Universita del Salento

DIPARTIMENTO DI MATEMATICA E FISICA “ENNIO DE GIORGI”
Corso di Dottorato di Ricerca in Fisica e Nanoscienze

TESI DI DOTTORATO IN FISICA E NANOSCIENZE - XXXIII cicLo

Axions, Gravitational Waves and Phase Transitions in the very
Early Universe

Candidate Supervisor
Alessandro Tatullo Prof. Claudio Coriano

Anno Accademico 2020-2021






Contents

Introduction

1 Standard Model of Cosmology

1.1
1.2
1.3
1.4
1.5
1.6

1.7

Einstein equations in FLRW metric . . . . . ... ... ... ... ... ... .....
The energy density depends on the scale factor . . . . . .. ... .. ... ..... ...
Scale factor time trend . . . . . . . . ... ..
AgeoftheUniverse . . . . . .. ... ... .. .. ...
The cosmological constant A . . . . ... ... ... ... .. ... o
Inflationmodel . . . . . . . ... e
1.6.1 Flatnessproblem . . ... .. ... ... .. ... .. .. ..
1.6.2 Horizonproblem . . . .. ... .. ... .. ...
1.6.3 DeSittersolution . . . . . . . . . . . ... e
1.64 Slowrollmodels . . ... ... . . . . . .. e
1.6.5 Polynomial potential . . . . . .. ... ... ... . L o o
Reheating . . . . . . .. .. ... ..

2 Brief review of thermal field theory

2.1
2.2
23
24

2.5
2.6

2.0.1 Single-particlebosonsystem . ... ........ .. .. .. .. .. ...
2.0.2 Single-particle fermionsystem . ... ... ... ... ... ... .. .. ...
203 Gasesinabox . ... ... ... ...
Brief review of thermal field theory- Path integral approach . . .. ... ... ... ..
Partition function for gaugebosons . . . . . . ... ... .. L L L Lo
Partition function for fermions . . . . . ... ... ... oL L L L
Temperature-dependent Green functions and generating functionals . . . .. ... ..
241 Scalarfieldcase . . . ... ... .. ... ...
242 Effective potential at finite temperature . . . . . .. ... ... 0 0L
First order phase transitions . . . . .. ... ... ... ... o oo oL
Temperature-dependent Higgsmodel . . . . ... ... ... .. ... ... .. ......
261 € ACASE .+ i
262 €IS ACASE L

ii

ix

O O N Q1 =



2.7 Bose-Einstein condensation . . . . . . . . . . ... e 49

2.71 Neutralscalarfield . . . ... ... ... ... ... .. .. ... 49
272 Condensation . . . . . . . . . . . . e e e 52
Bubble nucleation 57
3.0.1 Vacuumdecay . . ... ... ... ... 57
Relic axions and neutrinos 69
4.1 Relicneutrinoabundances . . . . . . . . . . . ... e 71
4.2 AXIONS . . . e e e e e e e e 73
4.3 Constraints on axions from astrophysics . . . .. .. ... ... ... .. 00 0L 79
44 Roleof theaxioninCosmology . . . . ... ... ... ... .. .. ... .. ... .... 80
General Relativity in a nutshell 85
5.0.1 Someconventions . . . . . . . . . . ... e e e e e e 85
5.0.2 General RelativityinBrief . . . . . ... ... ... .. ... . 0 0 L. 87
51 Linearization of Einsteinequations . . . . . . .. .. ... ... .. ... .. ... ... 88
52 Detection of GW . . . . . . . . e e e e e 93
5.3 Generation of GW . . . . . . . .. e e 96
Dark Matter with Stueckelberg Axions 101
6.1 Anomalous U(1)'s . . . . . . . . . e 103
6.1.1 Anomaly cancellation at field theory level withanaxion . ... ... ... ... 103
6.1.2 Anultralightaxion . . . . ... ... ... .. . . o o oo 104
6.2 Theinvisible PQaxion . . . . . . . . . . . . . e e e 104
6.21 KSVZand DFSZ axions . . . . . . . . i v i i it e e e e e e 106
6.3 TeV scale: Stueckelberg axions in anomalous U(1) extensions of the Standard Model . 107
6.3.1 Stueckelberg models at the TeV scale with two-Higgs doublets . . . . ... .. 110
6.3.2 Fermion/gauge field couplings . . . . . .. ... ... ... ... .. ... 112
6.3.3 Counterterms . . . . . . . . . . . e e e e e e 113
6.34 Choiceofthecharges. . . . .. ... ... .. ... .. ... .. .. ... .. ... 114
6.35 Thescalarsector . . . . . . . . . . e 115
6.3.6 The potential for a generic Stueckelbergmass . . . .. ... ... ........ 116
6.3.7 Periodicity of the extra potential . . .. ... ... .. ... .. .. ... .. ... 117
6.3.8 The Yukawa couplings and the axi-Higgs . . . . . .. ... ... ... .. .... 119
6.4 Relic density for a low (~ 1 TeV) Stueckelbergscale . . .. .. ... ... ........ 122
6.5 Stueckelberg models at the Planck/GUT scale and fuzzy dark matter . . . . . ... .. 126
6.5.1 The periodic potential . . . .. ... ... ... ... o o oL 129
6.5.2 Detecting ultralightaxions . . ... ......................... 131
6.6 Conclusions . . . . . . . . . .. e e 131

iv



7 Conformal Unification in a Quiver Theory and Gravitational Waves

7.1 TheQuiver Model. . . . . . . . . . e
72 Gravitational Waves . . . . .. .. ...
7.3 Specific features of the quivertheory . . . . ... .. ... .. ... ..o 0 L.
74 Production of GW and the parameters choice . . . . ... ... ... ... .. ......
75 Results . . .. ..
7.6 Discussion . . . . .. ... e

8 An Axion-Like Particle from an SO(10) Seesaw with U(1)x
81 Introduction . . .. ... ... ... e

8.1.1 Incomplete decoupling of a chiral fermion and global anomalous U(1)x . . . .
8.2 SO(10) Grand Unification . . . . . . . . . . . . . . ittt

8.2.1 Breakingpatterns . . . . .. ... ... .. L L L

8.2.2 The two complex singlet scalars in the effective potential . . . . . ... ... ..

8.3 See-Saw Mechanism . . . . . . . . . ... e e e e

84 Anomalous U(1)x . . . v v o vt

8.5 Stueckelberg Axion . . . . . ... ...

8.6 Conclusions . . . . . . . . i i i e e e e e e e e e
Conclusions

133
134
139
140
144
147
150

153
153
155
155
156
157
158
161
163
166

169






List of Pubblications

o Dark Matter with Stiickelberg Axions Claudio Coriano, Paul H. Frampton, Nikos Irges, Alessandro
Tatullo Front.in Phys. 7 (2019) 36 e-Print: 1811.05792 [hep-ph]

o Exact Correlators from Conformal Ward Identities in Momentum Space and Perturbative Realizations
Claudio Corianod, Matteo Maria Maglio, Alessandro Tatullo, Dimosthenis Theofilopoulos.

Part of Proceedings, 18th Hellenic School and Workshops on Elementary Particle Physics
and Gravity (CORFU2018) : Corfu, Greece, August 18-September 28, 2018 Published in: PoS
CORFU2018 (2019) 072 Contribution to: CORFU2018, 072 e-Print: 1904.13174 [hep-ph]

e An axion-like particle from an SO(10)SO(10) seesaw with U(1)xU(1)X Claudio Coriano’ , Paul
H. Frampton, Alessandro Tatullo, Dimosthenis Theofilopoulos. Phys.Lett.B 802 (2020) 135273
e-Print: 1906.05810 [hep-ph]

o Dark Matter with Light and Ultralight Stiickelberg Axions Claudio Coriano, Matteo Maria Maglio,
Alessandro Tatullo, Dimosthenis Theofilopoulos. Part of Proceedings, 19th Hellenic School and
Workshops on Elementary Particle Physics and Gravity (CORFU2019) : Corfu, Greece, August
31 - September 25, 2020 Published in: PoS CORFU2019 (2020) 080 Contribution to: CORFU2019,
080 e-Print: 2005.02292 [hep-ph]

o Conformal unification in a quiver theory and gravitational waves Claudio Coriano’, Paul H. Frampton,
Alessandro Tatullo. Phys.Lett.B 811 (2020) 135909 e-Print: 2005.12216 [hep-ph]

vii






Introduction

Despite all the great successes of high energy physics, there is still a general sense of dissatisfaction

regarding many unsolved fundamental issues in particle phenomenology, that don’t find an answer
within the Standard Model (SM) of the elementary particles. This is formulated as a non-abelian gauge
theory, which is is quite success-full in explaining a large quantity of experimental data, from hadronic
physics up to the electroweak scale, but that leaves several questions unanswered. Examples of these
are: the origin of the neutrino masses, various anomalies in the flavour sector, the gauge hierarchy
problem, the origin of dark matter.
From the theoretical point of view, one notices the flourishing of many models that extend the
Standard Model in various directions, but the difficulties persist. From our viewpoint, one of the main
shortcoming of the SM is the lack of a connection of this model with gravity, for being essentially a
low energy theory, compared to more general formulations where the gauge structure is far wider
and more unifying. Examples of such theories are those based on Grand Unification, involving larger
symmetries, such as the Left-Right symmetric Model or models based on SO(10) or trinification
(SU(3)3), or even based on exceptional symmetries such as E¢. In all these models, we need to match
the theoretical predictions with all the experimental data, and these include those coming from the
current cosmological observations, which indicate that in our universe, about a quarter of it energy
budget, should be attributed to dark matter. This thesis work is centred around the study of a specific
candidate for dark matter that emerges from extensions of the Standard Model as we get closer to the
Planck scale.

