimensional bulk. For the case of the moving brane (via the Born-
Infeld Lagrangian), the derivation of the Chaplygin gas equation of state was
first discussed in the context of braneworld cosmologies in [181].

With the equation of state (6.35) the continuity equation can be inte-

grated to give
B
p=1/A+ e (6.36)

where B is a constant. Then we find the following asymptotic behavior:

P~ ‘g—f . a< (BJ/A)YE, (6.37)
p~—p~VA a> (BJA)YVS. (6.38)

This is the intriguing result for the Chaplygin gas. At early times when a
is small, the gas behaves as a pressureless dust. Meanwhile it behaves as a
cosmological constant at late times, thus leading to an accelerated expansion.

One can obtain a corresponding potential for the Chaplygin gas by treat-
ing it as an ordinary scalar field ¢. Using Egs. (6.35) and (6.36) together
with p = ¢?/2 4+ V(¢) and p = ¢*/2 — V(¢), we find

B

9
== AT B/ (6.39)
1 A

We note that this procedure is analogous to the reconstruction methods
we adopted for the quintessence and tachyon potentials. Since the Hubble
expansion rate is given by H = (87Tp/3mf)1)1/2, we can rewrite Eq. (6.39) in
terms of the derivative of a:

kdp VB

—_—— = 6.41
V3da  avAd® + B (6.41)
This is easily integrated to give
A Be2V3ro
af = ‘ (6.42)

A(L — e2VBroy2”
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Substituting this for Eq. (6.40) we obtain the following potential:

VA

V(o) = -5 (cosh V3Ko + (6.43)

1
cosh \/gmzﬁ) .

Hence, a minimally coupled field with this potential is equivalent to the
Chaplygin gas model.

Chaplygin gas provides an interesting possibility for the unification of
dark energy and dark matter. However it was shown that the Chaplygin
gas models are under strong observational pressure from CMB anisotropies
(see Ref. [182]). This comes from the fact that the Jeans instability of per-
turbations in Chaplygin gas models behaves similarly to cold dark matter
fluctuations in the dust-dominant stage given by (6.37) but disappears in
the acceleration stage given by (6.38). The combined effect of the suppres-
sion of perturbations and the presence of a non-zero Jeans length gives rise
to a strong integrated Sachs-Wolfe (ISW) effect, thereby leading to the loss
of power in CMB anisotropies. This situation can be alleviated in the gener-
alized Chaplygin gas model with p = —A/p*, 0 < o < 1. However, even in
this case the parameter « is rather severely constrained, i.e., 0 < a < 0.2 at
the 95% confidence level.
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Chapter 7

Dark Energy Model by Dark
Spinor with Torsion

In this chapter, we propose a dark energy model with the phantom dark
spinor in Einstein-Cartan theory. We will first introduce the definition of the
dark spinor and regard it as the origin of dark energy, then we analyze the
cosmological evolution of this kind of dark energy model in the existence of
torsion.

7.1 The ELKO Spinors

In this section, we will briefly summarize the essential definitions and proper-
ties of the ELKO spinors !. As mentioned in the introduction, ELKO spinors
are the eigenspinors of the charge congugation operator in momentum space
with spin one half. To be explicit, we define the ELKO spinor as [185, 186]

)= (KR, (71)

0 —i
0
Weyl spinor, and ¢j is its complex conjugate. Recall that the left-handed
and right-handed Weyl spinors are 2-dimensional objects in the (%, 0) and
(0, %) representation of Lorentz group, which transform under the infinitesi-

where o5 is the second Pauli matrix, oy = , ¢ is the left-handed

'Readers who are interested in more details, please consult Refs [185, 186]
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mal rotations @ and boosts 3 as [227]

(o)

¢L—>(1—i9-§—ﬂ-%)¢L,

o =+ (1=i0- 2+ B-)on.

