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Zusammenfassung

Die vorliegende Dissertation prasentiert zwei wichtige Konsistenztests eines Modells fiir die
kosmologische Inflation, ndmlich das Axion-SU(2)-Eichfeldmodell. Dieses Modell umfasst
besagtes Fichfeld, welches mittels seiner drei Komponenten einen homogenen und isotropen
Hintergrund erzeugt, sowie via eines Chern-Simons-Terms an ein Axionfeld gekoppelt ist.
Das SU(2)-Eichfeldmodell zeichnet sich durch drei charakteristische Vorhersagen fiir die
Gravitationswellen aus, die wahrend der Inflationsepoche erzeugt werden: sie kénnen von
der Skaleninvarianz abweichen, nicht-Gaussisch und zirkular polarisiert sein. Alle drei
Eigenschaften treten in den kanonischen Inflationsmodellen, die nur ein aktives Feld en-
thalten, nicht auf.

Bevor dieses Szenario ernsthaft als eine moégliche Phase im frithen Universum in Be-
tracht kommt, muss dessen theoretische Konsistenz bewiesen werden. Zu diesem Zweck
untersuche ich zuerst Modelle, in denen das Axionfeld sowohl gravitativ als auch an die
Eichfelder, durch jeweilige Chern-Simon Terme, gekoppelt ist. Beide Terme manifestieren
dieselbe zugrundeliegende Physik, und sollten daher immer beide beriicksichtigt werden.
Dartiberhinaus muss die Moglichkeit tiberpriift werden, dass der gravitative Chern-Simons
Term Ghost-Instabilitdten erzeugt (d.h. Felder, die instabil sind). Neben der Existenz
eines stabilen Bereichs im Parameterraum zeigen meine Resultate, dass diese Kopplung-
sterme die Amplitude der erzeugten Gravitationswellen um bis zu 50% &ndern konnen. Sie
zeigen weiterhin, wie der freie Kopplungsparameter des gravitativen Chern-Simons Terms
durch Beobachtungen eingeschrankt werden kann.

Im zweiten Teil studiere ich die Teilchenproduktion, die durch eine Kopplung des SU(2)-
Eichfeld mit einem massiven Dirac-Fermionen-Dublett erzeugt wird. Die Motivation dafiir
ist, dass eine Kopplung des Inflatonfeldes mit Materiefeldern im Allgemeinen zu Teilchen-
produktion fiihrt. Dies kann unter Umstanden zu einer Riickreaktion fiithren, die den ho-
mogenen Hintergrund der Eichfeldkomponenten destabilisiert und damit zu einem frithen
Ende der Inflationsepoche fiithrt. Die Kopplung an Fermionen fiihrt zu einer nichttrivialen
Kopplung zwischen den verschiedenen Flavor- und Chiralitdtskomponenten, und zu einer
wesentlichen Komplizierung der zu losenden Gleichungen. Um eine Losung zu ermdoglichen,
habe ich die existierenden Losungsansétze in zwei Punkten verbessert. Erstens werden die
Operatoren antisymmetrisiert, was eine Gleichbehandlung von Teilchen und Antiteilchen
ermoglicht. Zweitens habe ich das Konzept der instantanen Vakuumsubtraktion erweitert,
um auftretende UV-Divergenzen zu behandeln.

Die hier prasentierten Studien zeigen, dass der kosmologische Hintergrund und somit
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die Inflationsepoche im SU(2)-Eichfeldmodell stabil bleibt, auch wenn beide Chern-Simons
Kopplungsterme sowie eine Kopplung an massive Dirac-Fermionen zugelassen werden.



Abstract

In this thesis, we present two important consistency checks on axion-SU(2) gauge field
model of inflation. Axion-SU(2) gauge field models of inflation consist of an SU(2) gauge
field in an isotropic and homogeneous background, coupled to an axion field via a Chern-
Simons term. This setup can source gravitational waves that come equipped with three
distinctive features: they can be non-scale invariant, highly non-Gaussian, and circularly
polarized. These features are unique and are not shared by canonical single scalar field
inflation models.

However, before such models can be taken seriously as feasible description of the early
universe evolution, their theoretical consistency within established empirically possible
settings, need to be asserted.

With this goal in mind, we first examined the viability of inflation models with a
spectator axion field coupled to both gravitational and SU(2) gauge fields via Chern-
Simons couplings. Both parity-violating terms, i.e. gravitational Chern-Simons, and the
other Chern-Simons term arise from the same underlying physics and exist simultaneously;
hence they should be both treated on equal footing. Moreover, given that gravitational
Chern-Simons terms may introduce ghost instabilities in the model, it is crucial to check
the stability of the setup as well. As a result of this study, we found that the impact of
these terms on the production and propagation of gravitational waves can be as large as
a fifty percent enhancement. Moreover, using the phenomenological success of the axion-
SU(2) sector, we can constrain the new free parameter, i.e. the coupling strength of the
gravitational Chern-Simons term, in this setup.

In the second study, we examined the particle production by a SU(2) gauge field coupled
to a massive Dirac doublet. The reason for coupling these fields is that usually, couplings to
other matter species can lead to particle production, which in turn induces backreaction on
and destabilization of the stable, isotropic, and homogeneous configuration that the non-
Abelian and axion backgrounds have during inflation. This coupling leads to a nontrivial
mixing between fermion components of different flavors and chirality, hence complicates
the system of equations. To carry out the needed calculation we made two technical
improvements compared to extant literature. First, we applied the antisymmetrization of
the operators to treat particles and antiparticles on equal footing. Second, to deal with
the UV divergences, we extended the idea of an existing instantaneous vacuum subtraction
scheme.

On the basis of both of these investigations, we conclude that the background dynamics
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of an axion-SU(2) sector remains unaffected and phenomenologically viable in the presence
of the gravitational Chern-Simons term and massive fermions.



Conventions

e We use natural units in which 7 = ¢ = kg = ¢ = 1 and the reduced Planck mass is
given by M, = 1/v/8rG.

- . . T
e Greek indices y, v, etc. go over the four spacetime coordinates a# = [2°, 2!, 2%, 2%

where 20 represents the time coordinate. Latin indices 4, j, etc. go over the three
spatial coordinates.

e The Minkowski metric is given by the n,, = diag[ —-1,1,1, 1].

e Summation over repeated indices is assumed unless otherwise stated.
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Chapter 1

Introduction

Inflation [1L 2, B Bl 4] provides us with a paradigm to explain the flatness and horizon
problems of the early universe and it also explains the observations of the cosmic microwave
background (CMB) to a great degree. In its original form, inflation utilized expansion of
spacetime through a scalar field slowly rolling on a flat potential, following a graceful exit
from the period of accelerated expansion.

A crucial aspect of inflation that makes it very succesful, is that it provides a nat-
ural setup to create the initial conditions necessary for the Hot Big Bang model. More
specifically, and from a physical point of view, the inflaton field that is responsible for the
expansion of spacetime dominates the energy density content of the universe during this
period and governs the end of inflation by setting how much expansion needs to happen.
On the other hand, Heisenberg’s uncertainty principle states that precise timing is not
possible in quantum mechanics, hence the inflaton has to have spatially varying fluctua-
tions that differ in expansion. The so-called quantum vacuum fluctuations during inflation
generate the scalar and tensor perturbations. The scalar perturbations [5, [0, [7, 8] seed the
observed large scale structure in the universe. The scalar fluctuations have been detected
in the CMB experiments, while the tensor perturbations [9, [10] originating in the early
universe have not yet been detected.

It is relatively easy to build phenomenological mechanisms that provide us with an
early time accelerated expansion. Some properties of these models have been constrained
by CMB experiments to some extent, but much remains to be done. The CMB experiments
have constrained the properties of scalar fluctuations, but primordial tensor fluctuations,
which are a common feature in all inflationary models, and therefore are bound to shed light
on the microphysics of inflation and further constrain the models, remain to be detected.
To see the importance and the difficulty of this task, note that it is very unlikely for the
current colliders to reach the energy levels present at the very early stages of the universe.
Consequently, detection of the stochastic background of gravitational waves may be our
only chance currently to probe such high energies.

Before discussing the main contributions of this thesis, we first lay out the basics of
single-field slow-roll inflation as a standard example, and point out the properties of scalar
and tensor fluctuations in a general setup.



2 1. Introduction

1.1 Single Scalar Field Inflation

Let us consider a scalar field ¢(¢,x) as the inflaton. We can write this field as the back-
ground value and some perturbations around the background value: ¢(t,x) = @(t) +
dp(t,x). Assuming a potential V(p) for the scalar field, we can write the inflation action
as

/ N pZR——(ﬁw) vig)], (11)

where R is the Ricci scalar and ¢ is the determinant of the metric.
We can write the equations of motion for the background, which is a Klein-Gordon
equation for a time-dependent scalar field in an expanding universe

p+3Hp+V, =0, (1.2)

where V., = 0V/0p and H = a/a is the Hubble expansion rate. This equation resembles a
damped harmonic oscillator with H as the damping term. In other words, the expansion
of the universe acts as a “frictional” force acting against the force created by the potential
of the field.

Let us now determine under what conditions leads to an inflationary period. There
are two conditions that need to be met, first, an accelerated phase of expansion with a
slowly varying Hubble parameter that is approximately de Sitter. Note that reaching an
exact de Sitter expansion fails to explain observed features of the universe. Second, this
period of acceleration must last for sufficient time so that inflation solves the standard
cosmological model problems.

To clarify these points, we define two important parameters: ey and 7.

The first slow-roll parameter is defined as

H din H
-7 1.3
AR N b 3

where dN = dlna = Hdt measures the number of e-folds N in the inflationary expansion,
in other words NN is the number of Hubble times passed. Consequently, the energy density
of the fluid representation of this expansion must have constant energy density and a
negative equation of state.

The second important condition for the inflationary period is that to solve the horizon
problem we need the inflationary expansion to last long enough, N ~ 40 — 60 e-folds. In
other words we need ey to stay small for a long period of time, we have parametrised this
quantity in 7
dlneH: €y . (1.4)

dN Hey
Successful inflation means we have ey < 1 and || < 1.

Let us now go back to the toy model we defined above and see how to impose these

conditions for €5 and 7 in a single scalar field setup.

n
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In scalar single field inflation we have
¢2

€H = 573777
VENZE

n= 2(6H - 5) ) (15)
where § = —¢/(H¢) is the dimensionless acceleration per Hubble time. Hence, inflation
happens and lasts long enough if €y, |§| < 1 which leads to ey, |n| < 1.

We use a technique called the slow-roll approximation many times in this thesis, so it is
best to define it right here. By slow-roll we mean that the kinetic energy is sub-dominant
to the potential energy, in other words 1/2¢* < V() where we have dropped the second
time derivatives. So |§| < 1 will lead to a simplification of the Klein-Gordon equation to
3Hp =~ =V,

In order to make sure that we can get inflation with a given potential V() in the single
scalar field model, we have to make sure that €, [n,| < 1 is satisfied, where

M2 VN2 V
o= (V) = gl (16)

1.1.1 Cosmological Perturbations

In this section we take a brief detour on how scalar and tensor fluctuations behave in an
accelerated universe following [11], 12 [13] 4], [15].

1.1.1.1 Perturbations in General Relativity

We begin by perturbing the metric and the energy momentum tensors about their back-
grounds

G (%) = G (8) + 09 (%), Ty () = Tp(t) + 0T (2°) (1.7)

where g, (t) is the Friedmann-Lemaitre-Robertson-Walker (FLRW) metric. The non-zero
components of T, (t) are T°(t) = p(t) and T (t) = —p(t)6“a=2(t) for a perfect fluid in
the absence of anisotropic stress at the linear order.

It is more convenient to rewrite the energy-momentum tensor in the covariant perfect
fluid form

T,uy(t) - (/5 + p)a,uaz/ - g,uuﬁa (18)

where u#(t) = (1,0,0,0)7 is the normalized 4-velocity vector of a comoving observer. In
the perturbed spacetime, the energy momentum can be written in a more general form

T (%) = [p(2®) + p(a)] up ()t (%) = gpu (%) p(2®) + T (27) (1.9)
where in addition to the perfect fluid terms, we have the anisotropic stress tensor, I, , for
which [16]

HO# = 0, Hz‘j = a2 [@@WS + 8Z7TJV + ajﬂ'y + WZ;} s
51']'8 7TV = O, 5ZJ817T;1;€ = O, 51']'71'5- =0.

iy

(1.10)
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The quantities 7, )" and 7T;»1; are the scalar, divergence-free vector and transverse-traceless

tensor anisotropic inertia terms, respectively, characterising (small) departures from the
perfect fluid form of the energy-momentum tensor.

We now write out the perturbations dg,, (z*) and 67}, (z*). The perturbed metric can
be written in conformal time, dr = dt/a(t) as

ds® = (G + 09, )datdz”
= —(1—2¢)a*(7)dr* +2(0;B + B;) a*(7)dx'dr (1.11)

where ¢(x7), B(x?), ¥(z7), E(x?) are the scalar metric perturbations, B;(x?), E;(x”) are
the divergence-free 3-vector metric perturbations, and ﬁij(a:") is the traceless transverse
3-tensor metric perturbation (i.e., the one describing the gravitational waves).

As mentioned we can decompose the above perturbations into a irreducible set of modes:
the scalar, vector and tensor modes which is known as the SVT decomposition. The
SVT decomposition is useful since at linear level, the Einstein equation for each mode is
decoupled from the others and we can treat their evolution separately.

We then perturb the energy density, pressure and 4-velocity fields

p(z®) = p(r) +0p(z®),  p(=®) =p(1) +p(z®),  wu(2®) = wu(7) + dup(z®),
(1.12)
where
i, = (a,0,0,0)"  du, = (dug, d;oull + du)" (1.13)

and d;u- = 0. Since the 4-velocity vector is normalized,
guu'n” =1, guufu” =1, (1.14)

we can show that to linear order in perturbations duy = ap. We also find u* = a7 !(1 —
¢, —a10;6ull — a='6u- — ;B — B;)T, to leading order in the perturbations. The perturbed
energy momentum tensor then takes the following form

0T", = (6p + op)utu, — dpdt + (p + p)uéu, + (p + p)éu''u, + g"'1L,, ,

5T'OO = 5p7 5T01 = (ﬁ + ]5)&_1«91(5’&“ + 5UZJ_> )

0T = —(p+ p)a~(a '0,0ul + aout + 0,B + B;),

6Tij = —(5p(5U — aiajﬂ's — aﬂTJV — 8j7rZV — 7T;-I;- .

(1.15)

After decomposing the perturbations into scalars, divergence-free vectors and traceless
transverse tensors, we can now review their transformations under infinitesimal diffeomor-
phisms

ot — o =t 4 ¢ (x”), (1.16)

where ¢# = (€9, 0,61 + &5, Since under the diffeomorphisms the metric transforms as

B oxP Ox”

9u7) = G o 9907 (117)



1.1 Single Scalar Field Inflation 5

then to leading order the metric perturbations (at ®) change by

A(Sgw,(xa) = 59Lu(xa) - 5guu(xa) = g;,w(xa) — G (%)
0

~ fo\ 8 a
~ guu(x ) 85(76 5 gl“/(x ) (118)
~ o a 85’8 — le% 688 8§HV<:UQ) B
and B och O™, ()
by e T8 (2 8 (e 087 0T (%) 1.19
AOT, (2%) 2 T2 (2%) 525 = T"5(2%) 58 (1.19)

The gravitational waves, Bij, are diff-invariant, but the scalar and vector modes exhibit
a gauge ambiguity that have no physical importance. To avoid this gauge redundancy, it
is important to adopt a gauge invariant description where we construct gauge invariant
quantities independent of &*, the Bardeen variables

D=0 0.[a(B-0.B)
W=+ H (B - 0,E) |

(1.20)

where H = a’/a is the comoving Hubble parameter. Another gauge invariant quantity that
will be used frequently is the so-called comoving curvature perturbation

sz+ﬂmW (1.21)
a

This quantity is conserved for long wavelength perturbations, bigger than the Hubble
radius.

We can also solve the gauge redundancy problem by fixing a gauge. This amounts to
imposing conditions to fix the number of variables that are redundant. The most used
gauges in cosmology are the Newtonian, synchronous and spatially flat gauge:

o Newtonian or longitudinal gauge:
B=0, E=0, (1.22)
where in terms of Bardeen variables this translates to

d=¢, U =1, (1.23)

e Synchronous gauge:

$=0, B=0. (1.24)

e Spatially flat gauge:
®=B=0. (1.25)
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1.1.1.2 Quantum Fluctuations

As discussed above, during inflation, quantum fluctuations are generated. These fluctu-
ations consist of scalar, vector and tensor perturbations and understanding the features
of these perturbations can allow us to constrain our models using observational data. To
achieve this, we need to treat inflation from a semiclassical point of view. In this part we
study the scalar and tensor fluctuations first, then, the next step is to study their key fea-
tures. To track the features of the primordial fluctuations, we use the following important
tools: (i) the scalar and tensor power spectra, Pr and P, respectively, (ii) the scalar and
tensor spectral indices n, and n, (iii) the tensor-to-scalar ratio r, and (iv) non-Gaussianity
of scalar or tensor perturbations.