In this thesis we will be discussing two important aspects of the physics of the early Universe,
concerning, separately, axions and gravitational waves. The two topics,as just mentioned, are treated
separately although it is possible to investigate the impact of the propagation of gravitational waves on
an axion condensate. Axions have been introduced in order to solve the strong CP problem, by Peccei
and Quinn, long ago ([22, 23, 24])and searches for their detection are ongoing at experimental level.
Along the years, the theory has undergone several modifications and extentions. The axion-based
model that we will discuss, deals with a specific extension of the theory derived from the theory of
branes. The effective action derived for this model requires a so called "Stueckelberg axion’, in the
form of a Nambu-Goldstone mode that couples to a gauge anomaly, in order to restore the gauge
symmetry. The underlying assumption is that a gauge anomaly, produced by a string theory sector, is
cancelled at field theory level by the exchange of a pseudo-scalar field. The result, at field theory level
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is that an Abelian anomaly in the spectrum of the effective field theory that is derived from string, is
erased by the exchange of such pseudo-scalar. We will not discuss string/brane origin of this model
but we will describe its structure and its differences with respect to the ordinary PQ theory in Chapter
6. For this reason the generation of such particle can be directly related to the possibility of having an
anomalous Abelian gauge theory in the early Universe. This possibility is at the core of our proposal.

In this context one of the most important and promising ingredients of today theoretical high
energy physics is the particle called axion. The interest in axions has arisen in a decisive way because it
allows to solve at once two big puzzles: the strong CP problem and the dark matter problem. Moreover
the formal introduction of axion turns out to be extremely simple and elegant and this has always
aroused great excitement within the high energy community. The oldest origin of the axion dates
back to the 70’s when they were looking for a solution to the so-called U(1) 4 problem. The strong
interaction theory in fact predicts the breaking of the group U(1) 4 by a chiral condensate operator, in
the same way in which the symmetry of SU(2) is broken giving rise to pseudo-bosons (the pions). The
problem was that for U(1) 4 no particle was associated. The problem was solved by G. 't Hooft in 1976
when he realized that U(1) 4 is not a QCD symmetry, in fact the non Abelian nature of SU(3), leads to
particular properties of QCD able to violate the symmetries at a quantum level. The resolution of this
problem brought another one. It was observed that the Lagrangian of QCD admits a topological term,
the so-called #-term. Through experimental tests it was found that |8] < 1.3 x 10717. The extremely
small value posed the following problem: while the introduction of the §-term was completely justified
on formal grounds, one could not explain such a small value. A fully satisfactory explanation of the
problem has not yet been found. The most famous attempt to explain the dilemma dates back to
the 1977 Peccei-Quinn proposal. The 0-term could be erased from the Lagrangian of QCD simply by
introducing a new extra symmetry. But as soon as this solution was introduced Weinberg and Wilczek
pointed out in 1978 that if Peccei-Quinn symmetry was embedded, then another particle, named axion,
would arise. Since then there have been models that try to incorporate axion and unify it with the field
content of the Standard Model(SM). The limit of 10 KeV as mass of the new particle has discouraged
all the models that foresaw a visible axion in favor of the rise of models of invisible axions. Among
these we can distinguish KSVZ and DFSZ models. Both models involve the introduction of a Higgs
singlet equipped with a VEV that defines an energy scale directly related to the properties of the axion.
The identification of the axion with a likely dark matter candidate, comes from the very light mass of
the particle and its very weak interaction with ordinary matter. Since the theorization of this particle
there have been incredible efforts to detect its elusive properties. An important contribution to axion
hunting came from Sikivie who in 1983 proposed an axion helioscope to probe the presence of the
axions coming from the Sun and the axion haloscope to verify the origin of axions from DM galactic
halos. In recent years experiments have been designed to produce axions in the laboratory, such as
the light shining through walls approach (LSW) and the vacuum magnetic birefringence (VMB). The
measurements have been carried out over the years and have led to define constraints on the mass
of the axion which is found to have a lower limit m, < 0.8eV and as an upper limit m, > 10~ 1%V
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Regarding the limit on the interactions, in particular on the coupling constant with the photon we find
that g, < 6.6 x 1071 GeV 1. Another goal of theoretical research is to incorporate the axion particle
within the context of the Standard Model and to relate the properties of axion to the properties of other
fields contained in beyond Standard Models (BMS). PQ axions are connected with a global U(1)pg
symmetry. This symmetry is attached to the fermions of the Standard Model and although it is an
anomalous one, it does not have any negative implications for the consistency of the theory. We recall
that anomalous global symmetries do not destabilize the inner consistency of a gauge theory.

This thesis work investigates two aspects of the physics of the early Universe. One of them, as
mentioned, deals with axions generated by Stueckelberg models. In particular, one of the contribution
to this topic is contained in Chapter 8 when we entertain the possibility that the Stueckelberg scale,
present in the model can be raised close to the GUT scale. The methodology, in this case, is quite
similar to that of the ordinary two-Higgs doublet model discussed in [134], but in a more complex
scenario based on SO(10) theory. An interesting result of this analysis is that, by selecting Mgy, ek, the
Stueckelberg scale, close to the Planck scale, we predict a mass for the Stueckelberg axi-Higgs particle
that is ultralight (10~ !8eV).This mass value, as we explain, has been considered in the astrophysical
community as an interesting one. In order to solve some problems related to the matter distributions of
the sub-galactic scale. A second topic that we will be addressed concerns the detection of gravitational
waves in the phase transitions that accompany the spontaneous breaking of the gauge symmetry in
the early Universe.
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Chapter 1

Standard Model of Cosmology

In this chapter we will present a brief review of the standard model of Cosmology. The discussion
will be mostly based on the works [1, 2]for the standard model and [1] and [3] for the inflationary
model. We present a brief outline of the chapter. The starting point will be the Friedman-Lematitre-
Robinson-Walker (FLRW) metric, as a solution of Einstein’s equations of General Relativity . We
will first discuss the field equations containing the scaling factor a(t). We will present some basic
concepts of Cosmology as the particle horizon, the event horizon and the red-shift parameter. Then
we will derive the form of Einstein equations for a metric of FLRW and we will find the form of the
energy-momentum tensor. This in order to extract the 00 component of the Einstein equation, the
so-called Friedman equation and the ij component, also known as the acceleration equation. These
equations will be studied in order to obtain information about the scale factor that plays an important
role in the evolution of the Universe, for example we will derive the time dependence of this factor.
Then the critical density and the equations of state for a Universe both dominated by radiation and
matter will be found. The role of cosmological constant and its connection with dark energy will be
also discussed. Finally, at the end of the chapter we will present some unsolved problems, typical of
the standard model as the flatness problem or the horizon problem, and we will present a possible
solution constituted by the inflationary model.

Under the hypothesis of homogeneity and isotropy of the Universe, we can write the FLRW metric

ds? = dt* — a?(t) [drz + r2dQ) ] (1.0.1)
B 1— kr2 ’ o

where
dQ), = d6* + sin*0d¢> (1.0.2)
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curvature
k= —1 negative

k=0 flat
k= +1 positive

Particle horizon If at t=0 a photon is emitted, at time t has travelled a distance dy(T), which is
called particle horizon. In the case of a beam of light

2 2
as = 0= df = 3 (j),frrz (1.0.3)
t dtlZ r drl
/0 a2(t) :/0 1k~ (1.0.4)
ant) = (t)/tdt/_”(t)/rdr/ (10.5)
T Joaey ~ 0 (1—kr)l/z’ 0.

Equation 1.0.5 is called particle horizon. It defines a surface whose points are causally connected.

Consider several dependences of a(t). For matter dominance:

a(t) o t3/3 (1.0.6)

then

(1.0.7)

For a radiation-dominated Universe we should consider the dependence

a(t) eVt (1.0.8)
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du) =att) [ 25

tdy
_\[/
) = 1/2+1
-1/2+1

(1.0.9)
=t/

=2t

So, the particle horizon in a matter-dominated Universe is larger than in the radiation dominated one.

For an inflationary Universe the dependence to be considered is

a(t) o« eff!t (1.0.10)

then

du) = att) [ 5

/t dat’
o et (1.0.11)

1
= thE[e_Ht +1]

The FLRW metric allows us to calculate the red-shifting of light from distant objects. Let us
consider two crests emitted respectively at ¥ = r1 at times t = t; and t = t; + At;y. They are received at
times tg and t = ty + Atg. Then we have

oodt b dtl 1.0.12
/t1 a(t') /t1 / \/1—kr’2 (1012
and to+Aty gt to+Ato  JF
_ 1.0.13
/t1+Af1 a(t/) /f1+At1 LZ t/ / \/W ( :

Now subtract the two contributions

t dt/ to+AH dt/
/ e / Al . (1.0.14)
Jo a(t)  Jutan a(t)
So ¢ at' h+dt gy
0 t 1 1 dt
— + / —— =0. 1.0.15
/f0+At0 a(t/) JH a<t/) ( )
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giving

to+At ' h+At /
/ v ar_ / e A (1.0.16)
to [,Z(t ) t a<t )
from which Al Al
U (1.0.17)

a(to)  a(t)
but Aty and At are the two periods at emission and reception. Let us define the frequencies vy = Aito
and ] = Aitl and wave-lengths Ag = Afp and A1 = Aty (with c=1, in natural units). Define

A —M
= — 1.0.1
z " (1.0.18)
From 1.0.17 it follows that
Ao M (1.0.19)
a(to)  a(t)
[Z(tl
A=A 1.0.2
1= Ao (1.0.20)
Replacing in z
(20 = Noit})
2= (1.0.21)
0a(to)
from which, eliminating Ay one gets
alto) —alh) _ (1.0.22)
El(tl)
_ alto
T+z= ol (1.0.23)
notice that for an expanding Universe a(ty) > a(t1), so that
4z = ) (1.0.24)

This means that a photon emitted at time t; undergoes a red-shift as the Universe expands.
a(to)

2t and therefore its momentum decreases

Consequently the wavelength will be increased by a factor

by the same factor. If | to — #; | is small, we can expand

a(ty) = a(to) + (t1 — to)a(to) + %(tl — t9)%ii(to) + ...

’ (1.0.25)
=a(ty) (14 Ho(t; — to) — quHgal —tg)% +...)
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with

HO = ﬂ(to)
a(to)
is the Hubble parameter and
__d(te) _ _id(to)a(to)
= " a(to) 2 2 (to)

is called deceleration parameter. It can be introduced in the red-shift expansion

1 _
1+z=(1+Ho(ti —to) — quHg(to —t)? 4.7t

from which ,
z=Hy(to—t) + (1+ qu)HS(tl —t)* + ...

inverting the geometrical series one gets

(to—t) = 1;0 [z— (14—;(10) zz—i—...] .

(1.0.26)

(1.0.27)

(1.0.28)

(1.0.29)

(1.0.30)

In general we make measurements of red-shift. From cosmological model we can infer the distance

from the red-shift.