The charge conjugation operator is given by
0 e
C = < 0 0 )K, (7.2)
0

-1 . ) . :
where © = 1 0 ) is called the Wigner time reversal operator for spin

one-half fields and K is an operator that complex conjugates any Weyl spinor
that appears on its right. Then the ELKO spinor satisfies the eigenstate
equation:

TA(p) = £A(p). (7.3)

The plus sign is called the self-conjugate spinor, denoted by A\°(p) and the
minus sign is called the anti-self-conjugate spinor, denoted by A\ (p) [228].
The helicity is defined as the component of the spin angular momentum
in the direction of the three momentum. Thus, the helicity operator can
be written as o - p, where o are the Pauli matrices o = (01, 09,03) with

o] = ( (1) (1) ), o3 = ( (1) _01 > and p is the unit vector of the three

momentum. If we choose a Weyl spinor ¢ (k") in its rest frame to be the
eigenspinor of the helicity operator, that is

o - por (k') = £¢1 (k"), (7.4)
where k¥ = (m, lim,, o %) and p = |p|, then from the property [185]

000! = —o”, (7.5)

we have

o - p(O[or (")) = F(Bleg (k")]"). (7.6)
This shows that ©[¢7(k*)]* has an opposite helicity to ¢7(k*), or equiv-
alently, due to oy = 10, 02[¢7 (k*)]* also has opposite helicity to ¢7 (k*).
Therefore, we have two helicity states of the Weyl left-handed spinors, one
has positive helicity ¢, the other has negative helicity ¢;, both of them
are eigenspinors of the helicity operator. Hence, for each self-conjugate and
anti-self-conjugate ELKO spinor, this would give us two classes of spinors
which can be explicitly defined as
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N - < oulf (k)] > | e

o1 (k")
oa[¢p, (K)]*
Ay () =+ < 2 csz(k“) : (7.7b)
and
—oa|o, (K*)|*
My () =+ ( T ) , (7.7¢)
A —aa[or (k)]
M () = — < g . (7.7d)
By using the boost operator in the (3,0) @ (0, 3 )-representation for any given
four-momentum p*,
1
K- e27'? 0
e ( 0 olow ) , (7.8)

where ¢ is the boost parameter, defined by cosh ¢ = %, sinhyp = 2 and
p=p= %, then we are able to boost the rest spinor A(k*) to its moving
frame,

A(p) = 5Pk (7.9)

To be explicit, we define the self-conjugate and anti-self-conjugate ELKO
spinors as follows:

M) = 5 (1 - L m> X (), (7.108)

Moy = /5 (1 + Eiﬁ) D) (7.10)
and

My ") = E;r—nm (1 " E—]i.—;m> Ay (), (7.10c)

() = EQ:;” <1 - E:;m) VN(D) (7.10d)

Note that the double-helicity structure of the ELKO spinor is the crucial
character different from the standard Majorana spinor, which is a set of two
Weyl spinors, and both of them are the eigenspinors of the charge conjugation
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operator with eigenvalue being unity. It means Majorana spinor is only self-
conjugate under the charge conjugation operator, where as the ELKO spinors
contain both the self-conjugate and the anti-self-conjugate eigenspinors of
charge conjugation operator. Therefore the ELKO spinors could form a basis
for the (3,0) @ (0, 3 )-representation of spin one-half particles.

Next, note that if one uses the usual Dirac dual, ¥ = 1!+?, for the ELKO
spinors, one will obtain imaginary norms in some combinations of the four
ELKO spinors, for instance, /_\j{qu,_}(p))\f_#}(p) = 2im. In order to construct
the lagrangian, one needs a dual for the ELKO spinors to yield real norms.
From this point of view, one defines a new dual for the ELKO spinors, which
is similar to the Dirac dual [185]:

Aa(p) = ie5 N5 (P)Y", (7.11)

with the antisymmetric symbol 5};3 =—1= 5?:3 Equation (3.11) holds
for self-conjugate as well as anti-self-conjugate A(p). The new dual is unique
and has the following properties: (i) it yields an invariant real definite norm,
and, (ii) it yields a positive-definite norm for two of the four ELKO spinors,
and negative-definite norm for the remaining two. With the definition of the

new dual for the ELKO spinors, one has [185]:

il

2(P)AY(P) = 2mbar, (7.12a)
N (P)AS(P) = —2mbaa, (7.12b)
AS(p)A2(p) =0, (7.12¢)
NA(p)AS(p) =0, (7.12d)

where o takes two possibilites, {—,+} and {4, —}. Both self-conjugate and
anti-self-conjugate ELKO spinors constitute a complete basis for the four-
component spinors in (3, 0)® (0, 1)-representation. The completeness relation
is given by [185]