Scalar Fluctuations

Now we consider the metric perturbations in the so-called ADM formalism [17]
ds* = —N?dt* + hyj(N'dt + dz') (N7 dt + da?) (1.26)

where N = N(t,z) is the lapse function, N* = N'(¢, x) is the shift function and h;; is the
induced metric on three-dimensional hypersurfaces of constant time ¢. The spatial slices
are characterized by the intrinsic curvature Rg’) and the extrinsic curvature

K; h; — ViN; — V;N;) . (1.27)

1

j = ﬁ(

After writing the inflaton action given in (1.1)) using the formalism above we fix the
gauge to the spatially flat gauge and continue our calculations. This gauge is very conve-
nient since it simplifies the computation of the curvature perturbations, that are linked to
the density perturbations that seeded the structures of our universe. In the spatially flat
gauge, the diff-invariant comoving curvature perturbation is given by
H

R =—dp. .
py © (1.28)

Expanding the (1.1)) in second order and after some integration by parts, we find
1 1
Sy = /§d7'd3xa3 [(&0')2 - —2(8590)2 — [V” —2(3e— €+ en)HQ] 5g02} : (1.29)
a

Therefore, the equations of motion for the Fourier components of the canonically nor-
malized field v = adyp is

Uy, + [kj +a*(V" — 6eH?) — 3} v, =0, (1.30)
a

where we have dropped terms in the effective mass that are higher order in slow-roll
parameters.
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With the quadratic action in hand, we can proceed to the canonical quantization of
this system

27T)3/2

where the u; are the mode functions and a, and &T_k are the annihilation and creation
operators satisfying the commutation relations

i, al] =6 (k —q), [ax, aq] =0, (1.32)

d*k 4 :
v(T,%x) = /(— [uk(T)dke”kx + uf(r)al e ] (1.31)

considering the normalisation of the mode functions uzu;* — ufuf = i. We can write the
momentum conjugate to the canonically normalized field v as

_oc

"= o

and promote the field 7(7,x) to a quantum operator as well 7(7,x). The operators we
defined satisfy the equal time commutation relation

[0(7, %), 7(7,x)] = i6(x —X). (1.34)

We can set the initial conditions for our solutions by choosing the lowest energy state of
the fluctuations. The quantum states in the Hilbert space are constructed by defining the
vacuum state |0)

(1.33)

i |0) = 0. (1.35)

Power Spectrum

To compare the perturbations produced during inflation with the observations we need to
evaluate the power spectrum which is essentially the two point correlation function of the
canonical variables. The power spectrum of R is given by

Pr(k) = (%)X%)Q (1.36)

evaluated at horizon crossing k = aH.
Given the weak scale dependence of the power spectrum, we can parametrize it as the
following power law form

Pr(k) = As(kﬁ)ns_l , (1.37)
where the amplitude and the spectral index are )
11 H?
s = @aM& ; (1.38)
ns=1— 26, —ns, (1.39)
where k, is a reference scale that exits the horizon at 7. = —1/k,, H, = H(7.) and

€« = €(7i). There is a very tight observational constraint on the spectral index: the latest
Planck data [18] indicates a slightly red tilted spectral index ny = 0.9649 + 0.0042. The
measured scalar amplitude is A, = (2.101 +0.031) x 10~ (at k, = 0.05Mpc™').
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Non-Gaussianity

According to the CMB observations the scalar power spectrum is highly Gaussian [19].
If a given statistical distribution is Gaussian the power spectrum or in other words the
two-point correlation function contain all the information about the fluctuations. More
complicated models of inflation compared to the single scalar field model such as multi field
inflation or considering non-standard kinetic terms induce small deviations from Gaussian-
ity. This small deviation can be probed using higher order correlation functions, such as
the bispectrum, which is the three-point correlation function

(2738 (ky + ko + k) By, (ky, ko, k) = <5¢(T, k)5 (7, ko )Sp(7, k3)> . (1.40)

Tensor Fluctuations

Finally, we briefly discuss the last and most exciting prediction of inflation, i.e. the exis-
tence of a stochastic background of gravitational waves needed to determine the remaining
tools for describing the features of the primordial fluctuations. We consider the tensor
metric perturbations as

d82 = CL2(T) [ — de + (5ZJ + Bw)dyzdy} s (141)

where izij is a transverse and traceless tensor, i.e. 8’71@-]- = i~z§ = 0. We define the Fourier
transformed right and left-handed circular polarization states as

(1,9) / > ) 3/2 efy(k)ha(r, k)e™, (1.42)

ALR

where e} is the polarization state tensor for the right (A = R) and left-handed (A = L)

circular polarization states and satisfies the following relations

ika€®cell, = kel ikae® el = —kely, el (—k) = en (k) = el (k), (1.43)
where €, is the three dimensional anti-symmetric symbol and the tensors are normal-
ized such that el (k)el (—k) = e (k)ef (—k) = 1. For simplicity, we assume that the
gravitational waves are propagating along the z spatial direction as shown in Fig.

ds* = a*(1) [ —d7r? + (14 ho (7, 2))da? + (1 — hy (7, 2))dy? + 2h (1, 2)dzdy + dzﬂ

(1.44)
For convenience, we work with the canonically normalised tensor perturbations
M, ~
We define the left and the right helicities as
hLR— \/_(h+:|22h ) (146)



1.1 Single Scalar Field Inflation 9

Y

N>
=

Figure 1.1: Two polarization of gravitational waves B+ and .
The equation of motion for each polarization of the gravitational waves A = L, R is
a/l
Wy + (1&’ — ;) ha=0. (1.47)

Power Spectrum

Finally, we can derive the tensor power spectrum

k N\ ne
Pr(k) = At<k_> , (1.48)
where the amplitude and the spectral index are
2 H?
A= ——5, (1.49)
T M

Tensor-to-scalar Ratio

At last, we can write the tensor-to-scalar ratio r, i.e. the ratio of the tensor and scalar

power spectra

A

As
We can also relate r to the total inflaton field excursion during inflation Ay, i.e. the

total field excursion between the time when CMB fluctuations exited the horizon and the

end of inflation through the so-called Lyth’s bound [20]

Ay ro\1/2
1, — O (m> . (1.52)
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Hence, large values of the tensor-to-scalar ratio, » > 0.01, correlate with super-Planckian
field excursions, Ay > M,;. This only holds for the single scalar field models of inflation.

In Fig. we can see the current constraints on ny and r from CMB measurements.
Currently no detection of r exists and there are only upper limits available. The best limits
come from CMB experiments, r < 0.06 at 95% CL, from the combination of the B-mode
polarization data of the BICEP2/Keck [21] and Planck 2018 data [18].

0.25 -~ Planck TT,TE,EE+IlowE
Planck TT, TE,EE+lowE+Ilensing
> ¢\\0 +BK14+BAO

0.20 - W, @

0.15 -
g
S

0.10 -

0.05 -

0.00 : . :

0.95 0.96 0.97 0.08 0.99 1.00
ns

Figure 1.2: Current constraints on ns; and r from CMB measurements of Planck 2018,
using Planck TT,TE,EE+lowE and Planck TT, TE,EE+lowE+lensing (red and green re-
spectively), and joint constraint with BAO and 2014 BICEP2/Keck (blue). This plot is
taken from [18].
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1.2 Alternatives to Single Scalar Field Inflation

In the single scalar field model of inflation, a detection of the primordial tensor fluctuations
and hence the tensor-to-scalar ratio r, can give us two very important pieces of information
about inflation, namely, the energy scale of inflation and the inflaton field displacement
during inflation. Therefore, the interpretation of the data coming from the next generation
of experiments is arguably one of the most important tasks in the future of cosmology.
However, a correct understanding of these measurements is only possible if we are certain
about the sources of the gravitational wave signal that has been detected. In the context
of inflationary models, vacuum tensor fluctuations are not the only known mechanism to
generate gravitational waves. Gravitational waves can be produced from scalar sources
122, 23, 24, 25] and through particle production during inflation [26] 27], to give two
examples of external sources for gravitational waves. In none of these cases the one to one
correspondence between the energy scale of inflation and r holds.

Another possibility to produce sourced gravitational waves, which are the focus of this
thesis, is the so-called axion-SU(2) gauge field spectator model of inflation. Coupled axion
and SU(2) gauge fields during inflation [28 29, B0, BI] provide a rich phenomenology
that is not shared by canonical single scalar field inflation models (see [32] for a review).
E.g., one feature that distinguishes this approach from vacuum gravitational waves, is the
generations of a stochastic background of chiral gravitational waves [33| 32} 34], 35] which
are non-Gaussian [36, 37, 38, 139]. It has also been shown [40), [41), 42, 43, [44] [45], 46|, [47] that
generation of chiral gravitational waves leads to a non-zero parity-violating gravitational
anomaly, RR, which, in turn, violates the lepton number conservation and generates the
baryon asymmetry of the universe.

The upcoming LiteBIRD [48, 49] and CMB Stage-4 experiments [50] will provide fur-
ther constraints on the gravitational waves, which could constrain the axion-gauge field
models of inflation [51], 52| [53]. However, before the predictions of these models are taken
seriously, it is important to check if these models are viable both phenomenologically and
theoretically.

From the phenomenological point of view, it is important to see if the couplings of
SU(2) gauge fields to other fields lead to particle production and their backreaction on the
axion-gauge field backgrounds do not spoil the model setup. In [54], a charged scalar field
is coupled to the SU(2) gauge field, and production and backreaction of pairs of charged
particles is studied in de Sitter spacetime. In [55], the backreaction of the extra spin-2 field
in this setup is analytically studied for all the inflationary models involving the SU(2) gauge
field. In [56], [57] a pair of massive Dirac fermions are coupled to the SU(2) gauge field. The
coupling to a massless fermion is studied in [58]. In all these cases there exists a parameter
space in which the backreaction of the particles on the SU(2) background is negligible.
The nonlinear impact on the scalar perturbations of the chromo-natural inflation and the
spectator sector during inflation has been studied in [59, [60]. Anisotropic initial conditions
are discussed in [61].

From the theoretical point of view, it is important to consider all different classes of
parity-violating terms that arise from the same physics. For example, if coupling to a
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massive degree of freedom, such as axially coupled heavy fermions, is considered, then
radiative fermion loops generate not only FF, but also RR [62]. String theory predicts
the existence of axions that couple to both terms simultaneously [63], [64] [65]. Hence, these
two parity-violating terms arise at the same time and should be effectively considered on
the same level in the theory. Moreover, given that RR can introduce a ghost instability, it
is important to check the stability of these models up to their cut-off scales.

Organization of this thesis This thesis is organized as follows. In Chapter [2| we in-
troduce the axion-SU(2) gauge field models of inflation that are the central theme of this
thesis starting from chromo-natural inflation (CNI), we discuss the inflationary background
and the cosmological perturbations in this setup and show that CNI is ruled out observa-
tionally by its predicted values for ns; and the tensor-to-scalar ratio r. We then explore
the axion-SU(2) spectator sector proposed by Dimastrogiovanni, Fasiello and Fujita [60],
containing a scalar inflaton, a pseudoscalar axion and SU(2) gauge fields. We show that a
large amplitude of helical, tensor modes can be generated by spectator SU(2) gauge fields
during inflation, at linear order. We briefly discuss gravitational leptogenesis in these mod-
els to generate the baryon asymmetry of the universe and at the end, we shortly discuss
the bispectrum in this model. The bispectrum is generated at tree-level as the gauge fields
contain a tensor degree of freedom, and its production is dominated by self-coupling of the
gauge fields.

In Chapter [3, we study the effect of the gravitational Chern-Simons term coupled to
the axion field on the production and propagation of gravitational waves during inflation
with the spectator axion-SU(2) sector [66]. Both parity-violating terms RR and FF exist
simultaneously. We find that the effect of the RR term on chiral gravitational waves can be
as large as a fifty percent amplification for the left-handed helicity mode functions compared
to the case without the RR term. Using the existing bounds on the free parameters from
the spectator axion-SU(2) gauge field sector, and requiring that the cut-off scale of the
theory, A, is in the conservative case A = M, and in a more radical case A = 20H, we
put constraints on the new free parameter in our model to remain in the ghost-free regime,
and we conclude that the inflation models with the spectator axion-SU(2) sector remain
phenomenologically viable in the presence of the gravitational Chern-Simons term.

In Chapter 4l we focus on studying the evolution of a Dirac field doublet which is co-
variantly coupled to an axion and an isotropic SU(2) gauge field background in de Sitter
spacetime. We assumed the fermion field to have a Dirac mass term. We discovered that
the SU(2) background, in combination with the Dirac mass term, leads to non-trivial cou-
plings between fermion components of different flavors and chirality. Next, we compute
the expectation values of the induced currents, to estimate for what model parameters
backreaction effects become important. More specifically, we consider the isotropic part
of the SU(2) matter current, as well as the 4-divergence of the axial current, which can
be used to estimate the fermionic backreaction on the gauge field and axion backgrounds,
respectively. To find the vacuum expectation values of bilinearies in fermionic fields, such
as the currents, we have to deal with UV-divergent integrals. We extend the idea of an
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existing instantaneous vacuum subtraction scheme [67], which involves the subtraction of
the contribution of zero-point fluctuations to the currents. We extensively discuss this ex-
tension to fermionic models with most generic Hamiltonians which permit only a numerical
treatment. Finally, we show that the SU(2)-background experiences strong backreaction
due to fermions only for model parameters which are already excluded on observational
and/or theoretical grounds and that the background dynamics of an axion-SU(2) gauge
field spectator sector remains unaffected by the production of fermions.

Finally, in Chapter 5| we summarize the main findings of this thesis and discuss the
prospects of these models regarding the possibility of their detection in the near future.
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Chapter 2

Axion-SU(2) Gauge Fields Models of
Inflation

2.1 Historical Development

As discussed in Chapter [I} it is phenomenologically easy to write a potential that satisfies
(1.6). In other words, these requirements translate to having a proper potential that
inflates long enough to solve the flatness and horizon problem. The scalar field must roll
very slowly, which is to say that the potential must be flat compared to its height, i.e.
the potential must be shallow or the curvature of the potential must be very small. The
question we have to answer before we proceed at this point is whether these fine-tuned
potentials are protected against the quantum corrections or not, from which a number of
problems arise. The most significant among these is the so-called 7n-problem of inflation
which any model of inflation has to address one way or the other. The problem is so-called
because the letter n is used to represent the curvature of the potential.

Scalar field theories generally lack symmetries that can protect their potential against
higher order quantum corrections. These corrections can be large and they can spoil the
flatness of the potential. Many solutions have been proposed to evade this problem and,
among these solutions, the most relevant one to the subject of this thesis is natural inflation
first proposed in [68]. In this setup, a pseudo Nambu-Goldstone boson, an axion field, is
identified as the inflaton field, and the flat potential emerges as a result of a softly broken
shift symmetry, i.e. symmetry under a constant shift of ¢ — ¢ + ¢. The shallowness of
the potential is protected from quantum corrections by this shift symmetry. Note that the
potential is only totally protected from quantum corrections under a full shift symmetry.
In the case discussed, given that the symmetry is only softly broken, the potential is
protected against most quantum corrections but not all. In [69], it was shown that to
match the observations from CMB experiments, the model must have a Planck scale axion
decay constant. This requirement makes it challenging to embed this theory in a higher
energy UV-complete setup such as string theory [70] and makes this model disfavoured
by many theorists. Possible solutions to this problem have been proposed using axion
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monodromy |71}, [72], through coupling the axion to a 4-form [73] and modifying the axion
evolution [74], [75], [76].

Another possible solution is to make the axion interact with a gauge field to achieve an
effectively flat potential for a long enough inflationary period while the inflaton potential
is steep enough to protect and evade the n-problem. This was first proposed in [77] in
the context of Abelian gauge fields and later on using non-Abelian gauge fields called the
chromo-natural inflation (CNI) [30} B1] and gauge-flation [28, 29] which does not involve
axions or any other scalar field. In 78| [79], it was shown that CNI reduces to gauge-flation
once the axion is integrated out. Detailed perturbations analysis of CNI have been made in
[34, B1] and a thorough analysis of perturbations of gauge-flation can be found in [32, [80].

In the rest of this chapter, we provide a detailed description of CNI and its perturbations
following [34] 3T, 80].

2.2 Chromo-Natural Inflation

The CNI action, Scyy, contains an axion x with a sub-Planckian decay constant f < M,
a potential U(x) and a collection of non-Abelian SU(2) gauge fields. However, this proposal
does not rely on a specific gauge group and any SU(N) can be used. Thus, the action has
the following form

1 Ay
&mz/de_{p%—-@m (m—zﬁﬁwu-fmﬁwv (2.1)
where
U(x) = p'(1+ COS(§)) : (2.2)

with u being the energy scale of the axion with decay constant f. Later on, we will show
that the existence of inflationary solutions does not depend on this potential at all.
The field strength tensor of the SU(2) gauge field is

Fo = 0,A% — 9,A% — gae® AL AC (2.3)

pto

with g, being the self-coupling constant and € the three dimensional anti-symmetric
symbol.
The SU(2) gauge fields are

O.a
A= A5 (2.4)

with {o', 02,03} being the three Pauli matrices

00 e (0 () o5

Here we are following convention in [81].
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The last term in Scng is the Chern-Simons interaction, where A/ f parametrizes its
coupling strength and Fo# = gaBF wg/2 is the dual of F,. The ehveB gymbol is defined
as el = ewob [ /=g where ¢#*F is the totally anti-symmetric symbol with €23 = 1.
The Scnr is invariant under the local SU(2) transformation

A, = UAU = (v, 00U, (2.6)

A

where

U =elmoafe) = g — B35/ (2.7)

The term FF is a total derivative and for y = const. it reduces to a surface term.

Hence, we can write F'F as )
FF=V,C", (2.8)

with |
Ot = 9enval (AgaaAg - ge“bcAﬁAbaAg> . (2.9)

Now that we constructed the model, we study the requirements for this model to
describe an inflationary solution in the next part.

2.2.1 Inflationary Dynamics

In this setup to get an inflationary background using non-Abelian gauge fields and axions,
we need a rotationally invariant, homogeneous background. Mathematically, what happens
is the following. Using vector fields in the background violates its rotational invariance but
this can be compensated with a global gauge transformation and a rotationally invariant
solution can be achieved. The existence of rotationally invariant solutions to the Einstein-
Yang Mills equations was first realized in [82, [83] 84], 85] [86].

The vacuum expectation value (VEV) of the gauge field is given by a classical vacuum
expectation value by [87, [88], 28] 29]

AT =0, A% =6%)Q(t). (2.10)

This means that the SU(2) gauge field has a solution that respects the homogeneity and
isotropy of space-time, and makes SU(2) a decent candidate for inflationary scenarios since
it is compatible with the FLRW metric. It has been shown that this configuration is stable
and has an attractor configuration [89, 90, [61].

Given the background field configuration in the field strength components are

2 a

F; = 0,(a(t)Q(1)) 07, Ffj = —ga(a(t)Q(t)) ey - (2.11)
The Einstein equations are

2
X 3, 2 3
3M51H2:7+U(X)+§(Q+HQ) +§Q§Q4; (2.12)
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—2MAH = * +2(Q + HQ) +203Q. (2.13)
The equations of motion for the inflaton and gauge fields are given by [30} 66]
phorx
X+3HX——wm<—>——&—%f@}+HQ) (2.14)
S S f
gaA

Q+3HQ+ (H+2H*)Q +2¢;Q° = 7 ZXQ?, (2.15)

where dots show derivatives with respect to the cosmic time ¢t and H = a/a is the Hubble
expansion rate. The key ingredient in this model is the new interaction term on the right
hand side of . This term makes slow roll inflation possible away from the hilltop,
even for sub-Planckian axion decay constant.

Recalling the definitions of energy density and isotropic pressure of a perfect fluid,

p=3MLH?, p+3p=—6M3(H+ H?) (2.16)
we find
_ X2 3, 2 3 5
PCN1=7+U(X)+§(Q+HQ) +§9AQ ; (2.17)
(2 1, . 1
DPCNT = X? - U(x) + 5(@ + HQ)2 + 5931624. (2.18)

From and it is visible that the gauge sector has the equation of state of
radiation ps = pa/3, hence the gauge field alone cannot source inflation. The interaction
term between the gauge sector and the axion does not contribute to either energy density
nor pressure.

For the slow-roll parameters defined in Chapter , ey = —H/H? we can write [66]

€qx =€, +egteg, (2.19)
where ) ) _ )
X _ 9@ _ (Q+HQ)

== = = ____*°*~ 2.20

€x 2H2 Mpgl ) €B H2 MpQZ ) € H2 MpQZ ) ( )

are all much smaller than unity.
Also we define the following dimensionless parameters

9@ . A
H’ — 2 fH
The fourth term in the left hand side of (2.15) becomes 2mQH 2QQ; thus mg can be regarded
as the mass of () (divided by H).
Next, let us look for a slowly rolling inflationary solution in this set-up. Neglecting ¥,

Q and H will make our coupled system of equations decoupled and we can solve for y and
Q [30, 34

mo = (2.21)

23
G QPH (M — HQ - L5

(2.22)
3JPH + AN |

X



2.2 Chromo-Natural Inflation 19

and
HQ2PPH? 423 Q7 + Q") + gidQE U, (229
0" 3PP+ e |
We choose the parameters such that the following assumptions hold
3PH? < 2 N°QY,  NQ* > 2f%. (2.24)
Rewriting the equations for y and @ using the assumption above we obtain [34]
H /2¢3Q3 U
i~ 2( 99 po_ S ’X2>, (2.25)
gar@ H gar@
and v
)~ —HQ — X 2.26
Q= -HQ- 72 (2.26)

Notice that we can rewrite the equation (2.26)) by considering the right-hand side as
the slope of an effective potential for the gauge field

o+ A g v = T (227)
where this effective potential has a minimum at
Qumin = (%)w. (2.28)
This leads to )
Ex~mg+ m_Q : (2.29)

When the gauge field takes this value (i.e. when @ ~ 0) the right-hand side of is
basically equal to the gradient of the axions potential, which means that the axion, or in
other words the inflaton, rolls very slowly as its motion is dominated by classical energy
that is transferred into the gauge sector.