1.1 Einstein equations in FLRW metric

Now consider a FLRM metric. This is an ansatz from which we can derive the equations of

motion for the arbitrary functions present in the ansatz. Let us calculate the coefficients of the affine

connection1.0.1

R
l";'-k = (9kg1j + 981k — A1gjk)-

For the Ricci tensor we have

P
Roo = —3—
00 R

R _R* 2k
Ri]' = — (R +2R2+R2> g1]

(1.1.1)

(1.1.2)
(1.1.3)

(1.1.4)

(1.1.5)



which are the only non-null components. The curvature scalar is

R R* &k
R =g"R,y = —6 (R + 2 + RZ> (1.1.6)
The Einstein field equations assume the form
1
Ry — ERgW =8nGTyu + Aguv (1.1.7)

where G is the Newtonian gravitational constant, T}, is the energy-momentum tensor and A is the
cosmological constant. If we assume for the Universe the behaviour of a perfect fluid with pressure p
and energy density p, then

TOO =p (1.1.8)
T,']‘ = _p51] (1.1.9)

Combining all these ingredients together one gets the 00-component of Einstein equations for a perfect
fluid also known as Friedman equation

.\ 2
a k  8nGp A
- - =—4+= 1.1.1
<a> Tz 3 3 (1.1.10)

and the ij-component, also known as acceleration equation

.. N2
i a k
25 + (a) + o= —8nGp + A (1.1.11)

Subtracting 1.1.11 from 1.1.10 gives

i 4nG A

a
If we neglect A, then i is negative, so if at the present time 4 is positive, it means that @ was always
positive and consequently R was increasing for any time .

From 1.1.11, for a vanishing A and vanishing curvature (k=0) one gets

_ 3H?

p=pe=g == 3MyH? (1.1.13)

with p. which stands for critical density, H is the Hubble parameter and M), is the Planck mass,

defined as follows 1
2

My =516

The Hubble parameter changes with time so does p.. It is necessary to define another parameter

(1.1.14)
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which take into account these changes

1.2 The energy density depends on the scale factor

Let us consider the conservation of the energy-momentum tensor
D, T" =0

with
mW:%W+ﬂyP

is the covariant derivative of a vector V¥. If one considers the y = 0 component of 1.2.1, then

p+3(p+p)H=0.

(1.1.15)

(1.2.1)

(1.2.2)

(1.2.3)

The last equation describes the adiabatic evolution of a fluid coupled to the FLRM geometry.

In fact we consider an eigen-volume V with total energy E = pV. The volume will have a trend

like ([4])
o V(t) ~ a®(t)

where a(t) is the scale factor. So

replacing E = pV

which is exactly the condition to have an adiabatic evolution

dE 4+ pdV =0

(1.2.4)

(1.2.5)

(1.2.6)

(1.2.7)

(1.2.8)

in fact, from 1.2.8 we infer that the entropy of the fluid remains constant if we consider a fluid evolving

in a geometry like that described by 1.0.1. Now consider the equation of state for the fluid, expressed

in the form

p=wp

7

(1.2.9)



replacing in 1.2.3 and remembering the definition of the Hubble parameter 6.4.11

P+3(p+;?)zg =0, (1.2.10)

~— | —

which can be rewritten using the Hubble parameter
p+3(+p)H=0. (1.2.11)

In general the energy density and pressure are related by the equation of state 1.2.9. Insert 1.2.9
into 1.2.10 to obtain

p+3(p+wp)H=0 (1.2.12)
p+3p(1+w)H=0 (1.2.13)
(1.2.14)

from which separating the variables one gets
o ~ a3+, (1.2.15)
Replacing this one as an ansatz in 1.2.10 gives
—3(1 +w)a 3+ 0) "1y 4 3,7304W) (] 4 w)g =0 (1.2.16)

giving
3 [_(1 +w)a 301 4 -3y w)} —0 (1.2.17)

which is indeed a solution. We can distinguish various trends for p depending on the value of w. In
the case of radiation we have w = 1, so

1 4

(1.2.19)

while for matter w=0
p=0 p~a’ (1.2.20)
(1.2.21)

In the case of radiation p decreases more rapidly, so we infer that matter will dominate at a later
stage.

It is also interesting to note the case of equation of state with w=-1 which corresponds, ( see section
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1.5) to the equation of state associated with the cosmological constant. For w=-1, we will have the
contribution given from vacuum energy and it plays the role of a cosmological constant. Replacing
into 1.2.10

0 = 0= p = constant. (1.2.22)

1.3 Scale factor time trend

In the previous section we calculated the Friedman equation considering a null curvature k and

null cosmological constant. These two approximations become all the better the closer we get to early

times. In this case in the 1.1.10 the term 8”369 becomes dominant over the curvature term and over the

cosmological constant. Substituting the 1.2.15 into the 1.1.10 gives the trend for a(t):
a(t) ~ ¢~ 20+w) (1.3.1)

which again gives, for radiation and matter, respectively

a~t2 H= ot (1.3.2)
2
a~t H= grl. (1.3.3)

As for the case of A domination, we assume the state equation

p=-p

and the term of 1.1.10 which contains A dominates over all the other, we obtain

.\ 2
(”) _A (1.3.4)

from which separating the variables and integrating one gets

a(t) = eV5t, (1.3.5)

1.4 Age of the Universe

It is possible to estimate the age of the Universe in a special case with A = 0. We also consider a
phase of the Universe dominated by matter. To do this, we rewrite the 1.1.10 in terms of py, i.e., the

value of p at the current era



a? k  8mGp ap
<a>+az_ 3 M

which can be rewritten in terms of the relative present value of energy density

Po
Qo =
° SnGH?

giving
() + Hj(Qo —1) = QoHy—.

ap a
We may change the variable
a
ao

X

s01.4.3 becomes
X+ H2(Op—1) = QoHax ™!

which can be solved separating the variables and integrating

t—l/l dx
HoJo /Qo(xT—-1)+1

sincexE%,takinga:aoﬁx:latt:to.

Let us evaluate fj for an exactly flat Universe. We shall consider

= H} (O —1)

OQN‘ tan

if we require a flat Universe, i.e. ()9 = 1, it means that k = 0. Then

1 1 dx’
o Ho/(x"1-1)+1

1 1 /1 2
= 2dx! = =
Ho/o YA

to =

According to the latest measurements

Hy' ~ h™19.78 x 10%yr

with h = 0.72 + 0.05, so that the age of the Universe is about
to ~ 10¥yr.
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(1.4.5)

(1.4.6)
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(1.4.8)

(1.4.9)
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1.5 The cosmological constant A

Equation 1.1.10 is the Friedman equation, while 1.1.11 is the acceleration equation, with p. rep-
resenting the critical density defined in 1.1.13 and M), is the Planck mass. It is possible to rewrite

equation 1.1.11in a different way, using the definition

A

= 1.5.1
PA= 387G (151)
so that one gets
i 871G
<a> = _T(P+PA)- (1.5.2)
Let us take a look at the dimensions ' .
[A] = Lz] =1 (1.5.3)
which is the inverse of a squared length. As for the Newtonian constant
GM?
2= force (1.5.4)
so that in natural units MLl 2] [ 2]
M||L||T—=||L 1
= = . 1.5.
Recalling Einstein action
S = 167G / d*xR (1.5.6)
where R is the scalar curvature. Dimensional analysis gives
1
5] =1 = [G)l4*]IR] = (6] (P = [G] = (M2 (15.7)
If we consider this and recall the dimensions of A, one finds that
loal = 22| = [M)2 x [M]2 = [’ (158)
8tG o
which is what we expect for a potential; recall indeed that
[ / d4xV(cp)] = [1] = [V] = [M]*. (1.5.9)

We could think to split A into pressure and density terms. In order to do so consider equation
1.1.12

i 4nG A
(a> = TC+ap)+ 5. (15.10)
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This equation has a static solution given by

A 4
— = —-7tG[pa + 3pa] (1.5.11)
3 3
which, if we use the definition of p, to rewrite the term %, can be rearranged as follows
8 4 4
giving
4ntGpp = —4nGpp (1.5.13)

from which we find the state equation for the cosmological constant

PA = —PA- (1.5.14)

Equation 1.5.14 is a particular case of the general state equation p = wp and is useful if we want to
treat A as a fluid. It is possible to introduce a source term for the cosmological constant in the Einstein
equations. We need to define Th pv,and we set

Ag uv

Aguy = B8TGTApv = Tapv = 871G

(1.5.15)
It is possible to define (), and ()5 as we did for ()9. Reconsider Friedman equation at present time
k8 A
H§ +— = z7mGp+ 7. 1.5.16

To determine p. we required a flat (k=0) Universe without A, then

3H?
and
Qo = 20, (1.5.18)

Similarly we can replace the curvature and cosmological term respectively with (), and ), in the
Friedman equation,

8
H? + H2Qy = 37GPo + H2O, (1.5.19)
having defined
_ _k
= Gm
Qp = ﬁ
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If we then replace pg using the definition of )y we can rewrite the Friedman equation as

H? — H3Qy = H3Q + H3Qp (1.5.20)

from which follows the dimensionless form of the Friedman equation, which describes the cosmic
dynamics
O+ QA+ =1. (1.5.21)

1.6 Inflation model

1.6.1 Flatness problem

The standard cosmological model presents some problems, since some initial conditions should be
placed by hand and since it does not give an explanation for some problems such as flatness or the
problem of the horizon. A. Guth proposed in [5] a short accelerated expansion phase started 1073°
seconds after the Big Bang and ended 10732 seconds after the Big Bang. Let us consider the Friedman

equation, with vanishing cosmological constant 1.1.10

. 2
Hz(t) _ <Z§2> — %P(t) — ZL (1.6.1)

and introduce the variables Q)(¢) defined 1.1.15. Equation 1.6.1 becomes

k

— = — ~ 72’
Q) -1 200 a=2(t). (1.6.2)
The last measurements ([6]), tell us that
|Q(to) — 1| = 0.000 + 0.005 (1.6.3)

this is equivalent to saying that the Universe is essentially flat. Taking the 1.2.15, we substitute
w = p/p, obtaining
_3(142
p(a) ~a 3(””). (1.6.4)
Insert this one in 1.6.1 , with k=0, one gets