1

2m (Aﬁ(p)iﬁ(p) - A2‘(1))%‘(1))) =1 (7.13)

Since the Dirac spinors also form a complete basis of the four-component
spinors, the ELKO spinors can be expressed as a linear combination of the
Dirac spinors. Projecting the ELKO spinors onto the Dirac spinors and by
means of the field equation of the Dirac spinors, i.e. the Dirac equation, one
can deduce the equations of motion for the ELKO spinors (in momentum
space) [185]:
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(08 + imiel) )\g(p) =0, (7.14a)
(vup!0l — im1el) )\g(p) = 0. (7.14Db)

To obtain the field equation in the configuration space, we make the substi-
tution p* — i0*, and define

NSIA(z) = XS/ (p) exp [e94 - (i), (7.15)
where, by Eqs. (7.14a) and (7.14b), ¥ = —1 and € = +1, we have
(i, 0"65 + im1el) )\Z/A(x) = 0. (7.16)

From Eq. (7.14) and (7.16), it is clear that the presence of the anti-symmetric
symbol £ in the mass term makes the ELKO spinors not satisfying the
Dirac equation as opposed to that for the Dirac and the Majorana spinors.
Nevertheless, since one can “square” the equation of motion, Eq. (7.14),
(7,068 + im1el ) (y,p" 68 —im1ell) = (pup* — m?)16%, the ELKO spinors do
satisfy the Klein-Gordon equation (in momentum space):

(nuyp“p” - m2]l) M54 (p) =0. (7.17)
Or equivalently, in field configuration space, we have:
(1,0 0"0” +m*1) N4 () = 0. (7.18)

Based on this field equation, one may construct the action of the free
ELKO spinors in flat spacetime as:

-

S M) = [ 2 (M) Aw).
1, - 1 -
_ / e (58"/\@)8“)\(,@) _ §m2)\(ac)/\(x)> .
Although one may read off directly from the above action that the ELKO

spinor has the dimension of mass, it should be noted that it is not a rigorous
proof about the dimensionality. For a careful discussion see Refs. [185, 228].

(7.19)

7.2 A Dark Energy Model of Phantom ELKO
Spinors with Torsion

In this section, we consider a dynamical dark energy model constructed from
the ELKO spinors in Einstein-Cartan theory. To begin with, since it is
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sometimes more convenient to work in an orthonormal basis, let us introduce
the vielbein e, defined by

uCaCh = Tab, (7.20)

where g, is the spacetime metric and 7, is the metric of the local inertial
frame given by 74, = diag(1,—1,—1,—1). The Greek letters (p,v,...) take
values (t,z,...) and are called the holonomic indices representing the space-
time frame, the Latin letters (a,b,...) taking values (0, 1,...) are called the
anholonomic indices representing the local inertial (orthonormal) frame. We
choose the anholonomic «-matrices, v, in the Weyl representation [188]

0 __ @]]_ i O—O'Z 5 1 0

where i = 1,2,3, and v° = i7°y14243. The ~-matrices satisfy

{7, 7"} = 2n™. (7.22)

We define v* = el~y% then {v*,~+*} = 2¢"”. The anti-commutator of two
matrices is defined as: {A, B} = AB+ BA while the commutator as [A, B] =
AB — BA. .

The covariant derivatives of the ELKO spinor A and its (ELKO) dual A
in the local inertial frame are defined in the same way as for the ordinary
spinors, i.e.

VoA =0\ — T\ (7.23a)
VA = 9\ + AT, (7.23D)

where I', is called the spin connection which is used to make the covariant
derivative of a spinor transform correctly under both local Lorentz trans-
formation and general coordinate transformation. By further requiring that
V€5, = 0, the relation between the spin connection and the affine connection
can be obtained in the following form [188, 224]

1
r, = §wgb Fabs (7.24a)
wzb = 0, + eﬁe"bF;’m, (7.24b)

where f® = 1[4 ~"] is the generator of the local Lorentz group. Within
the presence of torsion fields, we now need to extend the definition of the
covariant derivatives on spinors to include torsions. According to Eq. (2.51),
we may separate the non-torsion free affine connection into a torsion-free
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Christoffel symbol plus a contortion tensor. Applying this relation into the
spin connection Eq. (7.24) and after some algebra, we obtain:

- 1
Vo = Vo + ZKabcvbyc)\. (7.25)

Since A\ is a real scalar, the covariant derivative on the dual spinor ) can be
obtained from the Leibnitz rule. We obtain then

- - - 1 -
Vo = Vo — ZK@CAWC. (7.26)

After defining the covariant derivatives of the ELKO spinors with torsion,
we can construct our dark energy model by considering the ELKO spinors
with a negative kinetic energy in an Einstein-Cartan theory, here we define
our lagrangian density to be

- 1 L -
ZLELko = —igabv(a)\vb))\ - V()\)\)7 (7-27)

where V(S\)\) is an arbitrary potential. Notice the different definitions of the
kinetic term in Egs. (7.19) and (7.27). Besides, we should mention that the
main difference between Ref. [189] and our work is that here we consider a
negative kinetic term regarding it as a dynamical dark energy model and we
analyze if the model would lead to instabilities or not. Note that if we only
use g“b@(}\@b)\ in our lagrangian, after taking the variation with respect to
the metric, we have the term @a;\@b)\, which is not necessarily symmetric
since the spin connection does not commute with each other in general, i.e.
I,y # W[, even if there is no torsion. Therefore, we have to symmetrize
the kinetic term to ensure the symmetric property of the field equation.
Although the lagrangian density is somewhat similar to the one of a complex
scalar field, we emphasize that a complex scalar field is a spin-0 field, and
hence cannot interact with torsion as a spinor field does. Taking the variation
with respect to the metric, we obtain the metric energy-momentum tensor

Tij = —2@(1‘5\63‘))\ — gijLpLKO- (7.28)

The spin tensor can be obtained by taking the variation of the action
with respect to the contortion tensor:

Tkj L 5$ELKO

1~ - . 1- ., -
; e v/ WV AL N Ry VA VDY 2
K, 1 VAT YA A1 VIA, (7.29)
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which can be separated into torsion-free and non-torsion free parts,

y 1
P —_— —v,m Y\ + 4)\7 YV + IGKMW RN

1
16 Kkan ", (7.30)

where the first two terms on rhs in Eq. (7.30) are torsion free while the last
two terms are non-torsion free. From this, we can see that the spin angular
momentum tensor indeed depends on the contortion tensor and cannot be
expressed as an axial vector of the torsion tensor as the Dirac spinor does [184,
190]. Therefore, the ELKO spinor can possibly couple to all the irreducible
parts of the torsion tensor, and give richer implications in Einstein-Cartan
cosmology than the ordinary Dirac spinors [188].

From Sec. 2.5, we know that the gravitational action in Einstein-Cartan
theory is similar to GR, the difference lies in the Ricci scalar R, where we
treat the metric and the non-torsion free affine connection to be independent
variables. It follows that the full action of our model reads

1 - -
S = /d4x4 /—g <ﬁR+ZELKO) . (7.31)

In a spatially homogeneous and isotropic universe, we use the flat Friedman-
Lemaitre-Robertson-Walker (FLRW) metric
ds* = dt* — a®(t)(dz® + dy® + dz?), (7.32)

where a(t) is the scale factor. Accordingly, the vielbein e/ are easy to obtain
1
el = of, el = =o', (7.33a)
a
and the inverse vielbein e}, reads
eg =0y, € = ady. (7.33b)

In this background, the non-vanishing torsion free Christoffel symbols are
[189]

(7.34a)
(7.34b)

where the dot denotes differentiation with respect to the cosmic time ¢t. The
corresponding spin connection coefficients in the holonomic frame I', can be
obtained by Eq. (7.24), which are [189, 224]

1 i
Iy=0, I'yi= —§(ad)vt7$ 1t =1x,y, 2. (7.35)
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It follows that we can compute the spin connection in the anholonomic frame,
[',, the non-vanishing terms are
a

1
FOZO, FZ:——<

5 ) Ay i=1,2,3. (7.36)

a
If the cosmological principle is assumed, it can greatly reduce the degrees
of freedom of the torsion, in other words, the only not necessarily vanishing
components torsion tensor in the anholonomic frame are [189]

Sijk = f(t)Eijk7 (737&)
Sis = —h(t), i=1,2,3, (7.37h)

where f(t) and h(t) are called the torsion functions, which depend only on
t due to the homogeneous and isotropic assumption, and ¢;;; is the anti-
symmetric Levi-Civita symbol with €103 = 1.