Let us re-write the equation by plugging in Q) = @Q,.;n. This provides us with an
effective equation governing the evolution of the axion in terms of the axion alone [34]

. 2f4/3 3)\2/3f72/3H8/3 + 31/39211/3( . U7x)2/3
32/3 )\4/3 gj/3H1/3( . U,X)1/3

(2.30)

This shows us that the axion dynamics is no longer controlled by the gradient of its potential
and the Hubble damping, but the axion is evolving slowly on a flat effective potential
provided by the interaction between the axion and VEV of the gauge field.
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Now we have to calculate the so-called inflation parameters ey and 7 which are given
by [34]

Q? QAQ4
"= ap AT AR, (2.31)
and 2)4 ; 23
€n_ 203Q Q ( 49:¢ )
= = 2 . 2.32
"= Hey ~ HAME T HMEen 0T T (2:82)
From (2.30)), we can compute the number of e-folds N = [ Hdt
1/2
N~ 3 / dve (2.33)
2 2y + x — xy?
where p \ "
_ X\ _ (A
r = (1 — COS (?)> s Yy = <3gAM4 > . (234)

By putting proper bounds on x and y we can set an upper limit on N to evaluate how big
A is supposed to be in order to get N ~ 40 — 60 e-folds necessary to solve the horizon and
flatness problems. If all the assumptions and the slow-roll approximation we have made
so far hold for all y, we can put a bound on x

0<x<2V3, (2.35)
the maximum value for y ~ 1, hence, the upper bound on N is
N <0.6). (2.36)

For enough number of e-folds we need to have A > 1, this makes a low value for f < M,
possible for all parameters in this models. The equations (2.31)) and ([2.32]) show that for
satisfying the slow-roll conditions ey, |n| < 1, we need to have

Q< =, (2.37)

H
V2gs VA
which places a strong condition on ().

To summarize, when the gauge field is in its VEV, as described above, the equation
of motion of the inflaton, which is given by the axion in this model, gets a new term on
the right-hand side. This term is the key ingredient in this model that leads to a slow-
rolling axion even when the potential of the axion is not shallow as expected in natural
inflation. Slow-roll is achieved through the efficient transfer of axionic energy into classical
gauge field instead of the dissipation via Hubble friction. The steps that we took were the
following. First, we decoupled the system of coupled differential equations, using proper
slow-roll assumptions. After getting two decoupled equations, we got an effective potential
for the gauge field V.4(@), this potential has a minimum at @Q,,;,- When @ ~ @, the
gauge field can be integrated out during slow-roll since the fluctuations on the gauge field

Q? <
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VEV are large m2Q = 3H?, so we can safely assume Q ~ (. At this stage, we derived an
equation for x in terms of x which is precisely what we wanted and we can look for the
parameter spaces that make inflation happen.

The system of equations mentioned above can be easily solved numerically. For the
Figures [2.1] and 2.2, we have numerically solved the equations for the following set of
parameters

p=316x10"", f=001M,;, gi=2x10"% X=200. (2.38)

In Figure 2.1, we show the region of field space over which the axion ranges during the
inflationary period. The left panel shows the potential and the right panel shows the
position of the axion as a function of time before inflation ends. In the left panel of Figure
2.2] we show the evolution of the gauge field as a function of the number of e-foldings
N, = N before inflation ends. In the right panel of Figure we can see how the total
number of e-foldings N depends on the value of .

A proper perturbation analysis is required in order to test the stability of the solutions
above, in the next section we will focus on the stability analysis of CNI.

2.0[- ‘ ‘ ] 02
15 -0.4
=10 e -0
S x| E "~
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OO L ] _10 7\ L L L L L
0 1 2 3 4 5 6 -100 -80 -60 -40 -20 0
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Figure 2.1: (Left panel) The bare axion potential is shown for the choice of parameters
{i, fyga, A} = {3.16 x 1074,0.01,2.0 x 107%,200}. (Right panel) The full range of values
that axion takes during inflation as a function of the e-folding number is shown for the
same choice of parameters.
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Figure 2.2: (Left panel) The behaviour of the gauge field as inflation proceeds for the
same set of parameters as is shown. (Right panel) The number of e-foldings of
inflation produced as A\ is varied, while the other parameters are kept fixed.

2.3 Perturbations of CNI

After finding homogeneous and isotropic inflationary solutions, to test the stability of these
solutions we need to study the model in small departures from the FLRW approximation.
We will focus on the fields and their perturbations in our setup following [34] 31].

2.3.1 Degrees of Freedom of CNI

The energy momentum tensor of CNI is
2 08
Tw=—"—7—v—
V999" (2.39)
v 1
= 2T7’(FHQF,/Q> — %TT(FQQF%B) + 8;LX811X - g;w égpaaanaX + U(X) .

Lets us now focus on the fields and their perturbations. This system has 23 degrees of
freedom, 12 coming from the SU(2) gauge field, 10 from the metric and 1 from the axion
which is playing the role of the inflaton here

X =X+0x,
AG = 6A% = a(Y, +0,Y), (2.40)
A% = A%+ 6A% = a [(Q +6Q)6% + 8;(M, + 8. M) + ¢, Qenic(U, + 9:U) + 14 -

Under infinitesimal diffeomorphisms, see Eqs. (1.16)) and (1.19)), the gauge fields transform
as

a o Aa o aéﬁ 614(1“(.1.04)
8GA (2%) m A% (a) g — 20
whereas under infinitesimal SU(2) transformations, see Eq. ({2.6]),

SAL — 0AS — 0,8 + g, e B AS, (2.42)

¢ (2.41)
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where 8 = 0,6/ + 3.
Next, we decompose these degrees of freedom into scalar, vector and tensor based on
how they behave under spatial rotations. Considering metric perturbations given in (|1.11))

e Tensor degrees of freedom: 4 degrees of freedom t,; and ;LU Assuming @fzij = Oty =
hii =t = 0.

e Vector degrees of freedom: 10 degrees of freedom Y,, M,, U., B; and E;. Assuming

e Scalar degrees of freedom: 9 degrees of freedom dy, Y, 0Q), M, U, ¢, B, ¥ and F.

Now we proceed with fixing the gauge. We can remove the redundancy associated
to general coordinate and SU(2) transformations. Using (1.16), with parameter {* =
(€0, 061 4+ €47, the metric degrees of freedom transform as

=1 —HE,
EFE—F-¢, (2.43)
Ei_>Ei_§iL7

and we fix the spacetime slicing at linear order in perturbations by setting
=0, E=0, E=0. (2.44)

We can fix the freedom associated to the SU(2) transformations by U = U; = 0 consid-
ering an SU(2) transformation with an infinitesimal parameter. We are left with 16 degrees
of freedom that take the following form, although not all of them correspond to dynamical
degrees of freedom, in other words, not all of these degrees of freedom appear with their
time derivative in the quadratic action [34]

X=Xx+0x, (2.45)
Vi Q+0Q+1 te 9. M
Ar=al v 7 Q+6Q -1, 8. M, , (2.46)
8.Y 0 0 Q+6Q + 0,0.M
—1 —|— 2¢ Bl BQ aZB
1+h h 0
G = CLQ + 1 _XB+ 0 s (247)
1

where iL.,., By, t,. and t, are the + and x polarization of tensor perturbations defined in
(11.44).

Therefore, the perturbations are decoupled from each other at the linear order and the
quadratic action for the perturbations splits into three decoupled parts

Squadratic = Oscalar 1 Svector + Stensor ; (248)

where all are Hermitian. The tensor action contains only dynamical modes, while the
vector and the scalar actions contain both dynamical and non-dynamical modes.
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2.3.2 Quantization and Power Spectrum

In this subsection we study the quadratic action for the perturbations in a general setting,
quantize the perturbations and give an expression for the power spectrum. Let us call
the vector formed by perturbations in one of these three systems X;. We can make a
transformation [34]

X = Wi A;, (2.49)

to have the following action for each one of these perturbations [34], [80]
S = % / drd®k [A'TA' + ATAA — ATAN — ATBA] : (2.50)

where A is an anti-Hermitian and B is a Hermitian matrix, given that the action is Her-
mitian. Next we quantize and write down the commutation relations between the
variables and their conjugate momenta, and obtain the initial conditions.

We can quantize each field A; and its conjugate momentum II;

I = gﬁ; = AT - ATA (2.51)

and impose equal time commutation relations as:
A; = Dya; + Djjal,  [ai(k),al(K)] = 8*(k — k)5, (2.52)
[Ai(t, ), ILi(t,y)] = i6;;6°(x — y) . (2.53)
Now we decompose II in terms of the same annihilation and creation operators as in
I, = ma; + ija; : (2.54)

The product of 77" and DD' must be real, hence
mnl —a*xl =DD' —D*DT =0, (2.55)
should be satisfied for the initial conditions that are chosen according to the positive

frequency initial adiabatic vacuum. Starting from these initial condition, we can get the
equations of motion for the mode functions following ([2.50))

D"+ 2AD' + (B+ A)D =0. (2.56)
Let ¢; be the original field in real space corresponding to X; in ([2.49))
dgkj ik.x
Hence we can define the two point correlator assuming statistical isotropy as
1 dk sin(k
S0r () + 8y(rsra)) = [ TP, (258)
2 k  kr
where r = |z — y| and
/{Z3
Piyi(k) = 2—7T2§R[(XXT)Z,J , (2.59)

is the power spectrum.



2.3 Perturbations of CNI 25

2.3.3 Scalar Fluctuations

In this subsection, we provide the explicit form of the quadratic action for the scalar
perturbations in the form of ([2.50)).

The scalar degrees of freedom we are left with after gauge fixing include the axion as
the inflaton dy, three degrees of freedom coming from the SU(2) gauge field, Y, dQ and M
and the last two coming from the metric perturbations ¢ and B. Out of these six degrees
of freedom, only three of them are dynamical. Y, ¢ and B appear without their time
derivative in the quadratic action, therefore they are non-dynamical degrees of freedom
and can be integrated out. To make the analysis of scalar perturbations easier we neglect
the metric perturbations and integrate out the non-dynamical degree of freedom coming
from the gauge field. For a detailed analysis considering the scalar metric perturbations,
the reader may refer to the Appendix in [34].

After integrating out Y and setting ¢ = B = 0, we define the remaining scalar pertur-
bations in terms of A = (Ay, Ay, A3)T, where

A
Sy = =L,
a
A,
0Q =—,
Q J3a (2.60)
S1 = gaaQAs + \/k? + 2g3a*Q?As
- V2gak?a2Q '
The action is given by [34]
Ay = GM
s, \/§f )
2y )3
Apry = 9129 (2.61)
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and
B . a2 k + ngnghyQZl + 9/21@4 _'_ U - 2H2 _|_ X + (Q + HQ)2
s, 11 — I phy f2<kl2]hy + 2g§Q2) MI?Z XX 2M§l Mle )
B, — g2| 30AHQ \/ﬁgAAQQ}
) I \/§f f )
[ 2\ 2HQ? 2k% +3¢2k%, Q% +495Q" .
B5713 _ ag . \/_ 0 Q + phy ga phyQ gAQ (Q + HQ)):| ,

0y ke, + 20302 2kpny + 205Q%)
[ gAQX
o + 16502 - 0.
i f
: N
Bygs = a*| — [k, +295Q%(204Q — ?X)} )

By = d? 'kgh N AR (K3, + RQ%)  gaMkd,@X | 6932, (Q+ HQ)Q]
| [T Ry 203Q7 J(kp, T203Q7) T (R, + 203Q2)°

2
Bs,22 =a

(2.62)
The matrices Ass and Bs are 3 X 3 matrices. The index s represents scalar perturbations
and kp, = k/a.

Following the instruction as outlined in[2.3.2] we can now write the equations of motion,
quantize each field A; and provide their initial conditions. Hence, following , each A;,
(1 =1,2,3) defined as the field on the left hand side of , behaves like a free oscillator.
Since we have three quantum fields here, we need to evolve each coupled equation under
three different sets of initial conditions.

Finally, let us determine the curvature power spectrum, where the curvature perturba-
tions are defined as

H
R~ ——dx, (2.63)
X
the curvature power spectrum is
H2
Pr = FPU 7 (2.64)

where P;; is defined in (2.59)).

A very detailed discussion of the instability analysis of the scalar modes can be found
in [34, BI]. To summarize their finding we can say that the scalar fluctuations suffer from
an instability on sub-horizon scales if mg < v/2. In other words the inflationary solution
is stable if and only if the gauge field is sufficiently heavy, since mg can be regarded as the
mass of @) (divided by H). In Section we will show that it is impossible to satisfy
current observational bounds with this model.
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2.3.4 Tensor Fluctuations

In this subsection we consider the tensor sector of CNI. It is easier to work with the left-
handed and right-handed helicity mode functions, since the quadratic action for the tensor
perturbations splits in two decoupled parts for each helicity doublet defined below

Stensor = SL + SR . (265)
The two polarizations are defined as (1.46)) using (|1.42) in Chapter

1
hL’R = —2(h+ + ihx), (t+ + th) . (266)

1
tL7R = E

For our convenience we work with the canonically normalised tensor perturbations

M.~

\/5 IRl

Let us now define the respective A to have the quadratic action of the form ([2.50))

App= <hL»R) : (2.68)

Here we only consider the quadratic action for the right-handed helicity doublet while the
action for the left-handed helicity doublet is related to the right one by k& — —k.
The action is given by [34]

t¢ = v/2al? . (2.67)

1 !
Apra = M—pl(Q +HQ) ,
X? (@ +HQ)?  3¢gia*Q*

By =k —2H* + 0 — iz - 7
(2.69)
2Q*  H ., gara@Q*x’
B; 1o = ak — - =
t12 = a M, + M, (Q +HQ) FMpl
/ !
By oo = k* — ak (29AQ + AC}X ) + gAAC}QX )

where the index t represents tensor perturbations. It is clear from that the effective
frequency squared B; 9 goes negative for the right-handed helicity mode function of the
gauge tensor tr close to the horizon crossing which translates to a tachyonic instability
and growth of this mode. Since the gauge tensor modes are linearly coupled to the metric
tensor perturbations, as the result of this instability, hg grows signalling a violation of
parity invariance in the tensor sector in this setup and hence the production of chiral
gravitational waves. The same growth does not happen in the left-handed helicity mode
function since the linear term in k has the opposite sign. The difference between the right-
and left-handed helicity mode functions is shown in Figure 2.3
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Figure 2.3: The right-handed helicity gauge tensor mode function v/2k|k7tz| (solid blue)
along side the left-handed helicity gauge tensor mode function v/2k|k7ty| (dashed orange)
is shown for the choice of parameters {mq,ep,ep}t = {3,3 x 107%,3 x 107°}. The right-
handed helicity gauge tensor grows around the horizon crossing. The shaded blue area
shows the tachyonic instability region.

The time length of the tachyonic region can be calculated from the equations of motion
[31] and is given by

1 1 1 1
zmQ+——\/2m2Q+2+—2<x<2mQ+—+\/2mé+2+—2. (2.70)
mo mp mq mq

This means that as mg increases the length of the tachyonic region increases as well. In
other words, the instability persists for a longer period for larger mg. Since the scalar
fluctuations are unstable when mg < V2 as shown in the previous section, we only focus
on the regions for which mg > V2.

More discussion on the tensor perturbations and numerical solutions will be given in

Section 2.8.11

2.3.5 Observational Constraints

In [31] a thorough parameter search for the four free parameters gs, p, f and A in this
model is accomplished. The authors used numerical solutions of the full set of equations of
motion for the scalar perturbations to compute the tensor-to-scalar ratio r as a function of
the model parameters. The result of their parameter exploration is summarized in Figure
2.4, This figure shows that it is impossible to simultaneously satisfy the observational
constraints on 7, ns, and the power spectrum amplitude using this model. When mg is
large enough to produce an acceptable ng, the enhanced gravitational wave spectrum is too
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Figure 2.4: Comparison of the tensor-to-scalar ratio, r and the spectral index, n, (evaluated
at k = 0.05 Mpc™'). The value for r presented here includes the contributions from both
gravitational wave helicities and is computed numerically using the gravitational wave
mode functions. The open black circles represent parameter combinations whose scalar
power spectrum amplitudes are outside of the Planck error bars; blue stars represent models
with acceptable power spectrum amplitudes. The Planck one and two sigma contours are
plotted in red and pink, respectively. This plot is taken from [33] [31].

large. Hence CNI model of inflation is ruled out observationally. Nonethelss, theoretically
speaking, the most important feature of the CNI mechanism is that it evades the simple
version of the so-called Lyth’s bound [20] explained in Chapter [I]in (1.52).

Different models have been suggested to rescue this model from being totally ruled
out. In the rest of this thesis, we will focus on the model proposed by the authors in
[66]. This model suggests putting the axion-SU(2) in a spectator sector and considers an
inflaton sector that takes care of inflation independent of the axion and the gauge field.
Other models in the literature such as [91, 92], suggest that CNI can be made consistent
with observational data if the SU(2) gauge symmetry is spontaneously broken. Another
extension that saves the model and makes it consistent with observations is considered in

[93].
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2.4 Relation to Gauge-flation

It was shown that CNI reduces to a class of models of inflation where the axion has been
integrated out, known as gauge-flation ([29], 28]), [78] [79]. Gauge-flation is described by
the following Lagrangian

M2
Lor =+v—g TPZR iFSVF““” +— 334 (F“ F‘”“’) (2.71)
The last term replaces the axion terms and the interaction between the axion and the
gauge fields. In [79] it was shown that the gauge-flation model corresponds to CNI model
once the axion is close to the bottom of its potential which translates to x ~ 7 f. Reviving
back the axion and fixing x to be

K= BE : (2.72)

we can get back the action for CNI.

It has also been shown that gauge-flation is a special case of CNI by comparing the
trajectories of gauge-flation to CNI since CNI has a much larger model space. This happens
because CNI had two additional parameters compared to gauge-flation which translate to
more freedom in the model.

As shown in right hand panel of Figure taken from [78], both trajectories overlap
while CNI has much larger trajectories.

2.5 The case with U(1)

So far the effort has been to build an inflation model with the SU(2) gauge fields, where
a sizeable r can be generated from sources, without violating stringent observational con-
straints on the scalar perturbation. From a historical point of view these efforts did not
start originally from considering SU(2) gauge fields, but started from considering U(1) as
the gauge field [77,[94] 95 06, 97, 08]. Although U(1) violates the isotropy of the space-time
it was still used for inflationary models.