13



.\ 2
e <a> ~ o = g -3050) (1.6.5)

a
1 da 7314»771]
= daa’? ~ dt, (1.6.7)
which for w # —1 gives
a(t) ~ t3@ T b, (1.6.8)
In particular
b= 2 B % matterw =0 (1.6.9)
3(w+1) % radiation w = %, h
while for w=-1
a(t) ~ e"Or, (1.6.10)

Let us get back to 1.6.2 and let us compute the evolution of |Q)(ty) — 1|:

r2(1-B)

1Q(to) — 1| ~a 2(t) ~ 5 (1.6.11)

If we consider only a matter or radiation-dominated Universe then f < 1, s0 1.6.11 is a function
that grows with time.
The ratio of the density of the Universe calculated at Planck time and at the present era gives

Q(ty) —1] 107

~ — 1060
() —1] ~ 108 10 (1.6.12)

Since we know that [Q(#9) — 1| < 1073 i.e. the current density differs from the critical one by one part
over a thousand, one finds that
|Q(t,l) — 1] S 107 (1.6.13)

namely, the density of the Universe after the Big Bang differs from the critical one by one part over
10793, This is equivalent to say that the Universe is almost flat. This requires this value to be fixed ad
hoc. A phase of the accelerated expansion of the primordial Universe that causes the critical density
value to fall would solve the problem. From equation 1.6.11, you can see that for § > 1, you get a
situation like that:

|Q(t) —1| =0 (1.6.14)

independently on the initial value of |Q(f) — 1].
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So, the ideal situation requires > 1.
i=BB-DtF2=i>0 (1.6.15)

which corresponds to an accelerating expanding phase of the Universe.

1.6.2 Horizon problem

This problem has to do with causality and signal propagation speed. According to WMAP and
PLANCK ([7],[8]) data, the visible points in the sky are at the same temperature unless there are 1073
anisotropies. Be dp(t,t;) the particle horizon of a photon emitted at ¢; and received at t time. By
definition d (¢, t;) is the maximum distance that allows a causal relationship between two points

Eoar a(t)

tﬁ@iﬁzd@%ﬁaw)zl_ﬁﬂkﬁ—ﬁ%) (1.6.16)

having combined 1.0.5 and 1.6.8

For a radiation or matter-dominated Universe < 1; in the limitf —1 — 0

at)yt=f B 1
=B T 1-pH{ (1.6.17)

Which is a finite value. So the signals can’t propagate beyond dp. Therefore some regions of the cosmic

dH(t/ tl) —

background radiation that cannot be causally connected. It therefore becomes difficult to explain the
small Cosmic Microwave Background (CMB) anisotropies. If we assume an accelerated expansion
phase, i.e. B > 1, namely in terms of scale factor [4]

i>0 (1.6.18)
dH(t, fi) —> 00 (1619)

1.6.3 De Sitter solution

Let’s try to find the simplest example of an inflationary model. We consider as a source a perfect
fluid to which we associate the state equation

p=—p. (1.6.20)
The equation of motion 1.2.10 becomes
p=0 (1.6.21)
namely
p=—p=—-A (1.6.22)



The energy-momentum tensor assumes the form
T, = —pd, = NS, (1.6.23)

It is immediate to note that the tensor energy-momentum has the same form that it would assume if
one considers a contribution given by the cosmological constant, that is, vacuum energy. Therefore we
can interpret the cosmological constant in this way:.

So let us consider a scalar field ¢ and its potential. If we consider a stationary point ¢y of the

v
— =0. 1.6.24
@)l a2

This way the energy-momentum tensor assumes the form given in equation 1.6.23 and the Friedman

potential V

equation in 1.1.10 becomes
8

a2 = gnGA2 —k (1.6.25)
which for k=0 is straightforwardly integrated
1/2
a(t) = eflat, (1.6.27)

This solution is based on a geometry given by the following parameters

H= % — Hy (1.6.28)
H=0 (1.6.29)
g -2 (1.6.30)

which doesn’t have ant particle horizon as one can immediately verify applying the definition, but has

an event horizon given by

d,(t) = efin! / e Hat gy — 1 (1.6.31)

t Ha
The form of a(t) in 1.6.28 is sufficient to satisfy the condition of inflation. Indeed the exponential form
in the scale factor means that it can increase of may orders of magnitude.

It is now necessary to define a parameter that tells us how much inflation is needed, i.e. how long a
phase of de Sitter’s inflationary expansion must last. So let us define the so called e-folding number

N =In <”f> (1.6.32)

a;
To quantify how much inflation is needed, let’s consider the e-folding number and the problem
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of flatness. Recall that radiation domination characterized by f = 1/2 began at the end of inflation,
namely t ~ 103 and ended at 10'2s; while matter domination characterized by g = 2/3, began at the
end of the radiation domination and lasts nowadays namely, 10Y7 s.
We can now assume that the density of the Universe at the beginning of inflation is of order 1. Recalling
the relation

1Q(t) — 1] ~ 20F) (1.6.33)

we can go backward in time and find |Q(¢ £)— 1| at the end of inflation, where ¢ 7 0s the time at the
end of the inflationary expansion.

|Q(tf) — 1] ~ 107, (1.6.34)

Now recalling that during the inflationary expansion H(t) is a constant, then

Q) =1 ~a? (1.6.35)
SO ,
a
() 10-26 (1.6.36)
ﬂ(t,‘)
which in terms of N can be recast as
ar
N =1In — | ~ 60. (1.6.37)
1

026

This means that the scale factor should has increased during inflation of 10-° orders of magnitude.

1.6.4 Slow roll models

De Sitter’s solution provides a proposal to achieve inflation. It has not yet been specified how
inflation ends. In fact, this phase of accelerated expansion of the Universe must somehow find an
exit, such as to induce a phase transition in the primitive Universe, in order to land in the Universe
described by the standard cosmological model. To do this it is necessary to introduce a field, so called
inflatonic and replace the energy density with a potential . A field that is governed by a potential
that makes it "roll" slowly towards a minimum, corresponding to the reheating phase of the Universe,
realizes an ideal situation of exit from inflation. From here the models called "slow roll" are born. The
simplest model that realizes this scenario is that of a scalar field coupled with gravity.

This scalar field , called inflaton ,is coupled to gravity, and the action that governs this field is

2
5= % /d4x (\/ng + %VWVV(;) + V(<p)> . (1.6.38)

¢ has dimensions of a mass

9] = [M]. (1.6.39)



Varying the action S with respect to the metric , one gets the field equation

1 1
G = 31z |79 = (3007 +V0)) |

(1.6.40)

Notice that the r.h.s. member of the last equation is the energy-momentum tensor of the scalar field

_ 2 o5m _ o (Live)
TP’V - \/—785gw - VH(PVV(P uv <2(V¢) + V(‘P))

and Sy is the action associated to the scalar field

Sp = [ dxy/~g Gv,@vvqb + V(¢)> .

Varying S with respect to the scalar field ¢ gives the equation of motion for the field

where 3V

Recall that in a curved space-time

1
VIV, = ﬁau(\/jggwavfp)-

(1.6.41)

(1.6.42)

(1.6.43)

(1.6.44)

(1.6.45)

We now want to find solutions for these equations, restricting ourselves to the case of a geometry

described by FLRW metrics. We consider the synchronous gauge, in which the FLRW metric is

ds? = dt* — a*(t) |d’x|.
In this metric equation 1.6.43 assumes the form

¢ +3H¢? + V, = 0.
While the non-vanishing components of the energy-momentum tensor are
0 Lo
To =pgp = 59" +V(9)

and 1
Ty = py = 5‘152 - V(o)
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(1.6.47)

(1.6.48)

(1.6.49)



giving the state equation

12
5 %4
wy = M (1.6.50)
292 = V(9)
In this context the Friedman equation 1.1.10 becomes
1 (1.
H> = _— [-¢*—V(p)]. 1.6.51
These two combined together give
i 1 .
—=—— ($* = V(). (1.6.52)
a  3M3

According to the last equation i > 0, which stands for an accelerated expansion of the Universe,if
V(¢) dominates over ¢?2.

If we have the condition .
V(p) >> 5432 (1.6.53)

then pressure and energy density for the inflaton become respectively
p~V(p) (1.6.54)

and
pr—=V(¢). (1.6.55)

Under these conditions the behaviour of the inflaton field is the same as that assumed by the
cosmological constant. In this way we obtain de Sitter’s solution that implies a phase of inflation,
which must be sufficiently long. Therefore this model must make sure that the cynical energy of the
tield does not change so that the potential prevails over it.

Let us consider equation 1.6.47. The second term can be considered to play the role of a damping
term, as if there was a frictional force acting against the motion. If we want to keep the conditions to
have a sufficiently long inflation we need to require that the acceleration ¢ is negligible with respect to
the damping term, namely

|p| << 3H|¢|. (1.6.56)

In this way the field $phi reaches the minimum very slowly, thus generating a sort of very slow rolling,
hence the name slow-roll for these models. Under these approximations we get

3Hp = —V, (1.6.57)

and

H? = V(g). (1.6.58)

3M3
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The requirement that the scalar field does not reach the minimum potential too quickly can be
formalized as follows: let us square equation 1.6.57 and replace it in equation 1.6.58. One finds

2 _ ¢ _Vp (Ve
P = oI 3 ( V) (1.6.59)
so that the condition 1.6.53 becomes
Vp\?
v ) << 1. (1.6.60)
We then define the first slow roll parameter
M2 (Vg2
e=3" <‘j’> (1.6.61)

This parameter is necessary to define the first condition of slow roll inflation: the expanding
Universe is dominated by the energy of the inflatonic potential. The previous condition is recast this
way

e 1. (1.6.62)

It is now necessary to parametrize the damping condition of the inflation phase. Let us therefore
consider equation 1.6.57 and let us consider its the derivative with respect to time and we combine it

with 1.6.58, getting
so that the condition 1.6.56 is satisfied if , defined

V.
n=Mi-22 (1.6.64)
1%
we have
] < 1. (1.6.65)

The conditions on these parameters set constraints on the form of the potential. € and 7 are called
slow-roll parameters.
It is also possible to express the number of e-foldings in terms of potential. In fact, the definition

(1.6.66)
can be manipulated to give

tr g t t
N = / "= [THar =2 [7 VD) Gt (1.6.67)
tp 4 ti Mp £ V(,b((,b)
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which after a change of variable can be rewritten as

1 V(@)

N=—-—— —dg.
M%'% V<P(‘P)

(1.6.68)

This form of the definition of the e-folding number will be useful to analyze explicit forms for the
potential V(¢).