With the above expression, once we know the non-vanishing torsion terms,
we can obtain the non-vanishing contortion terms by means of Eq. (2.52).
Then, by using Eq. (2.1) we can determine the connection f‘;}u and finally
compute the Einstein tensor with torsion éij directly using the definition of
the Ricci tensor, Ry, = 0,I%, — 9, + '\, — T\T' . and the Ricci
scalar, R = g" R,,,. Then, we obtain [189]

. 2 .
Gy =3 (g) 12 (g) h+12h% — 32, (7.38)
Grw = a? [—2 (9> _Z (9 + Sh) —d4h — 4R + f?|, (7.39)
a a a
Goo = Gyy = G... (7.40)

On the other hand, to obtain the complete field equation, one also has
to know the energy-momentum tensor, the rhs of Eq. (2.54), iij. Since the
cosmological principle has to be applied not only to the geometrical side but
also to the matter side, the matter distribution should be also homogeneous
and isotropic. Therefore, we can assume that the ELKO spinor fields in our
model depend only on time, ¢, writing A(t) = (£)¢ and A = o(¢)€, where
©(t) is a real function and ¢ is a constant ELKO spinor and its ELKO dual
¢ is defined by Eq. (3.11). Since the cosmological principle implies the off-
diagonal components of the Einstein tensor to vanish, for example G =
C?T,y = 0, it naturally constrains the energy-momentum tensor on the rhs of
the field equation, Eq. (2.54). That is to say, the off-diagonal components of
the energy-momentum tensor should also vanish even in absence of torsion.
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To be precise, this means that the ELKO spinor is required to satisfy the
condition that the off-diagonal components of the metric energy-momentum
tensor should also vanish, i.e. 0, = 0., = 0. The simplest way to satisty this
condition is to assume the so-called dark ghost spinor which is the ELKO
spinor with zero norm, A\ = 0 [229]. The word “ghost” refers to the fact that
it has no contribution to the metric energy-momentum tensor and thus has no
effect on the curvature of spacetime in the absence of torsion [230, 231, 232].
A cosmological dark ghost spinor can be given by [189, 229

0
A=), e= | (7.41)
0
with its corresponding dual spinor
A=), €=1i(0,i,+1,0). (7.42)

Since the norm of the dark ghost spinor vanishes, the potential V' which is a
function of A\ plays a role similar to that of the cosmological constant. How-
ever, a standard ELKO spinor with non-vanishing norm may also satisfy the
condition that the off-diagonal components of the metric energy-momentum
tensor vanish, in that case, higher order self-interactions are allowed.

The Cartan equation (2.55) is in general a set of 24 algebraic equations,
however, using Eq. (7.18), it reduces to two independent equations relating
torsion and spin tensors. Using Eq. (7.22), we can solve the torsion functions
in terms of the matter field (). Indeed, after some lengthy calculation we
get

1 1,2 4 .
) = —grtf =~ (—) , (7.43)
 2k¢* [
1) = 1o (—) | (7.44)

Here, we can see that the dark ghost spinor indeed has non-trivial contribu-
tions to both the spatial axial components and to the temporal components of
the torsion tensor as compared with the Dirac spinor which has only a contri-
bution to the spatial axial vector components of the torsion tensor [190, 188].
Moreover, the non-trivial components of the spin angular momentum tensor
in our model are T1a3 = 12¢? + he? and 1101 = —1 f? = Tago = T303, Which
are of ocurse homogeneous and isotropic in agreement with the cosmolog-
ical principle. To obtain the canonical energy-momentum tensor, we need
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to compute the contributions of the spin angular momentum taking into ac-
count the torsion interactions, (Vy + 2Sy')(7;;* — 7%, + 7%;;). Finally, we
obtain that the non-vanishing components reads

Su=Yo+3 (%) £+ ofng (7.45)

S = —a?Vy— a2 (6h—22 — L), (7.46)
o f

Ea}x = Eyy = Zzzy (747)

where Vy = V(0). We will analyze the dynamics of our dark energy model
in the next section.