Following the mentioned references, let us consider the following action with the differ-
ence that now A, is an Abelian vector field as in U(1):

S /d%\/_( le——(aX) U(X)—%l WFWJFA;;CF FW) (2.73)
where
U0 = pt(1+ cos(3) (2.74)

with p being the energy scale of the axion with decay constant f. Note that the existence
of inflationary solutions does not depend on this potential at all.
The field strength tensor of the U(1) gauge field is

Fo = 0,4, — 0,A,, (2.75)
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Figure 2.5: (Left panel) A phase portrait of the gauge field. The solid black curve
corresponds to the period of exponential expansion, inflation. The red curve shows the
final ~ 60 e-foldings of inflation and CNI ends at the end of the red curve. The dashed
blue line shows the result of evolving the equations that follow from the action after the
axion has been integrated i.e. gauge-flation. (Right panel) The full range of the axion.
The region that corresponds to the gauge-flation regime is shown in blue. This figure is

taken from [78].

and can be written in terms of the electric and the magnetic fields as:

0 —E, —E, —E.
,|E. 0 B -B
E, -B. 0 B,

E. B, —B, 0

_ y
F,=a

Hence

—EFWF’“’ = %(E.ﬁ ~B.B),
is a parity even term, whereas

Yp v — _BE,
1

is a parity odd term.
The background equations of motion in this case are

A
X"+ 2aHY — Vi —a’U, = ?azﬁ.ﬁ,

(2.76)

(2.77)

(2.78)

(2.79)
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E' +2aHE -V x B = —%X’E) - %?X ¥ E (2.80)
VE = —% (?X).B, (2.81)

considering the vector potential X(T, x) with
2B =V x A, <F = -4'. (2.82)

The equation of motion for X(T, x) reads

[ﬁ—VQ—ATX/?x}XZO, VA =o. (2.83)

oT?2

Following the steps as the previous sections we can write the vector field Z(T, x) into
circular polarized modes in the Coloumb gauge that obey the following equations of motion
{ o? 2k¢

53+ k? 4 T} Ar(,k) =0, (2.84)

where again £ = ()\X)/(QfH).

In this scenario one can get inflation with a flat potential and a reasonable axion decay
constant which is the same as in CNI model. But the question that now remains is what
feature of this model made it so unsatisfactory as compared to non-Abelian vector fields?

The issue with U(1) lies in the perturbations. If we do the standard perturbation
theory for this case to see the agreement with data coming from observations, we see
that U(1) produces too much non-Gaussian scalar perturbations that is above the allowed
bounds coming from observations. The reason behind that lies in the important difference
between this model and CNI, which is in the case of U(1) the tensor modes are produced
at the non-linear level by the vector fields produced by the rolling inflaton. These vector
modes cannot source the tensor modes linearly and to get a sizeable contribution to the
gravitational waves the same non-linear source generates too much non-Gaussian scalar
perturbations that are at odds with data coming from CMB experiments. In Table the
differences between the properties of perturbations and background in both cases can be
seen.

U(1) gauge fields SU(2) gauge fields
preferred direction isotropic
chiral tensor perturbations chiral tensor perturbations
non-Gaussian scalar perturbations Gaussian scalar perturbations
non-Gaussian tensor perturbations | non-Gaussian tensor perturbations

Table 2.1: U(1) gauge field versus SU(2) gauge field properties



2.6 Mimetic Chern-Simons SU(2) 33

2.6 Mimetic Chern-Simons SU(2)

In order to make the CNI consistent with observational data, we considered an extension
of the model using mimetic construction proposed in [99] (see [I00] for a review). For
more details on the mimetic construction see [101], 102, 103} [104], 105]. Similar extensions
of the mimetic construction using axions and Abelian and non-Abelian gauge fields have
been considered in [106], 107, T08]. Unfortunately, the same problems as in CNI raises in
this setup. Here, we adequately present a possible slow-roll solution that provides us with
sufficient inflation in this setup. We will not discuss the perturbations of this model in this
thesis.
We consider the following action

/ d'zy/—g { PR lTr(F,wFW) —A (lTr(FWFW) — A4)] , (2.85)

2

where the terms are all defined as in the previous sections, minus the last term which is
the mimetic Chern-Simons constraint, with A being a dimensionless Lagrange multiplier
defined as A = X + 6\, where 6\ is its perturbation. The term Ay is a constant with mass
dimension four.

We can get the equations of motion

05 [V=gF"] + /=gg, AL F €™ 1 0 [\/_—g)\f?ﬁa“} + /=gAg, Al Foeceabe — o (2.86)

where the right-hand side of equation for gauge field background is now modified,

QO +3HQ + (H +2H%)Q + 24°Q* = g, \Q*. (2.87)
Varying S with respect to A yields the mimetic constraint
1 .
ZIELVaFHVa - A47 (288)
which, at the background level reduces to
39,Q*(QH + Q) = Ay. (2.89)
The Friedmann equations are
_ 3 /. 2 3
BMEH? = =3+ <Q + HQ) + 590 (2.90)
. ) 2
MEH = - (Q+ HQ) - g2Q". (2.91)

We can derive the energy density and pressure as in the previous sections

b= —\\y+ 2 [<Q+HQ> +gf@4] 7
(2.92)
= M+ {(@ FHQ) + gj@‘*} .
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Figure 2.6: Realisation of slow-roll inflation for over 60 e-folds for the parameter choice in

Eq. (2.101]). Here A = Ai/4.

The second terms in each line represent the radiation contribution due to the gauge field,

with energy density

§KQ+Jﬂ@2+£@ﬂ, (2.93)

PA2

and equation of state 1/3. The Lagrange multiplier terms play the role of a cosmological

constant, with energy density B
PA = —/\A4, (294)

and equation of state —1. If it dominates it can give rise to an inflationary stage of

expansion. We now find the inflationary field configuration.
From Egs. (2.89)) and (2.90) one can express the Lagrange multiplier only in terms of

@ and @,
2 . 2
P (A4) + ;ng‘* —3M2 ( A _ 9) : (2.95)

Ay |2\ Q2 30,@Q% @

One can also express H and H only in terms of @ from Eqs. (2.89)) and (2.91). We can
then substitute for H, H and X in Eq. (4.96) to find the effective equation of motion of Q

. MO Q2 A\ 9:Q" 213
Q+3<39AQ3_5>+ 5000 (MPIQQ) + M%] Q +2¢;Q

: _A_) (A Q) (AQ Q@
(QAQ Qs Q+MP1 <3gAQ3 Q) <9AQ4+Q QZ)]
(2.96)

To find a slow-roll solution for () we start by applying the slow-roll approximation, which
entails neglecting (). We also assume

.12
Ay Q

_ 6g,@”
Ay

Ay .
— > |0Q)], 2.97
> 4 (2.97)
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which implies H ~ A4/(3g,Q%).

Then for
Mo>Q~ N g <1, (2.98)
to leading order in @, Eq. (2.96) reduces to
. Ay
) 2.
@~ 9gAM2 ( 99)
which is consistent with Eqgs. (2.97) and (2.98)). Note that this gives us a slow-roll solution,
since ) ,
QL9 1 (2.100)
HQ ~ 3M2
For the parameters choice
Q=AM =10"M,, g, =102, (2.101)

one gets readily slow-roll inflation at 10> GeV of at least 60 e-folds, as shown in Figure
. In Figure we plot the solution of the full equation of motion given in Eq. ,
with initial conditions for Q(¢) given by Egs. and (2.101).

It is interesting to note that, in its orlgmal version, mimetic gravity can provide an
energy density that mimics the role of dark matter in the cosmological background. Taken
into account with a SU(2) Einstein-Yang-Mills system, it was shown in [107] that the model
can provide energy density that behaves as radiation evolving as o< a=* and evoloving
as o< a~2. Moreover, if taken with the Chern-Simons term, it can play the role of a
cosmological constant as it was shown here and in [I08] in the context of a Weyl-invariant
and generally-covariant theory for the cosmological constant.

2.7 Axion-SU(2) Gauge Field Spectator Sector

As it was shown in the previous section, the scalar perturbations in the CNI model present
tension with the observational data. It is impossible to simultaneously satisfy the bounds
on r and on the scalar spectral index, ng, as shown in Therefore, the simple models of
CNI are ruled out by observations. In order to relax these tensions and revive the model,
the authors in [66] proposed putting the axion-SU(2) in a spectator sector and consider an
inflaton sector that takes care of inflation independently. As a result the motivation for
solving the n problem in inflation is lost, but we can still benefit from the unique signatures
and phenomenological power of these models. We will briefly discuss the axion-SU(2) gauge
field spectator model of inflation here, since this is the model considered in the rest of this
dissertation.

In the axion-SU(2) gauge field spectator model, the action of CNI given in is
modified to

1 >\1X

/d4x\/_< le——(&p) (90)_%(3X)2_U( o

Fa Fa,u,l/>
4 Af

(2.102)
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where ¢ is a single-field inflaton sector with a generic potential V().
We will now redo the steps in the previous section for this model to examine the validity
of this model. Let us start with determining the background equations.

The background equations for xy and @) are as before, described in and
respectively. The Einstein equations are now modified since an independent sector that
takes care of inflating the universe is added:

p=3MAH?, p+3p=—6M2%(H+ H?) = g , (2.103)
where
_ Sb X2 3, 2 3 2 N4
P:P¢+PX+PA:§+V(<P)+7+U<X)+§(Q+HQ) + 590",
: : (2.104)
_ 2 X2 L, . 2 1 2 14
p:p¢+px+m:§—V(¢)+7—U(X)+§(Q+HQ) +59Q"

We can define the dimension-less slow-roll parameters as done before, where we have
added an extra slow-roll parameter for the inflaton e,:

52 2 204 ’ 2
_ ¥ _ X _ 9@ _ (@+HQ)
“Tomay YT oamay PT Mz T U HEME (2.105)
where )
i
EHE—m:€¢+€X+€B+€E- (2.106)

In the above paragraph the parameters mg and & are the same as before and the
slow-roll solutions in and are still applicable.

By putting the axion and the gauge field in the spectator sector we are making the
inflaton the most dominant field during inflation. Let us focus on the inflaton sector a
bit. We need to specify the essential slow-roll parameters meanwhile keeping the sector as
general as possible so we do not have to specify which model of inflation we are considering.
We need to keep track of e, while keeping 7, constant and €, ~ €. One can show that

é, = (46, — 6e,, + 1 —ng)He,, (2.107)

where ng = —6¢, + 21, + 1 ~ 0.9649 is the spectral index.

In Figure , the authors in [66] have plotted the dimensionless parameters defined
above as inflation proceeds as a function of N, the number of e-folds during inflation. One
can see that e, remains much bigger than the others, which is consistent with putting the
axion-SU(2) gauge fields in the spectator sector.
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2.7.1 Perturbations of Axion-SU(2) Spectator Sector

In this subsection we summarize the result of [66] for the scalar perturbations. A numerical
study of the tensor perturbations is given in [2.8.1}

Let us again consider A; as defined in and study their effect on the curvature
perturbations R. The equations of motion are the same as

2N — 2A5;0,0; + (Bij — 0,455)A; =0, (2.108)

where v = —k7.

The entries of matrices A and B are the same as (2.61]) and (2.62)) with a minor difference
due to the spectator sector. We will give the entries of these two 3 x 3 matrices here in
terms of the dimensionless parameters defined above [66]

AmQ

5,12 = \/— )
2z
As,13 = -

A

Am}, (2.109)

V2w, /22 +2m22

2+6X+€B+€E+€¢+ U xx mgA°
x2 H2z2 2?2+ 2m2Q ’

3ATTLQ 2
Boa—2afy ) 20).
12 \/§x2 +36Q

and

Bs,ll =1-

Am? 22 4 322m?2 + 4m}
- Q Q Q
Bs,13 = —\/5 5 2 ¢ om? - A(l + EQ) sz(xz + Qmé)g/z )
T3/ X mg (2.110)
Am2 — 2¢m
Beoy =1+ Q—2€Q 7
T

oMo =& 2
B5723 = -2 72 2 + QmQ s

4mg (2 + mg)) 26mg 6mg (1 + €q)”

Boss =1 - ,
33 - (22 +2mg)  a?+2mg (22 +2mg))?

where A = A\Q/f and ¢g = Q/QH. The numerical solutions of A; are shown in Figure

From Figure[2.7]it is clear that the axion perturbation A; freezes after horizon crossing,
while the gauge field scalar perturbations, A, and Az, evolve on super-horizon scales and
eventually decay. Note that in this case mg ~ 3 so there is no instability.

We can now study the effect of A; on the curvature perturbations R. In the flat gauge
R is given by [109]

_ > 0pi
R = CR RTINS S (it p) (2.111)
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Figure 2.7: (Left panel) The various components of (2.106|) is shown. As expected ey is
dominated by e, labelled as €4 in the figure. (Right panel) Numerically integrated scalar
perturbations in the axion-SU(2) gauge field spectator sector. This figure is taken from
[66].

where i = {¢, x, A}. The expression for p; and p; are given in [2.104] and dp; is the energy
density perturbation of each component. We can define the energy density fraction 2; as

Pi
Q= ——,
3H2M§l (2.112)
hence,
Q,0 Q.0 249
R~ —% ps@/ﬂp"‘ X Px/px+ A pA/pA' (2.113)

2¢,
Notice that in the expression above we have neglected the contributions from €,, ez and
€g in the denominator for reasons discussed below. The observational constraints on the
scalar curvature power spectrum can be satisfied if one shows that the contribution from
the last two terms in the numerator above are negligible.

Let us first consider the gauge field, namely the last term in the numerator of 2.113] As
soon as the axion y reaches the minimum of the potential and stops generating the gauge
field, this term is negligible. Furthermore, the gauge field produces axion perturbations
that can contribute to R in different ways. One way is through the second term in the
numerator, which is negligible after inflation as €2, — 0. The second way is through the
first term, that can make a sizeable contribution for large values of mg. Nonetheless for
the chosen values of mg ~ 3, it is smaller than vacuum contribution by large and can be
neglected. Therefore, the main contribution to the curvature perturbations is coming from
the inflaton sector, hence we can satisfy the strict bounds on Pr and save these models
from being totally ruled out.

2.8 Signatures and Bonuses

Although the current valid version of these models prevents us from solving the n-problem,
it provides a very rich phenomenology to explain other open problems in cosmology and
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the standard model of particle physics such as the matter asymmetry in the universe.

The question that we should answer now is: how can we differentiate between B-modes
generated from vacuum fluctuations of the metric and those from sources, once the pri-
mordial gravitational waves are observed?
The short answer to this question is: through the features and signatures of the primordial
gravitational waves. The vacuum gravitational waves are almost all the time scale invariant
with a slight red tilt [I10]. On the other hand, depending on the model the sourced grav-
itational waves can have a red or blue tilt or have a completely non-power-law spectrum.
The other feature of the vacuum fluctuations is that they produce parity-even B-modes.
As seen in the previous sections, one of the unique signatures of axion-SU(2) models is
the production of chiral gravitational waves with a larger amplitude since the gauge tensor
modes are linearly coupled to gravitons producing parity-odd B-modes. This feature can
be seen as a non-vanishing TB/EB correlation in the CMB [111], 112, 51, 62, 113, 114, 53].
The last feature of the axion-SU(2) gauge field sourced gravitational waves is that they are
highly non-Gaussian [36], 37, 38, 39], which is different from the tensor modes induced by
the vacuum fluctuations of the metric [115] [116].

In Table [2.2] we summarize the differences between the axion-SU(2) sourced gravita-
tional waves, versus the vacuum ones.

Vacuum Axion-SU(2) gauge fields

scale invariant non-scale invariant
non-chiral chiral
Gaussian non-Gaussian

Table 2.2: Gravitational waves from vacuum versus axion-SU(2) gauge field

We discuss the three strengths of these models briefly below, starting with the chiral
gravitational waves, moving on to the gravitational leptogenesis and explaining the non-
Gaussianity at the end.

2.8.1 Chiral Gravitational Waves

In this section we look at the equations of motion for the metric and the gauge tensor
perturbations, and obtain numerical solutions. As it was shown in the previous sections,
we have four tensor degrees of freedom: two metric tensor degrees of freedom that represent
the gravitational waves and two additional tensor degrees of freedom associated with the
SU(2) gauge field. We consider a perturbed FLRW metric as follows

d82 = a2(7) [ — dT2 + ((SU + illj)dyldy]] s (2].14)

where ﬁij is a transverse and traceless tensor, i.e. 8%7;]- = fzz = 0. We define the Fourier
transformed right and left-handed circular polarization states as seen in Chapter (1| and
we write the tensor perturbations of the gauge field as 0A? = aty, where ¢ is chosen to

be transverse and traceless, i.e. 9;t¢ = t% = 0. We write the gauge tensor perturbations
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as 0A! = a(ty,tx,0) and 642 = a(ty,—t,,0). For our convenience we work with the
canonically normalised tensor perturbations

M, - ;
hij = a—Lhy;, 2= 2at?. (2.115)
\/5 ) 7 )

We define the left and the right helicities

(hy £ihy), tr (t, tity). (2.116)

hLR_f f

The equations of motion for the tensor modes up to leading order in slow-roll parameters
are

8§tA + |:1 + %(WLle — sx(mQ + 51))}7514 = —Qé@@xlm + % [(mQ — SZL')\/%—F \/5] hA,
(2.117)
[aghA +(1- %)m} — 2@(9 g+ {(m - sx)@] ta, (2.118)

where v = —k7, A=L,Rand s=—1,+1 for L, R respectively.

Before solving the above system of coupled equations numerically, we need to specify
the initial conditions. Since the tensor-like perturbations in the gauge fields and the tensor
metric perturbations are linearly coupled, we expand both in terms of the same pair of
creation and annihilation operators [16]

ha(r, k) = Z [af,khA,n + aff_khz,n] ;

n=h,t

(2.119)
talrik) = 37 aditan+an it
n=h,t
where we have the standard commutators
lapt Bl ] = 6m0a,50®) (k — q). (2.120)

We have to specify the vacuum for the gravitational and gauge fields separately. We divide
the vacuum into two subspaces corresponding to each field as [34 [80] 43]:

1 : 1 .
han(T k) = ——=0pne”* Wy, (1,k) = ———=ik6ppe ™,
it vaE " it vaE (2.121)
1 1 '

tan(T, k) = Snge T thn(T k) = — ik6p e

V2k V2k

The solution hy,—p can be interpreted as the vacuum gravitational wave, whereas h 4 ,—¢
as the sourced one (by the vacuum gauge field, t4,—).
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Figure 2.8: (Left panel) The sourced right-handed linear gravitational wave
V2k|kThpgn—| (solid blue) and the vacuum gravitational waves v/2k|kThg,—p| (dashed or-
ange) are shown. (Right panel) The sourced linear gravitational wave v/2k|kThg| (solid
blue), the left-handed gravitational waves v/2k|k7hy| (dashed orange) and the linear right-
and left-handed gauge tensor mode functions v/2k|k7tp| (dotted green) and +/2k|krty|
(dot-dashed red) are shown. The right-handed helicity gravitational wave grows around
the horizon crossing and stays constant afterwards.

In the right panel of Figure we show the amplification of |tg| = 1/ (thtg) (green
line) around horizon crossing (|k7| ~ 1), assuming mq, &1, &2, H, ep and eg are constant.
In all the plots in this section and the next we use the following parameters

mg=3, eg=3x10"" €ep=3x10"" H=10"GeV. (2.122)

In the left panel of Figure we plot the sourced right-handed helicity mode function of
gravitational waves hrn,—: (by the vacuum gauge field, tg,—¢) (solid blue) and the right-
handed helicity mode function of the vacuum gravitational wave hy ,—p, (dashed orange).

The current observational upper bound on r coming from the most recent CMB exper-
iments [21] is

Ph (kCMB)
Pr(kcmp)

where Pr is the power spectrum of curvature perturbations defined in Chapter [If and
kevp = 0.05 Mpe ™.