1.6.5 Polynomial potential

A general class of suitable potential sis given by those ones given in the polynomial form

V(p) ~ ", (1.6.69)

with n>0. The other parameters are straightforwardly calculated

“//") — % (1.6.70)
nd Vg _ n(n—1)
Vg (1.6.71)
The needed conditions €, ;7| < 1 for slow-roll inflation are
2
— > 1. (1.6.72)

Mp

This class of model provides a sufficient amount of inflation, in fact the condition on the e-folding
number N»1, is re-expressed as

7AW N ¢ I O S
N =1In <a> =iz /@ AT (M% M%) (1.6.73)

and automatically implies that

¢)2 >> M3 (1.6.74)

as stated before.
In addition, this class of models offers an exit from inflation, provided by the very dynamics of the
parameters that control the inflation phase itself. In fact € and 7 depend on ¢, in particular

1
so as ¢ decreases, the slow-roll conditions for € and # are no longer met. This provides an exit from
the inflation phase.
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The simplest potential model one can imagine is the one given by the term mass

1
V(p) = EmZ(pz. (1.6.75)
We calculate the slow-roll parameters
2
e=n=2 (A;I)p> (1.6.76)

and the conditions €, |57| < 1 to have a slow-roll inflation are translated

¢ > V2Mp = ¢y (1.6.77)
The e-foldings number is given by
(2 )1
N = <2Mp 5 (1.6.78)

1.7 Reheating

Once the conditions for slow-roll inflation are met, the field goes out of the dampened regime
and starts to swing around the minimum potential. The field thus disperses its energy and if there
are couplings of inflaton with other fields its oscillations are damped by the creation of particles
that further disperse the energy. This is the so called reheating phase([9, 10, 11, 12]). Let Iy, be the
decay rate of the inflaton field and let H,sc be the value of the Hubble parameter at the end of the
inflationary period. The process of energy-loss due to particle production which causes the damping
can be described by the equation

¢ +3Hp+Ty+ Vy(p) = 0. (1.7.1)
Multiplying the last equation by % and using equation 1.6.48 we can rewrite
g+ (B3H +Ty)¢* =0. (1.7.2)

We know that for a simple harmonic oscillator the average of the kinetic energy is the same as the
average of the potential energy, so we can write

267 = (V@) = S (o) (173)

so equation 1.7.1 can be rewritten



From now on we will denote (po4) as py. Now we can distinguish several cases

ot < qul, there is no sufficient time to create new particles so the previous equation can be
reduced to
Py +3Hpy =0 (1.7.5)

which is exactly the same equation valid for energy density conservation during matter domin-
ance

ot~ I’(;l, now particle production is possible, starting the reheating phase of the Universe and

we have

_E N+ZN Ta (1.7.6)
Po= 30 \"BT g ) R v

where obviously Tk is the reheating temperature Np and Nr and are respectively the number of

boson and fermion species.

One can try to calculate Tr. So let us define a mass scale M such that
pp = M* (1.7.7)

at the beginning of inflation. Since during inflation py doesn’t change, because V (¢) stays rather flat,

we can write that

8 M*
2 _
so the period of oscillation is
1 3 1
tose ~ =—— =1/ s—Mp—. 1.7.
osc H,.o \/;MP M2 (1.7.9)

Recalling that py varies with time in matter-dominated phase we are allowed to write

pp(T,")  THM3 (1.7.10)
P(])(tosc) N 87Ttosc o

and finally

45 !
= — T'yMp. 1.7.11
<H7T3(NB+ZNP> Pr ( )

Another important example of inflation potential comes from the hypothesis that he inflaton is an

axion. In this case

V(ip) =W [cos (?)] +1. (1.7.12)
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Chapter 2

Brief review of thermal field theory

Before we begin we present the outline of this chapter. We will briefly present a review of quantum
statistical mechanics. We will first focus on the treatment of quantum statistics for bosons and fermions,
for this we will follow the treatment in [13]. Next we will expound briefly on thermal field theory and
how it is possible to consider a thermal bath for a system of non-interacting particles through the path
integral formalism, until we arrive at the definition of the free energy function for a scalar field and
derive from it all relevant thermodynamic observables. The same procedure, discussed in detail from
the mathematical point of view, will also be treated for the case of gauge bosons and fermions. Later
we will see how this formalism can be traced back to the more general formalism of Green’s functions,
and we will follow the discussion in [14]. Finally we will apply the tools of thermal quantum field
theory to the case of a specific effective potential of a ¢* theory. We will evaluate, in this application,
the thermal contributions given by the potential and the conditions that must occur for the system to
have a phase transition,as discussed in detail in [1]. The chapter concludes with a brief discussion of
some formal arguments that will be applied to the phenomenon of Bose-Einstein condensation of a
neutral scalar field, for which we will follow [13] . Let us consider a grand canonical ensemble for a

system in thermo-dynamical equilibrium and define the fundamental object
p = exp[—B(H — im;N;)] (2.0.1)

called density matrix operator. N; is the particle number operator, and y; is the chemical potential.
The index i runs over several possible particle species. The density matrix p is used to compute the
average of physical observables. So let us suppose we have an operator A, then

A= (A) = (2.0.2)

where of course Tr means that we must perform the trace. The partition function is so defined
Z=2Z(V,T, 1, uz,..) =Trp (2.0.3)
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and it is used to calculate all the other thermo-dynamical variables. So we have for pressure, number

of particles, entropy and energy respectively

~J(TInZ)
P= S (2.0.4)
_9(TInZ)
Ni= S5 (2.0.5)
~ d(TInZ)
S — 7 (2.0.6)
E=—-PV+TS+ ]/liNi- (2.0.7)

2.0.1 Single-particle boson system

Let us consider a system consisting of bosons occupying various states; each state has energy
w each state can be occupied by an arbitrary number of particles. Let’s assume that there are no
interactions between these particles. We can think of this system as a collection of harmonic oscillators.
Let us denote the system with n particles with |n) and let |0) be the vacuum state. The orthogonality

relation
(n|n") = Sy (2.0.8)
and the completeness
Y |n) (n] =1. (2.0.9)
n=0

ust be satisfied. Let us now introduce the creation and annihilation operators, whose action on the
eigenstates of the systems are respectively

atlny =vn+1|n+1) (2.0.10)
and
alny =+nin—1). (2.0.11)
If n=0 then we have
a|0) =0. (2.0.12)
The number operator N is defined
Nin) =a'a|n) = n|n) (2.0.13)

so the commutation relation between a and a' is

[a,a"] = aa" —aa = 1. (2.0.14)
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Any other state can be created by repeatedly applying the creation operator

) = jmw*)" 0). (2.015)

Now we need to write the Hamiltonian for this system so that we can replace it in the definition of
the partition function and then all the other thermo-dynamical observables. From non-relativistic
quantum mechanics, we can write the Hamiltonian for this system of bosons.

_1 tot too 1\ (]
H—§w<aa +aa)—w<aa+2>—w(N+2>. (2.0.16)
The last term can be neglected since it represents the zero-point energy. Replacing 2.0.16 in 2.0.3 one

finds

Z — Treflg(HfﬂN) — Treflg(wfy)N

[ee]

ZZOHe’””N!n Zeﬁ“” (2.0.17)
n=

S S

1 — e~ Blw—p)

so, the mean number of particles can be written as

1

From 2.0.18 it is possible to find the classical limit for

N <<1
which means that
T<<w-—pu
, and then
N = e Plo—n), (2.0.19)

2.0.2 Single-particle fermion system

The previous discussion can also be extended to the fermionic case. Such systems are called Fermi
gas. Fermi-Dirac statistics prevent more than one fermion from occupying the same state, so the only
states allowed are (0| and |1), so denoting with ' and with « the creation and annihilation operators
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we have

at|0) = [1) (2.0.20)

at[1) = |0) (2.0.21)

a[1) = [0) (2.0.22)

«|0) = |0) (2.0.23)

and the number operator is defined
N=au (2.0.24)
so that

Ni|n) =n|n). (2.0.25)

Creation and annihilation operator for fermions satisfy the anti-commutation relation
{a,0’} =aa" +afa =1 (2.0.26)

and the Hamiltonian assumes the form

H= %w(a*a —aa’) = w <N — ;) . (2.0.27)

The same consideration made previously for bosons can also be made in the fermionic case.

Again we can now replace the Hamiltonian 2.0.27 in 2.0.3 and one finds

Z — Trefﬁ(nyN) — Trefﬁ(wfy)N

= (2.0.28)
1
= Z efﬁ(wfy)n = 1 + ele(wfl’[)
n=0
so the mean number of particles in the fermion case is given by
N = 1 +1 (2.0.29)
e Blo—w) T o

Again, it is possible to find the classical limit for
N <<1

which means that
T<<w-—pu
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, and then
N — ef.B(wfl'{)_

2.0.3 Gases in a box

(2.0.30)

Let us now consider a gas in a cubic box with side length L. Let us wait for the thermodynamic

equilibrium to be reached. At this point we can treat the gas as if its particles do not interact with each
other. We now impose the boundary conditions: the wave function of the particle vanishes on the

boundary of the box and, called A the wave length, we have

/\x == 2_7L
Jx
A= 2L
Jy
A= 2L
Iz

where jy, jy, j are integer numbers, and for the momenta

_on
px )\x
, 2
Y )\y

o
pz—/\z‘

For each mode we have an Hamiltonian, so indicating with j
i= (jx/jy/jz)

the total Hamiltonian is

and the number operator
N=YK.
j

and the partition function

Z = Tre PH-1N) — T TrePHi 1Y) =TT z;.

j j
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(2.0.31)
(2.0.32)

(2.0.33)

(2.0.34)

(2.0.35)

(2.0.36)

(2.0.37)

(2.0.38)

(2.0.39)

(2.0.40)



If we want to calculate all the thermo-dynamical observables we nee the In Z

In Z = i i i In ij:jyrjz' (2041)

r=1jy=1j=1

If we consider the limit L = oo, we can replace the discrete sum with an integral

L3 00 1) o
1nz_?/0 d\pxy/o d|pyy/0 d |p-In Z(p). (2.0.42)

If we extend the integration interval from —oo to co and we divide by two, one gets

ln—V/

Replacing the form of the partition function Z one gets

InZ = V/

with the plus sign for fermions and the minus sign for bosons. So the computation of thermo-

sIn Z(p (2.0.43)

+1
< In 1j:e Blo- M) (2.0.44)

dynamical observables is straightforward

p— I In Z (2.0.45)
N=V / eﬁw o (2.0.46)
E— v/ eﬁw s (2.0.47)

Explicit expressions for P in some limit-cases will be given in section 2.1.