7.3 Cosmological Evolution of the Phantom
ELKO Spinor

The evolution of the Hubble parameter, H = a/a, can be determined from
Einstein equation (2.54). The corresponding Friedmann and Raychaudhuri
equations read

Vo 4+ k%t
7 A N s (7.48)
2v/3 /4 — 3r2*
_ 20k20% 4,8
i _HVO Or“p™ 4 3Kk p (7.49)

12 4 —3Kr%2p4

The evolution of the matter field ¢(¢) can be obtained by taking the time
derivative of Eq. (7.48) and equating it to Eq. (7.49), then

¢ VveW20+ 32t

0 43 20 — 3k2p*
Eq. (7.48) gives the evolution of the matter field, combining it with Eq.
(7.49), one obtains a differential equation for the scale factor in terms of the
matter field o(t)

4 — 3K2p%. (7.50)

dina 4+ k2o 20 — 3Kk2p1 (7.51)
dlng "4 — 3k20% 20 + 3K2¢pt '
Solving the above differential equation we obtain
ap [ (4 — 3r%p%)? 5
== | 7.52
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1 2 3 4 5

Figure 7.1: Numerical plot of ¢(t) in Eq. (7.3) from t = 0 to ¢t = 5 with
e(0)=1,and Kk =V = 1.

where ag is an integration constant.

As we previously mentioned, the Einstein-Cartan equation (2.59) can be
interpreted as that the geometry is the result from the contribution of the
matter fields plus some spin-spin interaction. Therefore for a homogeneous
and isotropic Universe, we can define for example an equation of state for dark
energy, wy, related to the ELKO spinor from the metric energy-momentum
tensor given in Eq. (2.58) where 6°; = diag(pa, —pa, —pa, —pa), and wy =
Pa/pa, then we have

2K2p?
12 — 3Kx2pt’
This equation of state does not take into account the spin-spin interaction;
i.e. the energy momentum tensor u;; defined in Eq. (2.60). We could equally
define a spin-spin effective equation of state related to u;; which we omit here
for simplicity.

Since ¢ is constrained by Eq.(7.53) to satisfy the condition 0 < ¢? <

4
3k27

(7.53)), then ¢ will decrease. In fact, ¢ will monotonically decrease to
its lower bound, ¢ = 0, as time goes to infinity, as we next show in Eq.
(7.58). Then, wy goes to —1 asymptotically, the Hubble parameter is almost
a constant, and the scale factor expands as a(t) o exp(Ht), therefore our
universe enters a de Sitter phase at late time. From the positivity of the
second term on rhs in Eq. (7.53), we see that the equation of state will
be always larger than -1. And if we consider the contribution of spin-spin
interaction, we can define the total equation of state wyy = pror/pror from

wg = —1+ (7.53)

the time derivative of ¢ is always negative ( please c.f. again Eq.
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‘3ij = diag(prot, —Prot> —Ptot; —Piot), then

2 20k%pt + 3k1p8
3 (44 Kr2p*)?

(7.54)

Wiot = —1 +

Since both definitions of equation of state show that our dynamical dark
energy model does not cross the phantom divide, we do not expect quantum
instabilities even though the kinetic energy is negative, cf. Eq. (7.27). Note
that in a finite cosmic time, ¢ will never become zero, therefore, neither the
Hubble parameter nor its time derivative diverge at a finite cosmic time,
hence this model is free from the big rip singularity [199, 200, 196, 201, 202].
Indeed, the universe would be asymptotically de Sitter in this model.

We can expand Egs. (7.48) and (7.50) around ¢ = 0 to the first few
orders to see its qualitative behavior,

H=Y"2(14+°% + 0 : 7.55
o (1 St o) (7.55)
P kVo 3 2 4 8)

LA N e . 7.56

Solving these differential equations to the first order, we obtain

a(t) = agexp (%t) (7.57)
o(t) = g exp <— %t) (7.58)

We see that as time goes to infinity, ¢(¢) exponentially decays, so do the
torsion functions h and f; cf. Eqgs. (7.43) and (7.44). It is not surprising
because as the spin sources dilutes the torsion will vanish accordingly [189].