As we saw in this model, two types of gravitational waves contribute to P,. First
the vacuum fluctuation coming from the metric perturbations ~A¥*¢ and the sourced grav-
itational waves coming from the axion-SU(2) spectator sector h®wed. We consider the
right-handed helicity mode function for the tensor modes since they are the ones with
more sizeable contribution. By calculating the tensor fluctuations numerically we can con-
clude that the power spectrum for the sourced gravitational waves in the super-horizon

r < 0.06, (2.123)
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Figure 2.9: The Psoureed (solid blue), the vacuum gravitational wave power spectra Py
(dashed red) is shown. The green and purple dashed lines show r» = 0.07 and r = 1073
respectively. This figure is taken from [66].

limit is

sourced __ sourced
Py = kx hm R

2M2 V2 thhRnt : (2.124)

7r2M2 ‘

Let us call the ratio between the sourced gravitational waves and the gravitational waves
from vacuum Rgw [66], considering the definition of e and mg, then the tensor-to-scalar-
ratio r is given

P}slourced + Pzac 2 gj €p
n PR N ™ Zmélpn

(1+ Raw), (2.125)

where H? /M3 = giep/myg.

We are interested in the parameter region that Rgw > 1, i.e. where the sourced gravi-
tational waves are larger than the vacuum gravitational waves. We also need r to satisfy
the observational upper bound given in . Since the upcoming CMB observation
missions aim at achieving a sensitivity r ~ 1073, the parameter region predicting r > 1073
is very interesting.

In Figure [2.9 . the authors of [66], show the gravitational waves power spectra. It is
visible that Powed shown in (solid blue) is larger than Py*¢ (dashed red), while still not
exceeding the upper bound on r = 0.07 they are considering.

In [53], the authors have examined the detectability of the axion-SU(2) sourced gravi-
tational waves for the future CMB B-mode polarization, space interferometers and ground-
based interferometers.

2.8.2 Gravitational Leptogenesis

Another interesting feature of axion-SU(2) gauge field models of inflation is the possibility
of a mechanism to explain the baryon asymmetry of the universe through gravitational
leptogenesis. Leptogenesis in gauge field inflation models that use this process has been
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previously considered in [40] [41], 42} [43] 44, 45| 146, [47]. In this section we briefly discuss
this subject.
A successful baryogenesis requires the following conditions to be satisfied

e Violation of baryon number
e CP violation
e Out of equilibrium state

these conditions are known as the Sakharov conditions [117].

The above conditions are satisfied in these models through gravitational leptogenesis.
The chiral asymmetry of the gravitational waves background generated in this setup leads
to a non-zero parity-violating gravitational anomaly, RR, which, in turn, violates the
lepton number conservation and generates the baryon asymmetry of the universe. The
configurations of the axion field x and the gauge field A}, break the CP symmetry and the
inflationary solutions for the VEV of the fields are out of equilibrium.

The gravitational anomaly and the lepton current are related through

Nr_r ~
w uvaf
VI = 2316:7) 2)RM/;R : (2.126)

where Ng_p, is the number of right-handed minus left-handed Weyl fermions [118]. What
goes on physically is that the asymmetric gravitational wave spectrum acts as a background
for the evolution of the Dirac equation and pairs of fermions are created asymmetrically.
Lets first define the number density of chiral fermions

Ng_p PR
=———— [d . .
Ny 21(1672)a7 / Ta"RR (2.127)

In order to determine the magnitude of the asymmetry, we have to evaluate the number
density of chiral fermions generated

<n€> 24 871'2 a3/ / 2i3§/2 2i3k3//2 k=K. (27)35(1{7 k?)<FR(/€) _FLU{?))’ )
(2.128

where p
Fa= o 8 (1anl + asl?) = 6l + 10, | (2,120

Assuming the difference between the right- and left-handed circularly polarized gravita-
tional waves vanishes in the super-horizon limit, we can re-write the above integral as

(ng) = %ﬂ%‘”’ / dlnk:[k?’(AQ A%)—k(AQ A'2>], (2.130)

where

k3 / k3 p /
A% = —2<|h,4,h|2 + |hA,t|2> , Af= —2<|hA,h| 2+ |hagl 2) : (2.131)
Vs T
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Figure 2.10: The integrand of (2.132)) is illustrated (solid blue) as a function of x = —k7.
Separate contributions from (A% — A2) (dashed orange) and (A2 — A?)(dotted green) are
shown separately.

In the literature the asymmetry is expressed in terms of a ratio between the lepton
asymmetry density (n,) and the entropy density s

) Nay  JAmE[R(QR— A} - k(AF - AP
S - 24<87T2)a’gnd Cgi/4(Hendel)3/2

(2.132)

Y

where the subscript “end” indicates the value of the parameters at the end of inflation.
The parameter g, is the number of entropy degrees of freedom and C' ~ 2.3.

To evaluate the above ratio we need to evaluate the integral and then convert the net
lepton number into the net baryon number to compare the results with the observed value
for ng/n, = 6.1(£0.04) x 107, The integrand of is shown in Figure . For deep
sub-horizon modes, there is no chiral asymmetry as shown in Figure [2.10 as we approach
the horizon the chirality becomes visible. The ng/n, = (—28/79 (n,) /5)/0.14 = 6.1x 10~
is calculated in [43] that matches the observed value of baryon to photon ratio.

2.8.3 Tensor non-(Gaussianity

Another important signature of the gravitational waves produced from the axion-SU(2)
gauge fields during inflation is their large non-Gaussianity [36], 37, 38, 89]. In order to
evaluate the amplitude of non-Gaussianity of the tensor modes, one has to evaluate the
ratio By,/P?, where By, is the bispectrum of the gravitational waves. In these studies it
was shown that the amplitude of non-Gaussianity is inversely proportional to the energy
density fraction of the gauge field.
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(i) (i)

Figure 2.11: Feynman diagrams illustrating the tree-level contributions from the cubic
interactions to the bispectrum of gravitational waves. The straight lines show h;; = 1;; in
this plot and the curly lines show ¢;;. This plot is taken from [36], 37, 109].

Physically, what happens is that the self-interaction of the SU(2) gauge field gives a
bispectrum on the tree-level hence this signature is unique to non-Abelian models. Per-
turbative expansion of the Lagrangian in terms of ¢;; provides us with a cubic term that
represents the three-point vertices (black dots) in the Feynman diagram as shown in Figure
211

Considering , we can write the bispectrum of the right-handed gravitational
waves (we are ignoring the left-handed mode for now since only the right-handed mode
function is amplified) in the super-horizon limit as

3

lim ) <hR(T, ki) g (7, ko) (7, k3)> .
(2.133)
For the equilateral shape, the bispectrum is given by B/ (k. k, k) /| P[**" (k) |? ~
1.816 exp (0.841mg)/ep ~ 0.908 exp (0.841mg) /24 where €p is given in is much
smaller than unity and Q4 = (ep+¢€p)/2 ~ (1 +mé2)63/2 is the energy density fraction of
the gauge field [37]. This value holds for 3 < mg < 5 and is much larger than the contribu-
tion from the vacuum, hence the bispectrum is a great tool to distinguish the gravitational

waves sourced by axion-SU(2) gauge fields from the gravitational waves coming from the

(2m)35(ky + ko + ks) Bi (ky, ko, k3) = lim (

CLpl
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Chapter 3

Effects of Gravitational
Chern-Simons during Axion-SU(2)

Inflation

Much of the content of this chapter has been published in [119)].

3.1 Introduction

In this chapter we consider the axion-SU(2) gauge field spectator sector [66] together
with the gravitational Chern-Simons term coupled to the axion field. In this setup we
have the parity-violating terms on both sides of the equation of motion for the tensor
metric perturbations; the left-hand side due to the gravitational Chern-Simons term and
the right-hand side due to the axion-SU(2) sector. There are many studies focused on the
cosmological signatures of the gravitational Chern-Simons term [62}, 120, 121, 122} 11T, 123,
124 [125], [126], 127, 128, [129], [130]. In this study, we extend these studies to the axion-SU(2)
models. In [131] [132] [133] 134], the authors have considered both F F and RR originating
from string theory. The non-Abelian gauge field in their consideration does not share the
same vacuum expectation value as in our case, hence it does not source gravitational waves
linearly.

This chapter, is organized as follows. In section we present the model and analyze
the background evolution. In section [3.3|we present the second-order Lagrangian for tensor
perturbations and compare the gravitational waves with and without the gravitational
Chern-Simons term. We discuss the stability and the cut-off scale of the model in section
3.4l We conclude in section 3.5
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3.2 Model Setup and Introduction

3.2.1 Action

We consider the following action. This action minus the last term is equivalent to the
action considered in [2.102]in Chapter

S = SEH+S¢+SSPEC+SG037 (3.1)

where Sgp is the Einstein-Hilbert action and S, is the inflaton sector action given by
SEH == /d4l‘\/ —Q%R, (32)

5= [ dtay=g( - 5008 - V(9)). (3.3)

The spectator sector action Sgprc contains axion and SU(2) gauge fields, where y is
an axion field with potential U(x) and a decay constant f:

1 1 A -
— 4 _ _ = 2 T ra papy 1X 11a auy
SspeC /d T/ g( Q(aX) U(x) 4FWF + _4f FWF > 5 (3.4)
where
Fp, = 0,A% — 0,A5 — gac™ A} A (3.5)

is the field strength tensor of the SU(2) gauge fields, with g4 being the self-coupling constant
and €%¢ the three dimensional anti-symmetric symbol.

The last term in Sgppc is the Chern-Simons interaction, where \;/f parametrizes
its coupling strength and Fe* = e PFe, /2 is the dual of Fi,. gt is defined as
ghveb = ervaB | /=g where /% is the totally anti-symmetric symbol with ¢'2* = 1. The
Ssppc is invariant under the local SU(2) transformation. F F is a total derivative and for
X = const, it reduces to a surface term. Hence, we can write F F as

FF=v,C", (3.6)

with '
Cn = gghvoB (AgaaAg _ ge“bCAgAbaAg) . (3.7)

The last term in (3.1) is the gravitational Chern-Simons term coupled to the axion,
with coupling strength of Ao/ f:

Y N
SGCS = /d4l’\/ —Q%RR, (38)

where

Ré - Rﬂaﬂydéaﬁ,ﬂs 5 (39)
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RP ° is the Riemann tensor and the dual of the Riemann tensor is

Ry 5 = (1/2)egms R . (3.10)
We can also write RR as
RR =2V, K", (3.11)
with . .
K, = 2ehoB <§rgTaﬁr;g + 00 gnrgg) . (3.12)

The gravitational Chern-Simons term is also a total derivative. For x = const, it reduces
to a surface term.

3.2.2 Background Evolution

In this section, we describe the evolution of the background. As RR vanishes in a
Friedmann-Lemaitre-Robertson-Walker (FLRW) background, there is no contribution to
the background.

The vacuum expectation value of the gauge field is given by [28] 29]

AT =0, A% =6%)Q(t). (3.13)

The 00-component of the Einstein equations is [60]

.9 -2 3 . 3
SMZH? = % +V(p)+ 5+ U +5(Q+ HQ)P* + SgiQ". (3.14)

The equations of motion for the axion and gauge fields are given by [30] 60

gaM

X +3Hx +0,U = —37622(@ +HQ), (3.15)

. . . 9 23 g . 9
Q+3HQ+ (H+2H")Q + 2g;Q _TXQ , (3.16)
where dots show derivatives with respect to the cosmic time ¢ and H = @/a is the Hubble
expansion rate. It is useful to define the slow-roll parameters ey = —H/H? and write [66]
€H =€, + €6 +egtep, (3.17)

where
22 -2 2 )4 )+ HO)?
E@E—w 5 EXE—X 5, €= gAQQ, EEE—(Q+ ?) , (3.18)
2H2M 2H2M H2M, H2M},

are all much smaller than unity.
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Also we define the following dimensionless parameters

A Nox [ H\?
mQE%, &= 2;2 525%2;2(—). (3.19)

The fourth term in the left hand side of (3.16|) becomes Qm%H 2QQ; thus mg can be regarded
as the mass of () (divided by H).
In the slow-roll approximation, the following relation holds between mg and & [60]

1
&1 > mg + m—Q . (3.20)
To prevent instabilities of the scalar perturbations (lower bound) and strong backreac-
tion on the gauge background (upper bound), we consider v/2 < mq < 4 [34, 137, [66, 55].

This implies
N [ H Y\ 1 Ay
~ _ —) <1 3.21
< 2)\1<Mpl) (mQ+mQ) - <)\1)’ (3.21)

where we have used (H/]Wpl)2 < 1072, Thus, a sizeable &, e.g., & ~ 1072, requires large
Ao/ A1, e.g., ()\2//\1) = 107. A large hierarchy between X\, and )\ i.e., (/\2/)\1) > 1, is in
principle allowed, since all the degrees of freedom are coupled to the gravitational Chern-
Simons term, but only the charged ones are coupled to the SU(2) Chern-Simons term.
Specifically, Ay o (f/A)N where N is the number of integrated out degrees of freedom
and A is the cut-off scale of the effective field theory, e.g., the mass of fermions in the
loops. Note that this holds assuming that we are integrating out the massive fermions as
an example at the same energy scale to get FF and RR simultaneously.

3.3 Tensor Perturbations

Now, we consider tensor perturbations during inflation at linear level. The tensor per-
turbations are amplified due to the tachyonic instability, whereas the scalar and vector
perturbations are not amplified for m¢g > V2 [66, 32, BT], 4] in the spectator axion-SU(2)
sector.

We have four tensor degrees of freedom: two metric tensor degrees of freedom that
represent the gravitational waves and two additional tensor degrees of freedom associated
with the SU(2) gauge field. We consider a perturbed FLRW metric as follows

d82 = CL2(T)(—dT2 + ((5” + Ez])dyzdy]) s (322)

where 7 ~ —1/aH is the conformal time and h” is a transverse and traceless tensor,
ie. Oh g = h’ = 0. We define the Fourier transformed right and left-handed circular
polarization states as

i(7.9) / > zﬂ 3/2 eij(k)ha(r k)e™ (3.23)

ALR
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where ef} is the polarization state tensor for the right (A = R) and left-handed (A = L)
circular polarlzatlon states and satisfies the relation

. ab R __ R : ab L __ L
Zka€ Cedb _— kecd, Zka€ Cedb — _kecd, (324)

where €%, is the three dimensional anti-symmetric symbol. For simplicity, we assume that
the gravitational waves are propagating along the z spatial direction

ds? = a*(7) [ AP 4 (L by (7, 2))da® + (1 — By (7, 2))dy? + 2D (7, 2)dady + dzﬂ

(3.25)
We write the tensor perturbations of the gauge field as A% = at?, where ¢ is chosen to

be transverse and traceless, i.e. 0;t¢ = t% = 0. We write the gauge tensor perturbations

as 0A} = a(ty,tx,0) and 5A2 = a(ty,—1,,0). For our convenience we work with the
canonically normalised tensor perturbatlons
M, -
hi; = a=Lhy;, 2 =/2ai". (3.26)

V2

We define the left and the right helicities as [66]

hLR— \/_(h+:|:lh ) tL,RE —(tJr:l:’ltX) (327)

Now we write the second order action for the tensor perturbations.

. 3 shax’ K "ty 2 2\7 1 'y
=3 A:ZL:R/de k{ (1 " il a) [hAhA + (k> + 2H?)h\ha — 27—[§R(hAhA)}

+thta [sak‘ (QQAQ + ﬁax’) —k? - gAa]?)\l ’} + 2%[}; Tt — thA} (M)

f My,
' 20Q°  H(Q' +HQ) gaMQ%a
tyr ] JA™ g /
+t 4t + 2R (hat!y) [ sak M, M + i X } ’
(3.28)

where s = —1, 1 for the left- and right-handed helicities respectively. A prime denotes the
derivative with respect to the conformal time 7, and H = d'/a.

Using the parameters defined in (3.19) in the action, we find

Z /d Pk { 1 2 )[hjh’ + hlyha(— k2+2H2)_2HSR(h/AThA)]

ALR

+ <2§R(h 1) — 29%(@&,))7{@ il [2s%ka 4 25HEk — 2HPmot, — k?] (3.29)

- zafe(hAt;)( — 25HJepk + 2H2 /a5 — HQ\/G> } .
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Figure 3.1: (Left panel) The sourced linear gravitational wave v/2k|kThg| (solid blue),
the left-handed gravitational waves v/2k|k7hy| (dashed orange) and the linear right- and
left-handed gauge tensor mode functions v/2k|k7tg| (dotted green) and v/2k|krty| (dot-
dashed red) are shown. The right-handed helicity gravitational wave grows around the
horizon crossing and stays constant afterwards. (Right panel) The ratios of the right-
(solid blue) and left-handed (dashed orange) helicity mode functions for & = 4.5 x 107°
with respect to those for & = 0. The horizontal dotted line shows unity.

The equations of motion for the tensor modes up to leading order in slow-roll parameters
are

2 2./ 2
a,%tA + |:1 + P(mel — sx(mQ + fl))i|tA = — :;EazhA + F [(mQ — S.’L’)\/GB + \/GE] hA,
(3.30)
2 2,/€ 2
(1 — ngl‘) [OihA + (1 — ;)hA] — 23&8th = T EGItA + ﬁ [(mQ — SZE)\/EB]tA,

(3.31)

where x = —k7.

Next we calculate the four tensor modes numerically.

The initial conditions are set as in Chapter 2] Since the tensor-like perturbations in
the gauge fields and the tensor metric perturbations are linearly coupled, we expand both
in terms of the same pair of creation and annihilation operators [16]

ha(r, k) = Z [aikhA,n + aitkhz’n] ,

it ) (3.32)
ta(r, k) = Z [af,ktA,n + an’tktln] ,

n=h,t

where we have the standard commutators

[af i, aBl ] = 6,m0a50% (k —q). (3.33)

’T'L,k7 m,q

We have to specify the vacuum (when —k7 > mg and —k7& < 1) for the gravitational
and gauge fields separately. We divide the vacuum space to two subspaces corresponding
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to each field as [34] [0, [43]:

1 , 1 .
hoan(T, k) = —0,, ne 7, "o (T k) = ——=ikd, e T
A, ( ) m ,h A, ( ) m ,h (3 34)
1 , 1 , :
tA’n(T’ k) - 5nvteilk7 ’ t(A,n(Ta k) = __ik(sn,teilk‘r .

vk V2k

The solution A4 ,—p can be interpreted as the vacuum gravitational wave, whereas h 4 ,,—
as the sourced one (by the vacuum gauge field, t4,—).

Only the right-handed helicity mode of the tensor perturbations of the SU(2) gauge
field tg is amplified unlike the gravitational waves. In the left panel of Figure we show

the amplification of |tg| = 1/ (thtz) (green line) around the horizon crossing (|k7| ~ 1),
assuming mq, &1, 2, H, g and € are constant. In all the plots in this section we use the
following parameters

mg=3, eg=3x10"" €ep=3x10"" H=10"GeV. (3.35)

3.3.1 Without FF

To understand the effect of RR, we first consider the case where & = 0 and mg = 0 in
(3.31)). The last term on the left hand side of acts as a friction term for hy which
prevents it from decaying, whereas it acts as an anti-friction term for hg, which makes hg
decay faster. We plot the metric tensor mode functions for different values of & in Figure
3.2l The difference between the right- and left-handed helicity modes are negligible for a
small value of &, as shown in the top-left panel of Figure 3.2l As & becomes larger, the
difference between the two helicity modes becomes more visible (middle- and bottom-left
panels).