2.1 Brief review of thermal field theory- Path integral approach

In order to consider possible sequences of symmetry breaking leading from the GUT group to
the current Standard Model structure, it is necessary to consider finite temperature effects. In fact
the minima developed in the context of a null temperature field theory could be deeper than those
developed by a null temperature theory. We consider the hypothesis that the Universe then goes
through a sequence of symmetry breaks as it cools down, through phase transitions. The succession of
these phase transitions greatly influences the structure of the primitive Universe.

Let us consider one of the most important tool of statistical mechanics, the partition function Z
Z = Tre PH 2.1.1)
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where H is the Hamiltonian operator and 8 = (kgT)—1, with T temperature and kg is the Boltzmann

constant. From now on we shall consider natural units for kg, so
B=~—. (2.1.2)

The operation of trace means that we compute the sum over all independent states. From Z we can
define other thermo-dynamical potentials like the free energy F

Z =e¢ P (2.1.3)

Recall the usual relations between several thermo-dynamical quantities

F=E-TS (2.1.4)

oF oF
P__W = -7 . (2.1.5)
(2.1.6)

where E, S, P and V are respectively internal energy, entropy, pressure and volume .

If we divide 2.1.5 by the volume we get
p=F+Ts (2.1.7)

where p, F and s are respectively, energy density, free energy density and entropy density with the
definition

E= / Pxp. (2.1.8)

The simplest case to consider is the Lagrangian for a scalar field, (which could for example play the
role of an inflaton field). This field could contribute to the partition function. So let us consider the
lagrangian density for such a field

1/9p\> 1 1
£<¢,ay¢)=2<a‘f> = 5(V)? = Sm¢™. (21.9)

As usual in the formalism of finite field theory, scalar fields are replaced by periodic fields ¢(7,x),
where
T=1t (2.1.10)

and we impose the boundary or periodic conditions

$(t=0,x) = ¢p(t = B,x). (2.1.11)
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The partition function assumes the form
(2.1.12)

2=86) [,,,, 0 ||| o [ £xei0d0)]

recall that in this context 3
oup = (iaf’w’) (2.1.13)

and that N(B) is a temperature-dependent normalization constant. The integral in 2.1.12 is Gaussian,

therefore it can be computed exactly, so completing the square,
- : p p -
Z =N(B) / , D¢ exp <—;/ dr’/d3x’/ dr/d3x<p(x’)A(x/,X)q>(X)) (2.1.14)
periodic 0 0
where we put
A(%,x) = (=0,,0" +m*)6(% — %) (2.1.15)
From gaussian integral
Z = N(B)exp (—Tr lnA> (2.1.16)

The periodicity conditions 2.1.11 allows us to express the field ¢(x) through Fourier transform
(2.1.17)

By it ioxn
n)3e TP p(wn, p)

#0-52/ 5

where w;, are the Matsubara frequencies for bosons and are defined by
w, = 2" (2.1.18)
p
with integer n. Now we simplify the notation using

p = (iwn, p) (2.1.19)
p-X=wpT—PpP-X (2.1.20)
7 = —(w? + p?). (2.1.21)

We also expand the §(¥’' — %) distribution and the operator A (&', x)
1 a3 p o -
5(F — %) =~ / ~ip-(¥—3) (2.1.22)
T0=5L ) oy
(2.1.23)




Thus we can calculate

Trin A = /d"f/d312/ pln —p? + )

(2.1.24)
_/d3x2/ p In(wy, + p* +m?).
Now we still need to calculate the sum over the Matsubara frequencies, the result gives
dp
TrlnA:/d3x/ {ﬁ\/p+m2+21n[1—exp<—ﬁ p2+m2>]
(27r)° (2.1.25)

+ \/p? + m? + constant}

And finally we can use this result in 2.1.16
—BF=InZ = /d3 / r; <’§\/p2 + m? +In[1 —exp< B p2+m2>]) . (2.1.26)

If the mass parameter in 2.1.26 is small when compared to the temperature (namely f~!),which

correspond to an ultra relativistic Bose gas, the previous integral is very easy to compute, so one gets
all the thermo-dynamical functions, such as the free energy density

2 T4
]-'——90[34 =50 (2.1.27)
when T >> m.
Consequently the free energy is
F— / PxF (2.1.28)
the pressure, for ultra-relativistic bosons
2T
P = 212
the entropy density is given by
272 T8
= 2.1.
S 15 (2.1.30)
and the energy density is
2T
= 2.1.31
=3 (2.1.31)



2.2 Partition function for gauge bosons

We continue the discussion by considering the partition function also for the case of gauge bosons,
for which we have the function Z

z =[NP

periodic

p
DA”/ Dny*Dy x exp/ dT/deﬁ(AZ’,na) (2.2.1)
periodic 0

where 7 represents the ghost and d is the number of gauge fields. We consider an Abelian case, and
we consider a free-field limit,i.e. g — 0

Z= [N(ﬁ)]z"lc/ DAV/dJZ (—115?‘“1:"#,/ — 1(3HA”)2> / Dy* Dy x exp/exp/da?é*ﬁ”;y
periodic 4 20 periodic /
(2.2.2)
with
F'V = gt AV — 9V A* (2.2.3)
and

/ dx = /0 ’ dt / dx. (2.2.4)

So, inserting the explicit form of F/¥

Z = [N(B)]*¢ / DA" exp 1 /daz’ / dx A, (x)B" (%, %) Ay (%) X /
periodic 2 periodic (225)
Dy*Dny X exp — /df'dfq*(f’)C(f’,f);y(f)
where
B"(x',x) = (g/"07,0px)8(X — %) (2.2.6)
and
C(x', %) = 9,0,:6(% — ). (2.2.7)
After the Gaussian integration the result is
= [N(B)]* exp (—;Tr lnB) exp(Tr InC) (2.2.8)
In order to find the In B it is convenient to Fourier transform
B! (¥, e P s [P — p ) + TP (229)
and now we take the trace of the In
Tr InB = 5 /d Z /d%cz/ ). (2:2.10)
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The same procedure can be applied to C

3 o
C(¥,%) = [13 / zy” / (;Zn’;ge”"(x —0p (2.2.11)

taking the trace

(wi +p?). (2.2.12)

Replacing all these results in the expression of 2.2.2 gives

= [N(B)]Zexp <—/d3x2/ 21n (w2 +p )) (2.2.13)
In the end we find the free energy
T4
= 2. 2.2.14
F 27 % ( )

2.3 Partition function for fermions
We can extend the previous discussion to the case of fermions and calculate their partition function.

In the case of fermions we must remember that they possess the property of being antisymmetric on
the period of the wave function 1, that is

P(t=0,x) = —¢(t = B,x). (2.3.1)

Let us start from the partition function expressed in the form

_ .ﬁ .
Z=N'(B) / o DDV P /O dt / PL(y). (232)

A fermionic wave function can be expanded

— 1 dS 71".32 —
(%) BZ / PE(p). (2.3.3)

In the fermion case the Matsubara frequencies w,, are given by

w, = T (2.3.4)
P
The Lagrangian used to derive the partition function is
L() = $(x)(iv"0 — m)p(x) (23.5)
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Z=N'(g) = / o DDV P (— / dx / dx&(:?’)D(aE’,xﬁp(x)) (2.3.6)

where
D(x, %) = (i7" + m)d(x’ — x). (2.3.7)

Using the Gaussian integration one finds

Z = N'(B) exp(Tr InD). (2.3.8)
Again we Fourier transform
_ 1 d3p - _
7 7 — — ip-(%'—x(_
D(x',x) 5 En / (27_[)3e (—¢ +m), (2.3.9)

so taking the trace of the In

B 3
Tr lnD:/ dT/d3x12/ d p321n(m2—p2)
_2/0132/ 3 In (] +p +m)
(2.3.10)
_2/d3xz/ 3{5m+21n[1+exp< B 2+m2>]
+ (\/}m) — independent constant}.

Replacing this in the expression the the partition function one finds

—,BlenZzZ/d3/ <§;’;3{ﬁ,/p2+m2+21n[1+exp<—/3 p2+m2>]} (2.3.11)

which, for T > m, gives

T4
F=-7n"— 2.3.12
180 (2312)
Finally we can summarize the result of the previous sections: for an ideal ultra-relativistic gas(T > m

the free energy density is

(Np + ZNr)
F=-mT—_5 2.3.13
e % ( )
with Np and Nr respectively number of bosons and number of fermions, the pressure is
7
p— ot Ne+ 5NF) (2.3.14)

90 ’
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the entropy density is

Np+ 3N
S = 2712T3(BZ58F) (2.3.15)
and the energy density is
Np+ ;N
p= 712T4(B§08F). (2.3.16)

2.4 Temperature-dependent Green functions and generating functionals

In this section we will try to extend the concept of Green’s function to the case of systems immersed
in a thermal bath. We then consider the following general Green’s function expressed via the field
operators ¢, functions of T

GN (%1, . 2n) = (Te(§(21)--p(2n))) (24.1)

where as usual
% = (—it, x) (2.4.2)

and T, stand for ordered product according to increasing values of 7.