We next consider the existence of some kind of cold dark matter given by
a perfect fluid of a spin-0 particle with the energy-momentum tensor given
by oty = diag(pm,0,0,0), where p,, is its energy density. Since it has
spin zero, it has no extra contribution to the torsion by the Cartan equation,
Eq.(2.55), it only has an additive contribution to the total energy-momentum
tensor, ¢;; in Eq. (2.59), that is

~(de)

0ij = Ug'n) +05; "+ Kuigg, (7.59)

where (@) is the metric energy-momentum tensor of the ELKO spinor de-
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fined in Eq. (2.58). Then Egs. (7.48) and (7.50), are modified as
2

» KV (4 + r2p%)

W= U+ A e (7:60)
: 4
¢ _ kVo 1 20+ 3k%p 1= 32

© 43 I+ B 20 — 3x2p?
L(4+r%" (4 - 360" 0
4 20k2p* — 3K 1+ 5’

(7.61)

where 3 = £ while Eq. (7.49) remain unchanged. We define the total equa-
tion of state of the universe by using again 6°; = diag(piot, — Dot —Ptot> —Piot)s
which gives

Dtot 2 20/{2@4 + 3k* gp
" =—1+ 3 A+ r2ph)? (1+ ﬁ) (7.62)

Wiot =

The conservation of the energy-momentum tensor Via(m)ij = (0 reads

g _ 3 (g) | (7.63)

Substituting ¢ using Eq. (7.60) into Eq. (7.63), we get

L
== 3,@2@46m' (7.64)

To see the stability of the late time behavior, we analyze the autonomous
(¢, B) system , which is

_ VEV o4 = 3k201 20 4 3R%p!
43 /1 + 20 — 3K2p?
\/3/§Vo<,0 (4 + K212 /4 — 3r2p% B
8 20/@2@ — K8 VI+p5

s V3 4+ 2ot
p= 5 mﬁvﬁ + 1. (7.66)

The only fixed point is (g, ) = (0,0). We linearize the system around the
fixed point, by expanding (¢, ) = (o + d¢, fo + 03), and we obtain that

G- e e
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The linearized system is automatically diagonal, one can easily read off its
eigenvalues, both are real and negative. Therefore, (p,5) = (0,0) is an
attractive fixed point, and this would give us wy,; — —1 in the future. As
the universe expands, the torsion will vanish. When both ¢ and ( are small,
the Hubble parameter will be nearly constant, the scale factor a(t) grows
exponentially which means the universe will again enter a de Sitter phase.
The numerical evolution of the equation of state, w;x(2), and the Hubble
parameter H(z) of the universe with redshift » = —1 + % shown in Fig. 2
and 3 respectively where ag stands for the present value of the scale factor.
Note that for 5(%)%; = diag(pge, —Dde, —Pde; —Pde); the conservation equa-
tion, Vi(&(de)ij + ku';) = 0, can be interpreted as the continuity equation of
the energy density of the ELKO spinor with a source term, pge + 3H (pge +
Pde) = @ where Q > 0 means energy is transferred from torsion to ELKO
fields, and ) = 0 means no interaction between torsion and ELKO fields.
We can as well define an equation of state for dark energy again as wg. =

Pde thep?
Pde

2204 (1 + B)
3(4 — 3r%p") + 6K204 (1 + B)

Wee = —1 + (7.68)

We can as well define an effective equation of state for dark energy wfif F=

e
DPde Q th
— eIl
Pde 3dee ’

QBK2904
4—(1-28)k%p!
(6 — 38)K4p® + (40 — 248) k2" + 48
(44 K2p*) (4 — (1 = 2B)K%¢*) (20 — 3k%pt)

wzgf =—-1+

8
: (7.69)

The term, @, is equally present when § = 0; i.e. in the absence of dark

matter. The numerical evolution of wg. and wflzf with redshift z are given

in Figs. 4, and 5. Note that at early time, wflgf < wqe Which means @) > 0,

thus energy is transferred from torsion to the ELKO fields, and at late time,
w;ﬁf ~ wg. which means () = 0 as is expected since torsion will eventually

vanish.