In the right panels of Figure|3.2] we show the ratios of the right- and left-handed helicity
mode functions with respect to those for £&; = 0, mg = 0 and no gravitational Chern-Simons
term, labelled as hg¢,—¢,—o. Contrary to the case where gauge fields are present, the left-
handed helicity of the metric tensor perturbations is amplified. This difference depends
on the relative sign between the coefficients of the parity-violating terms FF and RR, i.e.,
A1 in and X\, in (3.8). The effect of RR on the enhancement /suppression is nearly
symmetric as shown in the right panels of Figure This enhancement /suppression
occurs already deep inside the horizon. On the other hand, amplification of the right-
handed helicity of the gauge field occurs near horizon crossing (see the green dotted line
in the left panel of Figure . This difference becomes important in section m

3.3.2 With FF

We turn on the FF term with & = 3.3 (mg = 3). To capture the effect of RR in axion-
SU(2) gauge field models, we plot the ratio of metric tensor mode functions for different
values of & with respect to those without the gravitational Chern-Simons term, i.e. & =0
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in Figure and [3.3] In the right panel of Figure for &, = 4.5 x 107°, the contribution
of the gravitational Chern-Simons term is small given such a small value of &. In Figure
[3.3] we have plotted the same as Figure for larger values of &. After considering
different configurations, we conclude that the contribution from the gravitational Chern-
Simons term on the left-handed helicity modes is about fifty percent amplification for
& = 4.5 x 1072 as shown in Figure while the right-handed helicity modes are largely
unaffected. This value of & requires a large hierarchy between A\, and A, as noted at the
end of section 3.2

For completeness, the right- and left-handed helicity mode functions for four different
cases: with FF and RR, without RR, without FF, and without both terms, for different
values of & are shown in Figure [3.4]

The right-handed helicity modes are unaffected by the gravitational Chern-Simons cou-
pling because they are sourced by the gauge field after horizon crossing, while the gravita-
tional Chern-Simons coupling affects mode functions already deep inside the horizon.

3.4 Stability Analysis

For k > H /&, the sign of the kinetic term of hg in the equation becomes negative
and, consequently, ghost instabilities may, in principle, be introduced into the model [125]
126]. Existence of ghosts does not necessarily translate to catastrophe in a model but
translates to the breaking of the effective theory. Let us rewrite the first term in (3.29)),
(1—k&/H) (this is the only problematic term we have to analyse), in physical coordinates.
It is given by (1— %Ky, ), where k,, = k/a is the physical wave number. To show that the
gravitational Chern-Simons term in this model is ghost-free, i.e., stable, we have to show
that the effective field theory cut-off, A, on the physical wave number, k,p,, is below H/&,.
Note that we have two new free parameters in this model, the gravitational Chern-Simons
coefficient Ay in and the cut-off A. As there are no a priori constraints on Ay, our
strategy is to work our way backwards. Specifically, relying on independently motivated
constraints on &;, we ask what constraint is imposed on Ay in order to guarantee that the
theory is healthy. Once this question is answered, we will ask how stringent or natural the
resulting constraint is.

Let us first take a look at (3.19)) and write the relation for Ay

A My \?
Ao =26~ =& . 3.36
=263 () (3.36)
To remain in the ghost-free regime we need the cut-off A on k,, to be the following:
Cp o, (3.37)
H

Here we consider two cases, a conservative case where the cut-off A does not exceed M,;,
and a more radical case where it is around 20H. We specify the vacuum (when —k7 > mg
and —k7& < 1), while choosing a cut-off for the gravitational Chern-Simons term we
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should note where the tachyonic instability in the gauge sector exists for a given mg.
Considering m¢g = 3 in the equation of motion for the gauge fluctuation, the tachyonic
instability takes place around x ~ 10. A reasonable cut-off must be chosen far enough
to capture the effects of the instability completely. The cut-off A = 20H is acceptable
considering this criteria.

e Conservative case: The inequality in (3.37) boils down to & < H/M,, [121, 129],
given the assumption that A does not exceed M,,. Using this in (3.36)), we have:

() (M), o

e More radical case: The inequality in (3.37) boils down to & < 1/20, given the
assumption that A is around 20H. Using this in (3.36)), we have:

()

On the right hand side of both inequalities above we have & ~ O(1), which guar-
antees a slow variation of the gauge field, Ay ~ O(10), and there is an upper bound on
the tensor-to-scalar ratio r = (P, /Pr) < 0.06 from not observing tensor modes in the
CMB [21] where P, and Pg are the power spectra of tensor and curvature perturbations,
respectively. In our model both the vacuum fluctuations of the metric and the sourced
gravitational waves contribute to Pj,. Using the upper bound on r, the measurement of
the dimensionless power spectrum of scalar fluctuations, Agx = k3Pr/27% ~ 2.2 x 1072,
and the expression for the dimensionless power spectrum of tensor fluctuations only from
the metric vacuum fluctuations A} = k*Pye/2n* = 2H? /(m* M), we get a bound on the
last term (M, /H)* = 1.5 x 10°.

Therefore, in both and , the right side is expected to be a very large
number. As there is no stringent constraint on the free parameter Ay in our model, the
model is not disfavoured by fine-tuning arguments.

3.5 Discussion

We have studied the effect of the gravitational Chern-Simons term coupled to the axion field
on production and propagation of gravitational waves during inflation with the spectator
axion-SU(2) sector [66]. Both parity-violating terms RR and FF exist simultaneously.
We find that the effect of the RR term on chiral gravitational waves can be as large
as fifty percent amplification for the left-handed helicity mode functions compared to the
case without the RR term for & = 4.5 x 1072. The effect is smaller for smaller values of
&5. The right-handed helicity mode functions are unaffected regardless of the values of &s.
Moreover, using the existing bounds on mg and &; from the spectator axion-SU(2) gauge
field sector, and requiring that the cut-off scale of the theory, A, is in the conservative
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case A = M, and in a more radical case A = 20H, we put constraints on the new free
parameter A\ in our model to remain in the ghost-free regime. Consequently, values of &
are related to the cut-off scale of the theory, A. & = 4.5 x 1072 is allowed when A = 20H
and & = 4.5 x 1079 is allowed when A = M,,.

We conclude that the inflation models with the spectator axion-SU(2) sector remain
phenomenologically viable in the presence of the gravitational Chern-Simons term.
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Figure 3.2: (Left panel) The right- (solid blue) and left-handed (dashed orange) helicity
mode functions of hp z, for different values of & and &, = 0. We plot v/2k|k7hg |. (Right
panel) The ratios of the right- (solid blue) and left-handed (dashed orange) helicity mode
functions for the same values of & as the left panels with respect to those for & = & = 0.

The horizontal dotted line shows unity.
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(mg = 3). (Right panel) Same as the left panels but for the left-handed modes.
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Chapter 4

Fermions Production and
Backreaction from Axion-SU(2)
Gauge Fields

Much of the content of this chapter has been published in [56].

4.1 Introduction

In this chapter, we continue our investigation of particle production by the axion-SU(2)
gauge field during inflation. This time, we study the coupling of the SU(2) gauge field to
a pair of massive Dirac fermions, iW)W. We also add an interaction between axion and
the axial fermionic current, J*°9,¢/A, which is naturally expected in this type of models.
We then calculate the backreaction of the fermions on the SU(2) and axion background
dynamics during inflation, following the framework we have established in [54] [55].

Fermionic particle production in de Sitter spacetime and its backreaction implications
have been studied in the context of U(1) theories. The case of a nontrivial Abelian gauge
field background without an axion was studied in [I35]; a slowly evolving axion background
with no gauge field interactions was studied in [I36], [137]; and a combination of the two,
assuming a massless fermion, was studied in [138].

As for the SU(2) gauge field background, the simplest fermionic non-Abelian model
was studied in the recent work [58], where a massless doublet of Dirac fields is coupled
covariantly to the SU(2) gauge field. The main aim of [58] is to describe the fermionic
particle production due to the quantum (loop) effects from the Adler-Bell-Jackiw (or chiral)
anomaly. Our work not only extends their study to models with massive fermions and
coupling to the axion background but also provides the first detailed analysis of the allowed
parameter space by cosmological and backreaction constraints.

We find important differences between the Abelian and non-Abelian models. Most no-
tably, the leading order fermionic backreaction on the SU(2) background is significantly
smaller than in the fermionic abelian [135] (as well as in the scalar abelian [139] 140} 141,
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142, [143]) cases. We find that the tree-level backreaction on the axion field background
vanishes, unlike in U(1) theories [136], 137, [138]. We thus conclude that the inflationary sce-
narios involving an axion-SU(2) gauge field spectator sector remain healthy and unaffected
when couplings to gauged fermions are present.

The organization of this chapter is the following. In Section[4.2]we introduce our model.
Section deals with the evolution and production of fermions in the time-dependent
axion-SU(2) background in a de Sitter universe. The results for the induced fermionic
backreaction are presented in Section [4.4] Section is devoted to discussions and con-
cluding remarks. We have removed some appendices of [56] from the thesis. We refer the
reader to the paper if more details are needed.

4.2 Fermions in Axion-SU(2) Gauge Field Inflation

In this work, we study the fermion production by a slowly evolving homogeneous and
isotropic SU(2) gauge field during inflation. The class of inflationary models involving
such SU(2) VEV has been first introduced in [28] 29]. Since then several different realiza-
tions of this class of models have been introduced and studied, e.g. [30}, BI]. See section
2 of [55] and the references therein for a recent review on the models so far in the literature.

We assume slow-roll inflation with the background FLRW metric
ds® = a*(1)(—dr?* + 6;da"da?) (4.1)

where 7 is the conformal time, and the scale factor, a(7), is related to the Hubble parameter,
H, as

1
a(T) ~ ~- and H ~ const, (4.2)

Besides, we have a homogeneous and isotropic SU(2) gauge field background generated

by one of the possible realizations of this class of models. In the temporal gauge (A = 0),
we have in [28] 29]

A; = A{T, = a(7))(7)5; T , (4.3)

where (1) ~ const. during slow-roll inflation and T, are the generators of the SU(2)
group

=€, T, . (4.4)
Therefore, the gauge field has an almost constant energy density during inflation.

To avoid clutter, we suppress the spacetime indices of the Dirac matrices and spinors,
unless otherwise stated. For example, 7° is a 4 x 4 matrix, which can act on the four-
dimensional column spinor ! or can be acted upon by the four-dimensional row spinor
Ul = ¥ly0 We will have to deal with eight-, four- and two-component spinors which
are acted upon by 8 x 8, 4 x 4 and 2 X 2 matrices, respectively to this end, we adopt the
following notation. If the spinor (or the matrix) is eight (or 8 x 8) dimensional, then it
has a tilde(~) on top. The notation for the four-dimensional spinor and matrix remains
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unaltered, whereas the two-dimensional ones are written in boldface. Finally, I,, represents
the n x n identity matrix and the gamma matrices are in the Dirac representation unless
otherwise stated.

We consider a charged doublet of Dirac fermions,

b — @;) , (4.5)

Sfermion = /d4$\/ —g [Z\ilp\i] - m\i]\i}] ) (46)
where ¥ — (U, Uy), and B is
D= D, @~ =et, [Igvu — igAAZTa} 7%, (4.7)

with the free theory

in which ® is the Kronecker product, e*, = a~1(7)§# are the vierbeins given by ¢g" =
e"ae”ﬁnaﬁ , and v* are the flat space Dirac matrices

{y*, 7"} = 29’1 (4.8)

See Appendix [A| for details. Notice that v# = e* y* = a(7)d"~* where o and [ represent
the local Lorentz indices while p and v represent spacetime coordinates.

Since the inflationary setups in this study involves axion fields, the fermionic sector can
have the following effective interaction with the axion (see for instance [144])

Sint = / d*z/—g {5%@VMJ;} , (4.9)

where ¢ is the axion field, f is the axion decay constant, A is the dimensionless coefficient
of the Chern-Simons interaction term of the axion, and [ is a dimensionless parameter.
The quantity S can be of order unity. Here, J£ is the fermionic chiral current given as

JE = UL, @ (4#9°) T (4.10)
where 75 = in0y1y2~3.
In summary, the fermion theory in an SU(2)-axion background given in (4.3) and ¢ =
o(7) is specified by

S = /a4d7dx32¢/ |::[2 (8T + ;’H) ®1° + 4% (1287; — iagA@MfTa) ® v~

IAO-p
f

where the second term in the right-hand side comes from the spin connection (see (A.2)
and (A.7)). As implied by the above action, the canonically normalized field is

T/, (4.12)

(4.11)
+iamlg +

L ® (7”75)} U,

N

v

a
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Using T, = 30'6¢ (o are the Pauli matrices) in (4.11)), we find
L= iV {IQ& ®7° + (IQ@ — %gm&) @+ ipmHlg + 2iE,HI, @ (°°) W, (4.13)

where §4, &, and pi, are dimensionless parameters defined by

AOro = (4.14)

_gav _
SENE @:62@]“}[’ Hom =" -

For the sake of completeness, here we define another related dimensionless quantity in the
axion inflation backgrounds
PYoRY.

¢ 2afH’

(4.15)

which during slow-roll inflation is related to {4 as & ~ 12—?‘ in the massless SU(2) models.
In our setup, £ and &, are related as

& = 0¢, (4.16)

where (3 is of order unity:.

Up to this point, we wrote the theory in the flavor frame in terms of an 8-spinor in
real space. However, in Fourier space, the setup is reducible into two irreducible 4-spinor
subsectors in the helicity representation. Therefore, it is more convenient to go to Fourier
space and write it in the extended helicity frame which we introduce now.

In Fourier space, we expand Y as

Y(r,x) = / ey, . (4.17)

For a given momentum, k, the 8 x 8 helicity projection operators are

) I, + kiv
Pik)=L® (%) , (4.18)

which decompose Wy into the plus and minus helicity states as
VE = Py (k)W (4.19)

where ¥, = ‘I’lf + ‘I’; . The helicity representation decomposes the system of 8-spinor in
real space in Eq. (4.13) into two subspaces of 4-spinors in real space

- o W+
Powrey - (1), (4.20)

such that the theory is given as

S[¥] = S, [ + S_[¥].
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More details of the setup is given in the Appendix of [56]. Here, we write the final theories
for each of the 4-spinor subspaces in Fourier spaceE]

S, = / drd’k¥y |i7°0, -k — (2¢, — %A);Lm — i HI | W (4.21)

€a
2

1 0 ; 0 o 0 I
0 __ 2 T _ 2
7= (0 _12> = (_a.i 0) A= (_12 0) : (4.23)

The field equations of Wy and W are

S_ = / drd® k¥ [i7°0; +7°k — (28, + 2 ) HA A — pHL + 7 EaH | Yy (4.22)

where

[mo& -7k — (28, — %A)H)q — umHL;} Y =0, (4.24)
and
[moar + 40k — (26, + %“)HM — ML+ ylgm] Yo =0, (4.25)

respectively. Therefore, we have two independent Dirac fermions, Wlf. We solve them in
the next section. Before that, let us take a closer look at the field equations to have a
qualitative understanding of each field.

Our Dirac fields can be expanded as

Y17, k)E;

Y=Y : (4.26)
s==% Sl.l)sii(T, kJ)ES

where VT (7, k) and W+ (7, k) are mode functions and E, with s = £1 are the two-spinor

polarization states
E. = ((1)) and E_ = (?) . (4.27)

Since we are already in the helicity states of the given momentum k, the 2-spinor polar-
ization states are k-independent.
Using the above in the field equations (4.24) and (4.25)), we find the following.

!Note that the form of the Sy is very similar to the action describing a single fermion derivatively
coupled to an axion considered in [I37]. There the authors make a local chiral transformation of the fermion
basis to avoid unphysical behaviour of the Bogoliubov coefficients in the massless fermion. However, for
sufficiently large masses (f,, = 1) the transformation is not necessary. We do not follow this prescription
for two reasons. First, the focus of the current study is limited to (u,, 2 1). Second, the transformation
is not applicable in the presence of our non-abelian gauge field. In particular, it does not simplify the S_

action, because of the last term in the action.
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e For the plus spinor field: the field is decoupled in terms of the polarization spinor E;.
Thus, we have two pairs of coupled field equations for each polarization.

e For the minus spinor field: the field equation is not diagonalizable in terms of E;.
That is because of the extra (time dependent) term proportional to ' in the minus
field equation . As a result, we have four coupled field equations. In the limit
of either being well inside the horizon, i.e. k> H, or {4 < 1, this term is negligible
and the system reduces to two pairs of coupled field equations.

4.3 Fermion Production

We now calculate the evolution of the plus and minus fermionic fields, ‘Plf. Since these
4-spinors are decoupled [see Eqgs. (4.24) and ], we consider them separately.

4.3.1 Y Spinors

We begin with the W}" modes, described by the S, action given in Eq. (4.21)). Since the
modes are four-dimensional objects, their first order in time linear equation of motion, Eq.
(4.24]), should yield four linearly independent 4-spinor solutions, i.e.,

v =3 [T+ Vi (4.28)
s=+
where creation and annihilation operators satisfy
{ahoall} =00 (k —K),
(b b0 Y = 6,000 (k — K).

s,k Vs K

(4.29)

We then decompose U, and V' as
1 (Eul(k,7)
+ _ sWg vy
Valm) =5 <sEsui(k,T> | (430)

UT T
Vi) =5 (i) (4.31)

where E; are the 2-spinor polarization states defined in (4.27)).
Using the procedure in that will be explained shortly we can derive the initial conditions,

ul(k,7) =vl*(k,7) and ul(k,7) = —v*(k, 7). (4.32)

and

Since ul* and v[* depend on each other, we can first solve the field equations of ul¥, and
then use [{.32) to find vI* and read V,_, (7) as

ul*(k, 7
) = 5 (i) -
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Upon substituting the ansatz (4.28) and (4.30]) into the field equation (4.24)), we arrive at
two sets of coupled field equations for each polarization:

(i0r — pH)ul [k + 5 (2@, — %‘“) ’H} ut =0, (4.34)
(i0r + pmH)ut {k‘ + s (2@ - £—A> H] ul =0. (4.35)

To find analytical solutions we make the following decomposition

1 1
T -
uy = ——=Ys+2%2,) and u;=-—=(Ys—Z;), 4.36
NS VoA (4.36)
where 7 is the physical momentum rescaled by H, i.e. |
k
T=—=—kT. 4.37
T= T (4.37)

The coupled set of first order differential Eqs. (4.34) and (4.35]) can be decoupled into
two second order differential equations for Y, and Z, as

2kt 1 1- +2
92Y, + {1 _ 2y / o~ } Y, = (4.38)
T
kT 1/4—
027, + [1 i / } 7, = (4.39)
T
where k7, and K} are
Iy €a
H: = E —+ 18 <2£¢ — 7) s (440)
and . ¢
~ . A
kE= —5 tis (2@ - 7) : (4.41)
while p™ is
. 3
ut =i {um (2¢, — 7“‘) . (4.42)

The general solutions for equations (4.38)) and (4.39) are W, ,(—2i7) and M, ,(—2i7)

Whittaker functions. Setting the Bunch-Davies vacuum as the initial condition for u} and
¢
uy,

1 e—ikr
lim w)(7, k 3 , 4.43
Hm (k) = (2m)7 V2k (4.43)
and
1 e—zkr
lim Hr k) = (4.44)
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and using the asymptotic form of the W and M functions in (B.1]), we find that Y; and Z
are given by
Vs = bisW,+ 1+ (—2i7), (4.45)

and
Z, = bQSWE:7u+(—2i7-) . (4.46)

Therefore, in the asymptotic past limit, we have ZS = %(625 Jb1s)77Y, < Y,. Combi-
nation of the Bunch-Davies Vacuum condition in and the asymptotic form of the W
function in (B.1]) gives by = os(Ea/a—g)m Moreover subtracting (4.35) from (4.34) and

(27r)2
keeping the dominant terms in the asymptotic past limit, we find bys = —ip,_bys. Finally,
we have
1
YV, = —— es(gA/‘l*fgp)ﬂ'Wn_‘r t (—2i7),
(2m)2 °
. (4.47)
Z, = _w_m s(€a/4=Ep) Wit L (—2i7).
(27)2

Note that the amplitudes and the relative phases of the Bunch-Davies vacuum modes
are such that the corresponding Hamiltonian is diagonalized. We present the detailed
calculation of the Hamiltonian here. We note that the Hamiltonian diagonalization leaves
a residual freedom in choosing the initial conditions for the mode functions. The same
applies to the computation in the next section. In both cases, we chose a set of initial
conditions for which the Hamiltonian is diagonalized in the sub-horizon limit.