The expectation value (...) is calculated

(T30 (o)) = TP 4

Let us consider the specific case of gW) (%1, %) and let us consider an operator A expressed in the

form
A= / Pxd?(t = 0, x). (2.4.4)
Its expectation value is
- Trle PR [ Bx?(t =0,
(Ay = T Pt = 0,2)] (2.4.5)
Tr[e=PH]
Let us now consider now
lim /d3xg2 Jf 3? fdngr[eﬁHgi)(Tix)gi)(T/x)]
=1t x'—x Tr[efﬁH]
. (2.4.6)
[ dxTr[e PH$2(0, x)]
Tr[e—PH]
so we have found that
lim / PrGA(#, 7). (2.4.7)
T’—>T+ x'—x
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In the field theory language the Green functions can be expressed as

Jyeriogic D9 J DT@(51)..p(5n) exp [ dr [ & (im3h —H)

GN (%1, ... TN) = (2.4.8)
.0
fperiodic D¢ [ Dt exp foﬁ dt [ d®x (ma—f — H)
We can also introduce the generation functional
- ferio icD¢ fﬁfd?)x(ﬁ(qb/é ¢)+]¢
W] = 2 (s ! ) (2.4.9)

fperiodic D(P exp (foﬁ dt f d3x£ ((P’ él‘(lb))

which can be used to generate all the temperature-dependent Green functions through functional

differentiation _
SNW(J]

0] (%n)--0] (%1) ’,:o

As regards the generating functional for connected temperature dependent Green functions, it can be

GN(x1, ..., TN) (2.4.10)

defined as
W[j] = XVl (2.4.11)

L. SN XJ]
GN (%1, s IN) = 12 = 2.4.12
e ) = ) 01 G -
2.4.1 Scalar field case
We can now consider the specific case of a field theory containing scalar fields
- D —3 [dx [dxpp(x)A(X, xp(x) + [dx](x)¢(x
WO[]] — f (P eXp( 2 f f 14)4_)/( )_( - 4)( _2 - f - ]( )(P( ))) (2413)
fperiodic D(P (_idx fdxq)(x )A(x ,X)(P(X))
where
A%, x) = (=0,,0" +m*)5(% — x). (2.4.14)
Using path integral integration we get
WolJ] = exp <—; / ax’ / 5] (2)Ap(F — %) ](x)) (2.4.15)
where Ap(%' — %) is defined as
Ap(¥ — %)= -A"Y%,%) (2.4.16)



which can be found by Fourier transforming

=i

3 o _
Brlx 1) = ;Z/ (;lnl;se”"(" ) Deltag (p). (24.17)

2.4.2 Effective potential at finite temperature

We now consider a classical field ¢.(%) that can be extracted from the generating functional of
connected Green’s functions in the following way

¢c(x) = 31 (% (2.4.18)

~—

The thermal average, (i.e. the expectation value) of the field ¢(x) in the presence of the source term J is
calculated as

SWIJI
6] (x)

Using the definition of the generating functional for connected Green functions one finds the calssical

= (p(2)); (2.4.19)

field ¢.(x) expressed as
¢c(X) = ((2))1/ W] (2.4.20)
If the source is switched off

Pc(%) = (¢(X)) for] =0 (2.4.21)

and

7 2 (2.4.22)
~ Tr[ePH$(0,x)]/ Trle PH]
and combining the last two equations one finds
¢c(%) = (¢(0, x)). (2.4.23)

So it can be concluded that for zero source term the classical field ¢.(x) is the thermal average
value (¢(0, x)).
The effective action is given by

Plge) = X] - [ d2)(2)g(5) 2424

and we could perform an expansion getting

Tp] == / dx (—V(cp)c + A(g) )Cé#(pcéf*q)c + ) (2.4.25)
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where the first term in the expansion is interpreted as the effective finite temperature potential V(¢,).

But if the classical field has no dependence on space or on 7 then the source term is reduced to

av
=] 2.4.26
W= (2426)
which for switched off source gives
dv
=]=0 2.4.27
=) (2427)

which means that if we want the expectation value of the field operator we just need to minimize

the temperature-dependent effective potential.

2.5 First order phase transitions

We now try to give a more explicit form to the temperature-dependent effective potential, consider-
ing both the contributions given at tree-level and at one loop. First we write the temperature-dependent

effective potential as the sum of the tree-level and one-loop contributions
V(pe) = Volge) + Va(¢pe) (2.5.1)

and we could further separate the one-loop contribution into two terms, respectively at zero

temperature and at finite temperature
Vv + VI (2.5.2)

The complete Lagrangian with scalar fields, fermions and gauge bosons is

. 1.4 L. 1. -
Louad(pe, ) = —§[M§(¢c)]ij4>i4>j + E[M%/(¢c)]abA5Aby

N o 1= .=, -
= [ME(9e)]rsrips + 59uid"

1. i : i (2.5.3)
— Z(aﬂAg — 0" AY) (0 Ava — 0y A™)

1 - -
- f(auAZ)Z + 9u11,9" 14

where ¢., ¢; and 7, indicate respectively the set of average values of the scalar fields, the shifted
scalar fields and the Fadeev-Popov ghost fields.
Using a matrix notation we indicate the mass-squared matrices with M2,M? and M2 whose eigen-
values are respectively (M32);,(M%), and (M%),. We can now give the expression for the one-loop
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temperature-dependent term of the effective potential

4

Vi (¢c) = ZT? /Ooo dyyz{zizln [1 —exp <— y2 + T—Z(Mg)l)]
+ Z (3 In [1 —exp (—\/y2 + TZ(M%,)Q)} —In(1- e—y)> (2.5.4)
—4;11& [1 + exp <—\/y2 + TZ(M%),>] }

This expression could be simplified. We could first consider the limit in which all the mass matrices

eigenvalues are much bigger than T?; in this case V}| goes to zero exponentially because all of its terms
goes to zero. The other approximation one could use is the high temperature limit in which T? is much
larger than the eigenvalues ; so we first notice that

T % e 2 -2 =
27{2/0 dyy”In [1—exp (—\/y +RT >] =

_ T RT?2_RET R (R
90 24 12 64m® \a,T2 (2.5.5)
R &, _,C(2i+1)( R Y\
—— =Y (~1
TG l;( ) (I+1)! <47‘[2T2>
with 5
a, = 167 ln<2 — 27E> (2.5.6)
and
In a;, = 5.4076. (2.5.7)
Similarly
4 ©
2T7T2/0 dyy? In [1+exp <—\/3m>] —
_ 77T N RT?> R (R
720 48 642 \asT? (2.5.8)
R> ¢ 10(21+1) 211 1 R\
—— Y (-1 -2 r L O (O
16715/2 g( ) (I4+1)! ( ) <l+2> <4712T2>
with
3 a
_ 2 o _ M
ag =7t ln(2 275) 16 (2.5.9)
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and
In a, = 2.6351. (2.5.10)

So finally the finite temperature potential can be written

_ T2 T4 7
W (g0 = =g (Mot G )

Y (ME)i+3) a(Mi)s+ 2Z(M%)r]

=
(2.5.11)

~Ton [;(Mg)i +3 ;(M%/)a

T4 7
= — 90 (NB+8NF>

2

+ ;4 [tr M3 (¢e) + 3trMG () + 2trME ()]

— s V() P2 4 3008 (90) /7).

It is easy to notice that the T* term in the previous expression is just the free energy.

2.6 Temperature-dependent Higgs model

We now exploit the formalism developed in the previous sections to discuss a temperature-
dependent Higgs model containing scalar and vector fields. Let us begin with the finite temperature

Lagrangian

L = DugpDle* — m*p*p — (A/4)(¢"¢)>

1- - 1 - - (2.6.1)
— g FwF" - E(BVAV)Z +0,17% 9"y
with m? < 0 ,and the covariant derivatives defined as
Dyup = (0, + ieA,)¢ (2.6.2)
Du¢* = (9, —ieA,)d*. (2.6.3)

The Lagrangian in 2.6.1 contains the ghost terms in # in order to cancel the contribution to free energy
given by the un-physical degrees of freedom, whose presence is caused by the gauge bosons. We
know shift the scalar field by

P = () (2.64)



and we expand according to

¢ = \15(4% + 1 + i) (2.6.5)

where ¢, and ¢, are the shifted fields. We rewrite the Lagrangian retaining only the quadratic terms

1 - 1 - 1 3A
Lyuaa = E(ay(l’l)z + E(apﬁPZ)z —5 <m2 + 44’§> ¢7
A

1. - e?
2) 2 — P F" 54>3AHAV (2.6.6)

and for the quadratic terms in ¢; and ¢, we can use the notation

. , 31 A
M3 () = t?lmg{m2 + sz, m* + 14)?} (2.6.7)

M (¢c) = 7. (2.6.8)

where e is the gauge coupling constant.

2.6.1 ¢* < A case

We consider the one-loop zero temperature potential term, which is

2
Vo() = 597+ 2ot 26.9)

while the one-loop zero temperature term can be neglected as long as ¢* < A. In addition for high
-temperatures we have

T2 > AP2, P2, —m?, (2.6.10)
so the one-loop temperature dependent correction can be written as

_ 4tT* (A 4 3e2)T? CT
Vi (¢e) = — %0 +( 24) ¢§—7¢§+... (2.6.11)
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where C is defined through

4nC = {trM5(¢e) 12 + 3{tr M5 () /2

2 =2 3A 32 2 2 A 32 3
A 3/2 A 3/2
~ <34) + <4> +3€3

for A¢. > m?. Adding this term to the one-loop zero temperature term the final potential is

_ 472T* 1 A+ 3e2)T? CT A
Vg = — 50+ Em2(T)q>Z + (12)4)2 - 74& + Egbf (2.6.13)

but we can recast this form defining the temperature dependent mass

(A + 362) T2

2(T)y=m?>+—— 71— 2.6.14
w2 (1) = 4 2 2614)
We can minimize the potential )
v =0 (2.6.15)
0P,
and find the solution
¢ =0 (2.6.16)

and this solution is valid as long as the temperature satisfies

T? > T3 = —12m?/ (A + 3¢?). (2.6.17)
But for T < T; where
=17 CZTng JAm2 . A(A " 31e22A)n1212c2 >T5 (2618)
a second minimum arises at
pc=0v(T)=0 [\f§|Tm| + <1 - 3,1"12)1/2] (2.6.19)
with 2|
v= N (2.6.20)



We could also define the mass of the Higgs particle, related to the fluctuations around the minimum

:a<2\7

m3(T) == 507 . = CTo(T) — 2m?(T) (2.6.21)
¢ ¢c=0(T

and in a similar way we could define the temperature-dependent vector boson mass

my(T) = ev(T). (2.6.22)

1/2
Now for T < T; we have two minima, one at ¢ = 0 and the other at ¢. = v(T) = v | S + ( - T—i) .
VA m| T

But if the temperature decreases further the minimum at ¢ = 0 becomes degenerate. This situation is
illustrated in Fig.2.1

De

Figure 2.1 This is the potential for the model we are discussing for e* < A. The curves A, B,C represent
respectively the cases for T > T7,T > T;, T < Tp.