2Please note that Eq. (7.68) is different from Eq. (7.53). The reason is that by adding
cold dark matter into the model, we modify the spin connection Eq. (7.35) and (7.36),
therefore we modify the ELKO enengy momentum tensor in Eq. (7.28).
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Figure 7.2: wiot(2) defined in Eq. (7.62) from z =1 to z = —1 with ¢(1) =
0.1, B(1) = 0.01, = 1, and Qy,, ~ 0.3.
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Figure 7.3: H(z) gievn in Eq. (7.60) from z =1 to z = —1 with (1) = 0.1,
B(1) = 0.01, and K = 1. The asymptotic line is H(z) = \/?g ~ 0.577, and
Qe = 0.3.
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Figure 7.4: wg.(z) given in Eq. (7.68) from z = 1 to z = —1 with ¢(1) = 0.1,
B(1) =0.01, k =1, and Q,,, ~ 0.3.
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Figure 7.5: wS/’/ () given in Eq. (7.69) from z = 1to z = —1 with (1) = 0.1,
B(1) =0.01, k =1, and Q,,, ~ 0.3.
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Chapter 8

Conclusions and Future
Perspectives

In this chapter, we summarize the main conclusion of this thesis. We studied
the RG improved inflationary cosmology where the decay rate of inflaton
is modulated by a second scalar field, which we identified as a Higgs. In
this model the background evolution is driven by a RG running cosmolog-
ical constant and gravitational constant with their RG flows satisfying the
AS behavior. By choosing Einstein-Hilbert truncation, we find this model is
classically equivalent to a model of R? gravity. The elegant property of this
model is that it can give rise to a sufficiently long inflationary phase at high
energy scale and smoothly exit to standard GR after inflation. Moreover, a
RG running gravitational constant can provide a second scalar field to vary
slowly without an extremely flat potential since the slow-roll parameters asso-
ciated with this field are greatly suppressed by a large value of the conformal
factor. As a consequence, this scalar field seeds isocurvature perturbations
during inflation which can be converted into primordial curvature perturba-
tion under a suitable mechanism. We consider this mechanism as the process
of modulated reheating. Based on this mechanism, we performed a detailed
analysis on the power spectrum and non-Gaussianities of primordial cosmo-
logical perturbations. We then confronted our model with the Planck data
and concluded that a viable parameter space exists, although it is highly
constrained. Although this model suffers from the fine-tuning problem, the
scenario under present study points to a new possible connection between
particle physics and early Universe cosmology. We conclude by mentioning
that the mechanism of Higgs modulated reheating can be generalized to an
arbitrary nonminimal inflationary model or a model of f(R) inflation. By re-
laxing theoretical requirements of AS gravity, the parameter space available
to such a mechanism is increased.
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As for the dark energy model, we consider Einstein-Cartan theory which
is a simple generalization of ordinary general relativity, incorporating the tor-
sion fields as the anti-symmetric part of the affine connection. In this theory,
there are two field equations, one is like the traditional Einstein equation
and the other is an algebraic relation between the torsion fields and the spin
fields of the matter sources. We introduce a new kind of spin one-half par-
ticle called the Elko spinor or dark spinor which is the eigenspinor of the
charge conjugation operator, and different from the Majorana spinor due
to the double-helicity structure [186]. The equation of motion of the Elko
spinor is the Klein-Gordon equation rather than the Dirac equation. Then,
we propose a dark energy model with a negative kinetic energy constructed
from the Elko spinor which is interacting with the torsion fields in the FLRW
universe. Although the kinetic energy is negative, the equation of states wy,
and wy,; do not cross the phantom divide and approaches to —1 asymptot-
ically, satisfying the weak energy condition, hence we expect the model to
be stable at the quantum level. No big rip singularity will occur at a finite
cosmic time in this setup. And torsion will vanish at late time, the Hubble
parameter will become nearly a constant. Furthermore, we consider the ex-
istence of some cold dark matter which is assumed to be a pressureless scalar
particle without contribution to the torsion fields. In this two components
system, we find that there is a unique attractive fixed point, which is simply
(¢,B8) = (0,0), and all of the equations of state Wiy, W(de), and Weff(ge) Will
converge to —1 from above no matter what the initial condition is. There-
fore, the universe will eventually enter the de Sitter phase at late time with
or without dark matter.
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