The Hamiltonian is derived from the actions, given in Eqgs. and ([£.22)), by defining
the Lagrangian S; = [ drLy and then carrying out a Legendre transformation. We derive
the Hamiltonians for S, and S_ separately and diagonalize them afterwards.

Before we calculate the Hamiltonian, we need to explain the quantization procedure for
the fermions in S, and S_.

4.3.2 Quantization of the S, fermions

The quantization procedure for the Wy} modes is the following. We first define the canonical
conjugate momenta

oS
v + AU
Mo = oy, ke (4.48)

where « runs from 1 to 4. We then promote ¥} and 7r‘lf+ to quantum operators, obeying
the canonical equal-time anticommutation relations

{Wica(7), ¥ 5(7)} = 0,

{men (1), muts(1)} =0, (4.49)
(Wl (1), mats(m)} = (27T)‘35a55(3)(k—k’)-
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We also impose that the time-independent coefficients in Eq. (4.28]) are the standard
anticommuting creation and annihilation operators, i.e.,

{afoall} =00 (k —K),

{b+ b—HL } - 653’5(3) (k - k,) )

s,k? Vsl k!

(4.50)

with all other anticommutators vanishing. The canonical quantization expressions in Egs.

(4.4914.50) yield the following normalization condition

D UL UL ()5 + (Vi()a(VE (1))5] = das(2m) 7. (4.51)

s=+

One can check that each term in the square brackets is indeed a constant, i.e., preserved
by the equation of motion given in Eq. (4.24]). In the following section each constant is
determined after assuming that at very early times the modes are in the Bunch-Davies
vacuum, i.e.,

lim U (1) o e~ lim V(1) o ek (4.52)

kT——o00 kT——00

corresponding to the positive and negative frequency solutions, respectively. In addition
to that, the amplitudes and the relative phases of the Bunch-Davies vacuum modes are
such that the corresponding Hamiltonian is diagonalized.

4.3.3 S, Hamiltonian
For S+,
H, = / &k (mn0-YE ) — Lt

= / PRy

Using the mode function expansion from Eqs. (4.28) and (4.30) in the Hamiltonian, we

arrive at
J E(u Fr(ul+ ol a;
H, = / d3k;§(a;k,b§_k) < F(z(nl )i) E((vl,vi) )) (b:ikk) ; (4.54)

where

: (4.53)
3k + (2@0 - —A) Hy + i HIy

- wi

, U

Tyt
S S
¢,v§

Bul ) =2 kot (26, - ) M RGLwE) + o (ul  ulf)
(4.55)

F(UI’\La Ui’i) = {k: + s (2@ — %4) "H} (uivl* + ulvi*) + pmH (vl*ul — vi*ui) )
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To bring the Hamiltonian into a diagonal form we make a time-dependent Bogoliubov

transformation . N
GD-Ce )R e

The new set of time-dependent creation and annihilation operators, d;, (7) and bJrT W (7),
respect the canonical anticommutation relations, given in Eq. - iff the Bogohubov
coefficients satisfy

|k (T) 2+ | B (T)] = 1. (4.57)
This condition is met and the Hamiltonian is diagonalized as
H, = /d%Z [KLZL(T)d:k(T) - ijki):ik(T)] ws k(T) (4.58)
s=+
for _ -
1B s(7)? 1 ] E(ul, uﬁ) E(vz, vﬁ)
s,k\T =35 - )
2L AR )2 4 (Bl ud) - B of))?)
k(A =2 |1 B, us) — Bl ) (4.59)
’ 2 \/4|F uzi,vli |2+(E(ul,u£) —E(vl,vi))Q_

ask(7) = !as,k( e, Bur(r) = 1Bsp(r)le™F
F(ul o) = | (ul+, ol e

S ? S

The effective frequency is given by

E(u’ ut E T i
(ul, 1) 1_ (v, 1) \/4\F ult o) 2+ (B (ul, u) — B(ul, )2
(4.60)

It is important to note that the amplitudes and the relative phases of the Bunch-Davies
vacuum modes are such that the corresponding Hamiltonian is diagonalized. The following
analysis will fix our initial conditions for the positive and negative frequency solutions.

w37k<7'> =

The Bunch-Davies vacuum is defined as
aty l08p) =0, b7 [08p) =0, (4.61)
whereas the instantaneous (or quasiparticle) vacuum as
@ k(MI07) =0, Bl (7)]0;) = 0. (4.62)

We work in the Heisenberg picture and we assume that the Universe is in the Bunch-Davies
vacuum. The expectation values of observables are calculated with respect to it, i.e., the
expected particle number is given by

Ny (1) =(05p |71 (7)|05D)

4.63
=(05pla,4(7)i 1 (7)05D) = |Bsr(T) I )
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Hence, |B;x(7)|* is the occupation number of particles with given s and k at a time 7.
We assume that at very early times, k7 — —oo, W;! starts in the Bunch-Davies vacuum,
i.e., its particle occupation numbers vanish:

lim Bsi(r)=0. (4.64)

kT——00

Then it follows from Eq. (4.59) that i lim F (ul’i, UN) = 0, which is satisfied, according
T—+—00
to Eq. (4.55)), if . lim (ul(k,7)—vl*(k,7)) =0 and . lim (ut(k,7)+v*(k,7)) = 0. Note
T——00 T——00
that there is some residual freedom in choosing the latter such that the Hamiltonian is

diagonalized. One can show that the last two conditions are preserved by the equations of
motion, i.e., if imposed initially they hold at later times (for arbitrary 7) as well:

ul(k,7) = vl*(k,7) and ul(k,7) = —v}*(k,7). (4.65)
Eqgs. (4.55), (4.59) and (4.60) then yield (for all 7)

E(uT ui) = —E(vT vi) ,

|stk(7_)|2 _ 1 1_ E(Ulaui) :
27 2w | (4.66)
1 [ E(uT u¢)_
2 sy Ys
. ) [ Rt e 7
’a JC(TN 2 + 2Ws,k(7')

where the effective frequency has been simplified to

Ws(T) = %\/|F|2 + B (ul, uﬁ)Q : (4.67)

The last condition one has to impose for Eq. (4.64) to holdis lim R (ul*(k, 7)u}(k,7)) =
kT——o00

1.

Note that then in the Bunch-Davies limit lim w,; = k.

kT——o00

Therefore, after applying Eqgs. (4.51)) and (4.52)) and

lim (ul(k,7) —ol"(k,7)) =0,

kT——00

lim_(ub(k, 7) + 02" (b, 7)) = 0, (1.68)
kT——o00

lim R(ul*(k, 7)ui(k, 7)) =1,
kT——o00

to Egs. and we can completely fix the solutions for the u!l*(k,7) mode
functions, whereas the solutions for vI*(k, ) follow from Eq. (4.32). We also made use of
the asymptotic form of the Whittaker function in in Appendix .

Before we go on further with our analysis, we should emphasize that as it was pointed
out at the end of Appendix B in [137], the sudden transition and the final saturation of
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the Bogoliubov coefficients |f;x(7)|* in the small mass regime shows unphysical behavior.
As shown in the Figure [.1] for the massless case (u,, = 0) (top row) and small mass case
(tm, = 0.01) (middle row) the Bogoliubov coefficients behave nonphysically. That is the
reason why we are only trusting our analysis for sufficiently larger masses (i, = 1) which

are well behaved as it is shown in the bottom row of Fig. [4.1]
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Um=0.0, £5=1.0, £4=1.0 Um=0.0, £p=10.0, £4=1.0
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Figure 4.1: (Top row) The Bogoliubov coefficients |3, x(7)|? (solid blue) and |3_ (7)[?
(dashed orange) is shown for the parameters {p,,&,,64 = 0,1,1} (left panel) and
{ttm,&p, 64 = 0,10,1} (right panel). (Middle row) The same as first row but for the
parameters {fim,, &y, {4 = 0.01,1, 1} (left panel) and { iy, &, €4 = 0.01,10, 1} (right panel).
(Bottom row) The same as first row but for the parameters {jt,, {,, {4 = 10,1, 1} (left
panel) and {fi, &y, €4 = 10,10,1} (right panel). For small masses (middle row) and the
massless case (top row) the Bogoliubov coefficients shows unphysical behavior.
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4.3.4 Y~ Spinors

Next, we calculate the W,_ modes, described by the S_ action given in Eq. (4.22). Since
the modes are four-dimensional objects, their first order in time linear equation of motion,
Eq. (4.25)), should yield four linearly independent 4-spinor solutions, i.e.,

v =3 [Undman +Viadon (4.69)
s==+
where creation and annihilation operators satisfy

{as_k’ ’k’} - 555’5 ( /) )
(b bt = 0 6@ (k — X))

/k/

(4.70)

The Lagrangian of the minus subspace is not diagonalizable in a time-independent
frame. Hence, the helicity eigenstates are only the eigenstates of the Lagrangian in the
asymptotic past limit. Therefore, we adopt a more general trial vector solution:

_ 1 (Eul ., (k1) 1 E_u;_(k,7)
U _ s§Hs,+\"Y — S 7
s,k(T) \/5 (SEsui,—&-(k?T)) + \/5 (_SEsui,—(kyT) 9
_ 1 (Ewl, (k1) L ( Eov, (k1)
v _ $¥s,+\"" —— S ’
x(7) 7% (sEsvi,Jr(k,T)) * V2 (—SE_svi,_(k,T) )

where E; are the 2-spinor polarization states defined in (4.27)). Since in the asymptotic
past limit the system is diagonalized in this particular basis, we have

(4.71)

lim ul,(lm’) = lim uﬁ,(kn‘) =0,

T—00 T—00 4.72
lim vz (k7) = lim vi (kT) =0. (4.72)
T—00 T—00

Using the procedure that we will explain shortly, one can derive the initial conditions,

Since ul, and o[} depend on each other, we can first solve the field equations of ul*,
and then, use - to read v from their corresponding qu
After the substitution of the ansatz from Eq. (4.71) into the equation of motion (4.25),

we arrive at

(10r — pmH)ul ug, + {k: — sp (2&0 5214) ’H} ui’p — spfA’Hui,_p =0,
(4.74)

(10, + HmH)Uip + {k — sp (2@7 fA) 7—[} u;p + spfAHu;,p =0.

Note also that for each given s and p, we have a pair of coupled equations between p = +
and p = — fields.
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Following our approach from the previous section, we make the decomposition

1
ul, = o Yep + Zop) (4.75)
and .
uip = s Yep — Zsp) 5 (4.76)
yielding
4 —1 "
o [1 i+ } stz Wy g
T
(4.77)
4 m
Z'a;Z&p—l—[l— ( &PS_SA) :|Zsp+,u }/SP—FSP&.A}/S’fp:O.
T

We can reduce the above coupled first order equations to pairs of coupled second order
equations:

02y, + |14 2P /) | 1A b (6 +Ea/D G
. ' (4.78)
28a(§p +84/2
284( - A/)Zs,fpzo,
027, ,+ 1_“2519(5;%/4/2) N 1/4+u?n+(§;2+ Q20+ 8],
(4.79)
264(€p +8a/2
2 2 a/ )Ys,pzo.

Unlike before, the system cannot be solved analytically. Therefore, we solve them numeri-
cally. Furthermore, the amplitudes and the phases of the modes are adjusted to diagonalize
the Hamiltonian.

4.3.5 Quantization of the S_ fermions

The quantization prescription for the ¥, modes remains unchanged. It begins with the
definition of the canonical conjugate momenta,
S 05_ o

ka - 58 -Lljf Zwka ) (480)

where a runs from 1 to 4. Then ¥, and WE_ are promoted to quantum operators, satisfying
the canonical equal-time anticommutation relations

{Wiea(7); Wifﬁ(T)} =0,

{mea(r), mi,(r)} = 0, (4.81)
(Yoo (), 7, (1)) = < 1) 360560k — K).
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We again postulate that the time-independent coefficients in Eq. (4.69) are the standard
anticommuting creation and annihilation operators, i.e.,

{as_k’ _/Tk’} = 553'5(3) (k — k,) ) (4.82)
{b3: ,*k,} = §,50%(k — K,

with the rest of the anticommutators vanishing. Eqs. (4.81]) and (4.82) then imply the
normalization condition
D NULENUL))s + (Vi (m)aVi (1)s | = dap(2m) . (4.83)

s==+

Every term in the square brackets is constant, according to the equation of motion given
in Eq. (4.25). To find the constants, we again assume that the early-time modes are in
the Bunch-Davies vacuum,

lim Ug,(r) o e™*7 lm V(1) oc e (4.84)

kT——00 kT——00

Furthermore, the amplitudes and the phases of the modes are adjusted to diagonalize the
Hamiltonian.

4.3.6 S_ Hamiltonian
For S_,

H_:/d3 (Meadr¥ia) — L

= / PRy Ty

After using the mode function expansion from Egs. (4.69)) and (4.71]) in the Hamiltonian,

we get
B3k, E* Ff a,
— - [ k
H_ —/ 5 (a.',b7y) <F E”) (bj() ) (4.86)

- —
() )
ok -k (4.87)

(4.85)

73k - 715147'[ + (2&0 gA) H)\ll + /LmHI4

where
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and

pr= S {2 b (26 + ) ) miatyen)
=+

p=

+ M (Jul [ = [u,?) + 2spEaHR (ulf ul, p)}

A= - e (20 §) ] (Gl ot
o
+um7-[( v“ui)

1
P SP S,P 7 S,p

o
+w@%(spsp+%pfg},
Elix = Z { {k +p (2&, gA) H} (ul*_ut, (4.88)
s 1p)4-um7i( P, — b,
+péaH (u ) u+ p—i—qupuf*p) },

P = S0 4= [ (26 + 5 ) ) (0%,

p==+

*

1 0 0 1 {
+ U—z —pUh Sp) + pumH < —*87pusv—p - U—*s,pu&—p)

+sp§AH< v, S p-l—usp ¢*5p>}.

The Hamiltonian can be diagonalized after making a time-dependent Bogoliubov transfor-

mation,
(b*(<)>) = B(7) (S:’:L) ~ (4.89)

The time-dependent creation and annihilation operators, ag () and b_}(7), obey the
canonical anticommutation relations from Eq. (4.82)), iff the transformation matrix is
unitary:

Py(T)Pl(1) =14. (4.90)
We then impose that
Ev Ff
) (5 g B0 (1.91)
Ev Ff

:
- E”) are the columns of P/ (7).

is diagonal, implying that the eigenvectors of (

Due to the nature of the equations of motion in the S_ we cannot have analytical ex-
pressions for the effective frequency w_ (1) as opposed to Eq. (4.60)) in S,.. Therefore, the
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expectation values of observables are calculated numerically.

At early times all off-diagonal terms of the Hamiltonian should vanish for both s = +.
In other words Py (1) = I, which is equivalent to having

H. = (IO2 _012> | (4.92)

It follows from Eq. (4.88) that

lim F;=0, lim E;. =0, lim F,,,=0. (4.93)

kT——00 kT——00 kT——00

The above conditions are met, if the following equations are satisfied:

L i (G 7) = ol (6,7) =0, T (ud, (5, 7) + b (8, 7)) = 0.

It can be shown that these conditions are preserved by the equations of motion, so
if imposed once they hold for any arbitrary 7 as well

ul7+(/€, T) = UI’:_(]{, 7) ,ui7+(/<:, T) = —vi;(k, 7). (4.94)

2. lim ﬂ?(uzi(k, T)ui#(k, 7)) = —1and . lim %(viﬁr(k’, T)Ui+(k, 7)) = 1. This con-

kT——00 T——00

dition comes from Eq. (4.92)).

3. lim u;’f(k, 7) =0 and . lim v;’f(k:, 7) = 0. This condition is imposed so that the
T——00

kT——o00
particle occupation number vanishes at early times. Note that this is an arbitrary

choice and one can make the mode functions vanish for, e.g., p = +.
Using the above we can solve the equations of motion numerically.

4.4 Backreactions

The action (4.6 has a Noether current associated to the SU(2) isospin,

a 94§ ~a a)
JHE = o 2—;‘4‘1’ o' @YV, (4.95)

3 3 ] ] a — 45 ermion ]
and the axial vector current, JY, given in (4.10). Notice that Jr* = \/%TAz satisfies
V,J#o® = 0. The Noether current and divergence of the chiral current induce backreac-
tions on the background field equations of an axion-SU(2) setup. See [55] for details about
a uniform presentation of the axion-SU(2) class of models and in particular its Sec. 2 for
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the background equations. The Noether 4-current backreacts on the background equation
of the gauge field as

O (avh) + 2HO, (i) + (0, H + H2)(aw) + 2a° g2 — %mw? — a7, (4.96)

where the spatially averaged component of the matter 3-current is

1 .

J = ﬁagu;?) : (4.97)

Moreover, the axial current backreacts on the axion background equation as

A
02 + 2HO, 0 + a*d,V + 39"7@1/}2(7-[@0 + 0.0) = a*B, (4.98)
where the backreaction term is defined as
A ] A = -~

B = ﬁﬁV#Jéf = —zmﬁﬁ‘i’%‘{’. (4.99)

The last equality uses the field equations of the fermions.

We begin with an outline of our prescription for computing the VEVs of quadratic
fermionic quantum operators such as 7 and B. We then calculate the fermionic backreac-
tion on the gauge field and the axion backgrounds.

4.4.1 VEVs of Quadratic Fermionic Operators

In order to compute VEVs of quantum operators we follow [145] [67].
Consider a general four component fermionic field, similar to W* and Y~ defined in

section [4.2
Na (X, T) = /dgk nk,a(T)eik'x,

Mka(T) = Z [Us,k,a(T)C&k + V,S,_kﬂ(T)dL_k] , (4.100)
s=+
with a quadratic action
Sy = [ ar ek [inl D — i Qaalh7mes] (4.101)
and a Hamiltonian
H, = / k) o Qap(k, T) s (4.102)

where o and 8 run from 1 to 4, and c,x and d, _x are time-independent particle and
antiparticle annihilation operators. Using Eq. (4.100]) in the Hamiltonian, we obtain

SU er Ck
H, :/d3k cl.d_ ( ) ( ) , 4.103
n ( k k) F gv dik ( )
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where
ck=lcrx cu)', die=[dix d_i]", (4.104)

and
ESUS/ — * QaﬁUS’,k,Bv fss’ — * Qaﬁ‘/slyk,ﬁ . (4105)

sk, sk,

In the ground state of a given k-mode of the fermionic field, i.e., in the Bunch-Davies
vacuum (BD), the state vector is |Ogp)

cksl0pp) =0, di;s|0pp) =0, (4.106)

and
BD vacuum : Eg, = —55‘;, = Welsy, Fss =0. (4.107)

When the mode is excited, its Sg’,v can attain nonzero off-diagonal components and its
Fss can also become nonvanishing. However, we can still diagonalize 53’ with vanishing
Fss by rewriting the Hamiltonian as

. gV Ft i
H :/d?’k:éT,d_ ( : )( ) 4.108
n ( k k) F gV dik ( )

where - (1) -
G (7). Cy.
(d:Lm) = 5il7) (d:L) ’ (4.109)
and
Py(T)Pl (1) =14. (4.110)
We choose the eigenvectors of
gV FI
(f' 5V> ) (4.111)
as the columns of P(7). Then,
gsUs’ = _gs‘; = (115(555/ s JT?ss’ = O, (4112)

as promised.

After the transformation in Eq. (4.109), a new state vector has the properties of the
physical vacuum, |0,), defined as

€sl0-) =0, disl0;) = 0. (4.113)

Note that we work in the Heisenberg picture in which the state vector is constant, i.e., it
remains |Ogp) throughout.
The fermionic field can be rewritten as

Mka(T) = Z [Us,k,a(T)és,k + Vs,fk,a(T)dZ,—k] J (4.114)

s==+
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where

Us7k»a = Z {US”k’aP‘I_Sl 3—=s + ‘/S/—,k,O{PI_S/ 3—.9:| Y
2 2

3 2
s'=+

‘};’_k’a - Z |:‘/S/7_k’aP—7r5/ T—s + Usl7k7aP§75’ 7S:| .

2 2 2 2
s'=+

(4.115)

We wish to find the VEV of a Hermitian operator, which is quadratic in the fermionic
field, of the general form

Ox,7) = /d3k A3k ei(k_k/)'xn;a(T)Aaﬁ(k, K, m)me (1), (4.116)

with Al,ﬁ(h k', 7) = A, (K, k, 7) by virtue of the Hermitian nature of the O operator.

When computing the VEV, we need to make sure that
1. Particles and antiparticles are treated on equal footing.

2. Only physical field excitations, i.e., those on top of the physical vacuum, contribute

to the VEV.

To address the first point, we follow [145] and define the antisymmetrizied operator
Ouer) = [ kW K% e 7)) o)

4.117
_ d3]€ d3k/ i(kfk’)-xA / 1 i T ( )
- ¢ 0K, 7)5 (Mo (P 5(7) = s (D7)

which has the same classical counterpart as . The difference is that when we take the
BD VEV, O receives only contributions from terms with ds,,kdij_k, i.e., the antiparticle
creation and annihilation operators, whereas O, receives contributions from both Cs,kCLk
and d, _yd! .

To account for the second point, we follow [67] and we subtract from the BD VEV
the expectation value with respect to |0,). This way only nonvacuum field fluctuations

contribute to the physical vacuum expectation value.
To sum up, the VEV of O is defined as

(O(x,7)) = (0Bp|O4(x,7)|0BD) — (0,|O4(x,7)]0,), (4.118)

which reduces to

| —

(O(x,7)) = /d3k:Aa5(k,k T Z—
==+

< [ (VaalVases() = Voses (W) (1.119)
- (Kik,a(ﬂv&kﬁ(ﬂ — Us e 8(7) Ska(T))].
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Figure 4.2: The expectation values of the backreaction currents of the 4+ (left panel) and
— (right panel) fermions as a function of & for m = 10H, &, = 1 (purple); m = H,
£, =1 (blue); m = H, &, = 10 (gold); m = 10H, &, = 10 (red). The prominent dip in the
first panel at 2§, — & /2 = 0 is due to an exact cancellation between the effective masses
induced by the gauge field and the axion. Such a cancellation is not observed in the —
fermions.

Here, we are interested in the backreaction of the fermion on the gauge field field
equation, J*, and the axion field equation, B*, which can be computed by the above
formula as

(T z/di”k:Ag;(k,k,T)%
X |:(V;:k,a(7')vs,k,ﬁ<7') - Us,k,ﬂ(T)U:7k7a(T)> (4.120)

- (stk,a(T)‘Zs,kﬂ(T) — U57k”3(7')05*’k7a(7')>] :

and :
(B*) = /d%Agg(k, k,7)3
X [(ka,a(f)vs,k,g(f) — Us,k,ﬁ(r)U;7k7a<T)> (4.121)
N <v:k’a<7_>‘7;’k’6<7_> - Usvkvﬁ(T)U:7k,a(T)>:| )
respectively.

4.4.2 Backreaction on the SU(2) Background

We now calculate the homogeneous and isotropic backreaction term on the SU(2) back-
ground, J, defined in Eq. (4.97). It conveniently separates into two independent contri-
butions from the + and — fermions:

T=J"+J . (4.122)
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The expressions for J* and J~ take the form given in Eq. (4.120]), with

O 0 1 0
7 a0 0 0 1
O 1 0 O

(4.123)
0 0 1 -2
A7 (k k,T) = 23 1 -2 0 0
-2 1 0 0

In Fig. [1.2] we show J*(left) and 7~ (right) for different values of the parameters &,
m and £4. We observe the following dependence:

e J% has a prominent dip when 2§, — £4/2 = 0, which occurs because the axion and
gauge field-induced effective mass terms cancel. Besides this feature, for a fixed mass,
J T increases monotonically with £4. Otherwise when the “bare” mass of the fermion
is the dominant scale, i.e., m/H > {4,&,, we observe a decrease in particle production
as the mass increases, as expected. In the opposite limit, m/H < &4,&,, there is an
increase in particle production as the mass increases, until the mass becomes the
dominant scale. [

e 7 exhibits a complex behavior with the parameters which we attribute to the
additional couplings in this sector. Using the current regularization scheme and for
the parameter region of interest, J~ never exceeds J apart from the dips in J ™, so
the dominant contribution to the backreaction considered in the next section comes
from JT.

e When compared to the scalar case considered in [54], the fermion model has an
important new feature. Unlike scalars, fermion particles are copiously produced as
&4 increases and dominate the other scales in the problem. Our setup provides a
novel mechanism for efficient production of fermionic matter during inflation.

e The fermion Schwinger particle production by a homogeneous U(1) gauge field stud-
ied in [I35] is different from our SU(2) case with the isotropic and homogeneous
VEV. In the U(1) case the current decreases with the increase of the fermion mass.
However, in both cases, the current increases like % in the very strong gauge field
limit.

Having computed J*, we can compute their backreaction on the SU(2) gauge field
background, 1, by following [55]. Assuming slow-roll evolution of the axion-SU(2), i.e.,

2A similar increase in particle production with the increase in mass was observed in [I37]. In their
setup, the fermion is not coupled to a gauge field but is derivatively coupled to an axion field.
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ng.w < le < 1, the field equation of the gauge field given in (4.96]) can be approximated
as
BHY + H + Vg (1) = 0, (4.124)

where a dot is a derivative with respect to cosmic time and the field derivative of the
effective potential of v is

Vi () = 2H(1 4+ €3) — gA}%? . (4.125)

Slow-roll demands Vg () < 1, while each of the terms in the right-hand side can be
much larger, e.g., %1&2/%1{#) > 1. On the other hand, J in the right-hand side of
(4.96) should be at most on the order of the slow-roll suppressed terms, i.e.,

J
H2)

<1, (4.126)

so that it does not break the slow-roll dynamics in the background and can be considered as
a perturbation correction. Otherwise, the perturbative expansion and slow-roll dynamics
are not trustable and the models should be studied numerically.

Therefore, we define the regime of strong backreaction as

J <102H*). (4.127)

We will use the above to explore the possible parameter space of one possible axion-SU(2)
gauge field model in Sec. |4.4.4]

4.4.3 Backreaction on the Axion Background

We now turn to the homogeneous and isotropic backreaction term on the axion background,
B, defined in Eq. (4.99). It again splits into the sum of two independent + and —
components:

B=B"+B". (4.128)
BT and B~ reduce to the form given in Eq. (4.121):
AmH3 (0 —I
B+ _ AB- _ 2
ATk k,7) = A" (k,k,7) = 2] (12 0 ) : (4.129)

From the axion field equation in the slow-roll regime, we have H%b < 1, and
3HO 4 Voo ~ 0, (4.130)

where V, o = V¥,+3’\%¢2(¢+H ). The validity of the perturbation and slow-roll dynamics
requires B to be at most of the order of the slow-roll suppressed terms, e.g.

B< Hp. (4.131)
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Interestingly, however we find that our choice of initial conditions that makes the Hamil-
tonian diagonalized yields

A5 (01, ) (Vi (1) Vases (1) = Usses (1)Ul (7))
=0,

(4.132)

which implies that
B=0. (4.133)

Therefore, the particle production does not lead to any backreaction on the axion back-
ground. Note that this is the direct result of our quantization skim based on diagonalization
of the Hamiltonian. Setting the initial condition based on charge conjugation symmetry
which does not diagonalize the Hamiltonian at asymptotic past, leads to a different and
nonvanishing value for V,J£', which is worked out in [57].

The computation so far has been done effectively at tree level. A one-loop effect, which
has not been included consistently (see [58] for a related work with massless fermions), is
the chiral anomaly, i.e., a quantum correction to the expectation value of V,.J*° equal to
A Tr(F,, F*)/(167) [144] which is ~ 3¢g3¢>H/(4n?). Since B = (B)\)/(2f)V,.J*, using
9aAdrp/(af) = 2H (E4+€5), Eq. yields

(£)"> s+ ). (4.134)

Since the right-hand side is always of the order of unity, the backreaction is never
important when f > H.

4.4.4 Parameter Space of a Model

Our method applies to models in which inflation is driven by the axion-gauge field sector
[28, 29, B30], B1], as well as to those in which the axion and gauge fields are in a spectator
sector [66]. For concreteness, we consider the latter model and compare our results with
observational bounds on the following spectator model:

S = SEH + S(j) + Sspec + Sfermion + Sint )

1 1 A _ (4.135)
Sipec = / d*z/—g [58”8”@ V() = 5Tr(E, F*) - %’I&*(FWF“ )|,

where Sgy and S, are the Einstein-Hilbert and the inflaton actions, respectively, responsible
for inflation of the universe, and Sgpe. is the action of the spectator sector. It contains the
axion-gauge field sector, where ¢ is the axion with a potential V' (¢) and a decay constant
f, and

F,=V,A, —V,A, +iga (A, A, —AA,), (4.136)

is the field strength tensor of the SU(2) gauge fields. The last term in Sgpec is the Chern-
Simons interaction, where A parametrizes its strength and F#” is the dual of F,.
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For the bound on the backreaction of the gauge fields we use Eq. (4.127]), which reduces
to
10272 Arvee T

2 gAH3 ’

where ep = €3 H?/(gim?)) is about 2 times the energy density fraction of the gauge field.
We have also used the slow-roll relation v, = 2H?/(Asm?*m?)) to parametrize the Hubble
scale of inflation, i.e., ry. is the standard vacuum contribution to the tensor-to-scalar
ratio in single-field slow-roll inflation. The amplitude of the curvature power spectrum is
Ag &~ 2.2 x 1079 [18].

In Figs. [4.3] [4.5 [4.6] the orange solid line and the shaded area underneath it depict
the inequality in Eq. (4.137), i.e., the regions where strong backreaction occurs due to the
induced current. From these figures we can conclude that no additional constraint comes
from the fermionic particle production.

Note that the contribution from chiral anomaly is small for the masses under considera-
tion j,, = 1, and also it is suppressed by a factor of g4, (see Page [65| for motivation behind
this mass constraint, and see [5§] for inclusion of one-loop effects for massless fermions).

ep < & (4.137)

4.5 Discussion

We have studied the evolution of a Dirac field doublet, which is covariantly coupled to an
axion and an isotropic SU(2) gauge field background in de Sitter spacetime. We assumed
the fermion field to have a Dirac mass term. Our work extends the previous work on
fermion production from axion and Abelian U(1) gauge fields [135] 136, 137, 138], as well
as on the simplest SU(2) case with massless fermions [58].

We discovered that the SU(2) background, in combination with the Dirac mass term,
leads to nontrivial couplings between fermion components of different flavors and chirality.
We then found a new convenient basis for the doublet of fermionic fields, given as a linear
transformation in Fourier space of the original doublet, for which the action separates into
two decoupled sectors. One of the subsystems is solvable analytically, whereas the other
subsector is not and we solved it numerically.

Using these solutions, we computed the expectation values of the induced currents,
which we used to estimate for what model parameters backreaction effects become impor-
tant. More specifically, we considered the isotropic part of the SU(2) matter current, as
well as the 4-divergence of the axial current, which can be used to estimate the fermionic
backreaction on the gauge field and axion backgrounds, respectively.

To find the vacuum expectation values of bilinearies in fermionic fields, such as the
currents, we had to deal with UV-divergent integrals. To this end, we extended the idea of
an existing instantaneous vacuum subtraction scheme [67], which involves the subtraction
of the contribution of zero-point fluctuations to the currents. We extended it to fermionic
models with most generic Hamiltonians, which permit only a numerical treatment. We
compared the results with an independent regularization scheme, i.e the point-splitting
method and found an excellent agreement for S, (the details of the latter method is
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studied in [57]). We find that the adiabatic vacuum subtraction scheme could not be
utilized here, since there are instants where adiabatic modes are ill behaved. We also made
a careful distinction between the contributions of particles and antiparticles to the vacuum
expectation values, which played an important role in the computation of the tree-level
backreaction on the axion.

We showed that the SU(2)-background experiences strong backreaction due to fermions
only for model parameters which are already excluded on observational and/or theoretical
grounds (see Figs. 2 —5), similarly to the case of scalars [54]. The tree-level expectation
value of the 4-divergence of the axial current vanishes. We then estimated when the chiral
anomaly, which is a loop effect, becomes important for the backreaction on the axion
background. We find that backreaction remains unimportant provided that f > H.

We conclude that the background dynamics of an axion-SU(2) gauge field spectator
sector remains unaffected by the production of fermions.
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&a

Figure 4.3: We plot the energy density fraction of the gauge field eg as a function of the
effective mass of the gauge field, £4. Excluded parameter space with r,,. = 1073. The
blue shaded area is excluded by the tensor-to-scalar ratio, the light red area by the large
tensor backreaction discussed in [55]. The cyan area by the tensor non-Gaussianity, and
the dark red area by the Schwinger pair creation of scalar fields discussed in [54]. The blue
and yellow lines show r = 1072 and 7source = Tvae, respectively, while the dashed cyan line
shows fié"¢ = 1. The bound from the fermion particle production, depicted by the orange
solid line (for m = H and £, = 1) and the area underneath, does not lead to additional
bounds on the observationally relevant parameter space. The £4 on the horizontal axis is

the same as mg in [66, 36l B7].
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Figure 4.4: Same as Fig. but for m = 10H and ¢, = 10.
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Figure 4.5: Same as Fig. , but for m = 10H and {, = 1.
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Figure 4.6: Same as Fig. but for m = H and &, = 10.
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Chapter 5

Summary and Outlook

The two important experimental data that exist and can be used to constrain our early uni-
verse models are coming from big bang nucleosynthesis and CMB. Inflation as a theoretic
model of the early stages of the universe satisfies the bounds coming from these data sets
available so far and in light of this, presents itself as the most accepted model compared
to the competing theories in explaining the primordial history of the universe. Nonethe-
less, one of the crucial predictions of all inflationary scenarios, namely the existence of a
stochastic background of gravitational waves, has not yet been confirmed.

Furthermore, inflation provides us with a mechanism to generate the scalar and tensor
perturbations from the so-called quantum vacuum fluctuation. The scalar perturbations
seed the large scale structure in the universe. These scalar fluctuations have been detected
in the CMB experiments and their observational signatures hint towards a quantum nature
of these perturbations.

Consequently, to differentiate between models of inflation, it is very important to detect
primordial gravitational waves. However, detection of primordial gravitational waves is not
only beneficial for evaluating the relevance of inflation but can also open a new window
into the microphysics of the very early universe and can be used to probe energies that are
unlikely to be achieved by the colliders.

If the primordial gravitational waves are detected, the question about the quantum
nature of the vacuum fluctuations during the early stages of the universe can be settled
once and for all. One has to note that the mere detection of primordial gravitational
waves does not necessarily yield insight into the quantum nature of these perturbations;
more investigation is required to achieve this goal. One can announce the discovery of
vacuum fluctuations of spacetime that are consistent with quantum mechanics if and only
if the following conditions are satisfied: i) the CMB polarizations must be detected in
multiple frequencies (the primordial gravitational waves imprint a signature in the B-mode
polarization which is the most promising channel for a future detection currently), ii) they
must have a scale invariant spectrum, iii) they must be non-Gaussian and, finally, iv) the
TB/EB correlations must be zero for them meaning they have to be non-chiral.

However, to be on a secure footing regarding the detection and the proper interpretation
of the signals, we need to be sure that we understand all relevant mechanisms that can
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lead to the production of B-modes in the context of inflation. In light of this, the so-
called axion-SU(2) gauge field model of inflation has been the focus of this thesis as one
relevant generation mechanism, besides vacuum fluctuations. The advantage of this model
is that the gravitational waves produced in this setup have completely different signatures
compared to the one from the vacuum so they can be easily distinguished from the vacuum
ones via higher order observables such as the bispectrum. However, before the predictions
of these models are taken seriously, it is important to check if these models are viable both
phenomenologically and theoretically.

Given these considerations, we can understand the importance of the two studies pre-
sented in this dissertation, which provide two important consistency checks on both the
dynamics of the gravitational waves and the background dynamics in axion-SU(2) gauge
field models of inflation. Based on both of these investigations, we conclude that the back-
ground dynamics of an axion-SU(2) sector remains unaffected and phenomenologically
viable in the presence of the gravitational Chern-Simons term and massive fermions.

In the light of the future data coming from numerous ground-based experiments, space-
borne experiments, pulsar timing arrays and direct detection experiments, we can under-
stand a detailed characterization of the primordial gravitational waves and determine if the
detected signal was sourced by the quantum vacuum fluctuations in the metric tensor, as
in the single-field slow-roll scenario, or from alternative scenarios such as the axion-SU(2)
gauge field model considered in this dissertation.



Appendix A

Spinor Covariant Derivative

The 8-spinor covariant derivative in (4.7)) is defined as
D, @~V = (I,V, —igaA,) @V, (A.1)

where the spin covariant derivative is

VU = 1,0, + w7, (A.2)
w,, are the spin connections,
1
Wy = _§wua50aﬁv (A.3)

where the spinor generators of the algebra are 0,5 = %[%é, vg]-
Considering a FLRW metric

ds® = a*(7)(—dr?* + 6;da"dx?) (A.4)

where 7 is the conformal time. The elements of the spin connection wu‘lﬁ are given by

wuo‘ﬂ =e, Ve, (A.5)
the vierbeins are defined as
e, = a(7)’1(5§ , (A.6)

and the only nonzero components of the spin connection coefficients are

w, =—w =—HJ,. (A.7)

I
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Appendix B

Whittaker Functions

Through out the thesis we have been using the following Whittaker function identities:
Considering the limit |z| — oo:
Whittaker functions W, ,(z) and M, ,(z) take the following asymptotic forms

Wy u(z) = 2re 2,

i(—1)Pr e/ ZreA/? ) (B.1)

ate) v (T R g

where |arg z| < 3m.
In case k is complex, we have

; 1 )
e 2W, L (—2i7) = \/—Q_ke_””, (B.2)

2"’ —K
lim (T) !

NG

where k, and k, are the real and imaginary parts of &.
Hence, the positive frequency solutions in the asymptotic past or the so called Bunch-
Davies vacuum is defined as
(27)™" /2 .
——————c "W, (—2iT) . B.3
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