The critical temperature at which this can be found imposing

chT2 = Am?(T) (2.6.23)
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and then one finds
T2 _ —12Am?

¢ 7 A(A+3e2) —32C2/3°

(2.6.24)

If the temperature drops below the critical temperature, the non-zero minimum is global and the
system enters the phase characterized by the spontaneous symmetry breaking. In particular it can be
seen that the value of the field ¢. passes, at T = T, in a discontinuous way from the null value to the
value

¢ = 0(T,) = S;T (2.625)

and this is the signature of a first-order phase transition. Then if we imagine to lower the temperat-
ure , it would fall below T = T and then m?(T) is now negative and the minimum at ¢ = 0 is justa
local minimum. But if C is so small to be neglected, the three temperatures previously defined will
assume the same value, so the system goes through a second order phase transition at T = T¢.

2.6.2 ¢* > A case

Let us now consider the case where the gauge coupling constant is much larger than the ¢* coupling
constant. In this case the zero-temperature one loop correction is not negligible and furthermore the
high -temperature approximation is no longer allowed. So let us first write the effective potential,
including the zero-temperature correction

2 2
V(o) = T30+ 0t + By [ln (;@)] + V1 (¢) (2.6.26)

where M is the renormalization scale and B is defined as

= ﬁ (gAz + 3e4> (2.6.27)
but if A < ¢* then we could simplify
3¢t
~ (2.6.28)

If we do not use any high temperature approximation, the one-loop temperature dependent
correction to the potential can be written

4 )
Vi(pe) = 2T7t2/0 dyyz{ln [1 —exp <—\/y2 +T-2(m? + 3/\4)3/4))]
+1In [1 — exp <—\/y2 + T-2(m? + Ml’?/‘l)ﬂ (2.6.29)

+31In [1 ~exp (—\/yzw—zewzﬂ ~In(1-e ")},
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We now want to find a criterion for whether it is still possible to use the high-temperature approxima-
tion. So, let us first consider the definition of C in 2.6.12, now for ¢* > A we have

3e3
C~ pre (2.6.30)
We insert this in 2.6.24 and we find )
T2 ~ —iﬂz. (2.6.31)
Recalling the definition of the asymmetric minimum in 2.6.25 we now find
¢2 =% = _imz (2.6.32)
We can calculate the vector boson mass
m? = e*v? = _j;ﬂe:. (2.6.33)
So in the end we find that
T2 < m} = e*v? = ifqzé, (2.6.34)
ec A

which means that we can no longer use the high-temperature approximation when we consider
e* > \. We now compute the value of the potential at the symmetric and asymmetric minima.
the symmetric one is ¢. = 0, so that

N _47‘[2T4

26.
50 (2.6.35)

The asymmetric minimum is at ¢ = v. In this case the contribution to V[ (¢.) coming from the
gauge mass field e¢. can be neglected since they are exponentially suppressed. So one finds

_ 22T T2 T 3
Vi (pe = 0) = ==+ 5y (=2m?) — o (~2m?)2. (2.6.36)

The potential assumes the following form

- m* T mPT? T PN
Vige=0) =~ ="z~ — 5 — 1 ("2 (2.6.37)

We can neglect the terms in T? and m> because negligible compared to the terms in T, so one finds that
the symmetric minimum gives a lower value for the potential than the one given by the asymmetric

minimum and this happens for

1
45 \*

This situation is illustrated in Fig.2.2
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Figure 2.2 Development of asymmetric minima. Curves A corresponds to the zero temperature case, B to the
case at T; and curves C and D correspond to higher temperatures.

The phase transition takes occurs at T,y and it is a first order phase transition since the expectation
value changes discontinuously from 0 to v. If the temperature of the system is T < T, a phase
transition cannot occur since it is necessary to break the potential barrier that separates the symmetric
minimum from the asymmetric one.

But, if one considers the radiative correction, it can provide a symmetry breaking as explained by
Coleman and Weinberg. In this case the potential can be written as

2
V(¢c) =B (;vzqﬁ -2 Z quf +¢*In f;) + V(o) (2.6.39)
g1 (2g A
« = 2B (33 8) . (2.6.40)
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The mass of the Higgs boson could be extracted using

d?v

— = 2Bv?(4 —«). (2.6.41)
d¢g ¢C:v ( )

2 _
myg =

In the case of the Coleman-Weinberg model a = 0.

2.7 Bose-Einstein condensation

2.7.1 Neutral scalar field

Before considering the phenomenon of Bose-Einstein condensation, it is necessary to develop some
formal tools needed later. We consider for this purpose the most general Lagrangian for a neutral
scalar field ¢

1 1
L= 20,99 — Err124>2 —U(¢) (2.7.1)
where U(¢) is the potential
U(p) = g¢* + Ag™. (2.7.2)
We define the conjugate momentum
T = £ _ 8747 (2.7.3)
~ 9(dog) ot .
We also need the Hamiltonian defined as the Legendre transform of the Lagrangian
_ 99 _ 151 2, 1 55
H= Ty L= 57 E(V(P) +5m ¢~ +U(p). (2.7.4)
The partition function of the system is defined using the usual methods
N +00 d71;
Z =i [
Nlirlo (E —co 27T periodic (PZ)
N s
exp(Z/d X Z7Tj(§bj+1 —qb]) (275)
j=1

1 1 1
— AT Lnf + E(w:j)z - Emzqaf + u(4>)] })

The integrations on the momentum can be carried on using Gaussian integration, and we divide
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the space into M? cubes with V = L3, so

; NEEAY
A 4 [— (”’) 2.7.6
xexp{ T;/ x5 (L (2.7.6)

- %(VCI’]’)Z - %mch% - u(‘l’j)] }

7 — M}Zi\]rgoo(zn)MSN/Z/ (H _ 1Nd¢i>

now, taking the continuum limit we find

Z=N /p Dy ( /0 £ i / d3x£> 2.7.7)

where N’ is just a normalization constant. The last equation is the the partition function for a
system of neutral scalar field expressed as a functional integral. If we consider a system of non-
interacting bosons, it is as if we switch the potential off, so U(¢) = 0, so the action is

_ [P 5. L P 5 [(0¢)° 2, 2.2
s_/o dr/dxﬁ——i/o dr/dx{<8T> + (Vo) +m¢} (2.7.8)

After integration by parts the final form is

S——l/ﬁd /d3 A (2.7.9)
=72 T X 372 m- | ¢. 7.

We can expand the field ¢ by Fourier expansion

pooT) = \/E Y, L g, (p) (27.10)

n=—oo p

with wy, = 27tnT, because of the periodic condition ¢(x, B) = ¢(x,0). If we now replace the previous

expansion in the expression of the action and imposing that the scalar field is real we find
1 i
S = =38 Y (@i +@")pu(p)¢i(p) (2711)
nop

where w = y/p? + m?.. We also notice that the dependence of the integrand is governed by the
magnitude of the field, so it is useful to define A,(p) = |¢u(p)|-
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Replacing all this in the partition function and integrating out the phase we find

2= NI [ atutp) o | 55 + ke |}

(2.7.12)
= N TR 2w+ o) 2
nop
The partition function could also be reformulated as
1
Z=N / D¢ exp [—2(4;, Dcp)] = N"(det D)~1/2 (2.7.13)
where as usual N” is a normalization constant. D is the following operator:
2 d? 2 2
. The expression in 2.7.13 is derived using the relation
/ dx1..dxge P — 712 (det D)1/, (2.7.14)
We can extract the logarithm from 2.7.12, ignoring the overall constant
1
InZ= —EZZIn[(/SZ(w%+w2)]. (2.7.15)
n.p
Problems arise when we want to deal with sums of logarithms. We can use the identity
In[(27t1)2 + pPw?] = /ﬁzwz a2 In[1 + (27tn)?] (2.7.16)
L 62+ (27n)? o
and 5
ad 1 27 ( 2 )
= 1+ . (2.7.17)
n:Z_:oo nz—i—(%)z 0 e —1

Using the last two equations in 2.7.12 and discarding the temperature-independent term we find

po /11
1nz:_§/1 d9<2+69_1). (2.7.18)

Performing the integration we find

d3p 1
— —ZBw — — e Pw 7.
InZ V/(zn)z[ SBew In(1-ec )] (2.7.19)
which is exactly the same result given by equation 2.0.44 with y = 0. But the last results also include

51



the zero-point energy.

2.7.2 Condensation

Let us consider a system of charged bosons, described by a complex scalar field ®. Consider the

Lagrangian of the system
L =0,D*"® — m*®* D — A(® x D)2, (2.7.20)

This Lagrangian is invariant under a general local U(1) transformation

D — ' = Pe* (2.7.21)

with « a constant. From Noether’s theorem we know that each symmetry corresponds to a
conserved current, so let us compute this current. We apply the transformation but we now consider «
as a local factor, i.e. dependent on a space coordinate

L — L= 0, (D)) (De~ ™)) — 12D*D — A (D" P)?

(2.7.22)
= L+ "D, adtn +id,a (P ' P — P D).
The equation of motion for a(x) is
oL’ oL’
# = —. 272
I d(ota) o (27.23)
But oL
-_— = 2.7.24
2 =0 ( )
so the current "
3(ora) = &*Poya + iP*9, P — iP9, D (2.7.25)
is a conserved current. If we restore a(x) as a constant the current density is now written
ju = i(P*9, P — P9, D) (2.7.26)
so,
d"j, = 0. (2.7.27)
The full current and the conserved charge associated are written respectively
Q = [ dxjo(x). (2.7.29)
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We make the complex nature of the field® explicit, by decomposing

o P1tif) (2.7.30)
V2
We compute the conjugate momenta
m =% (2.7.31)
m = %2, (2.7.32)

We can now write the Hamiltonian of the system

1

H=7 [ +m+ (V1) + (V) + mgf + m?g3] + i)»(qﬁ + ¢2)? (2.7.33)

and the conserved charge is
Q= [@x(pam — gr72). (2.7.34)

Let us define the partition function of the system

P
7 = /Dnﬂ)nz/ Dp1 D x exp [/ dT/d3x
periodic 0

(2.7.35)
X inla¢2 -l-irrz% — H (71, 112, ¢1, ¢2) + P2ty — P1712)
ot ot e
where y is the chemical potential.
We can now integrate out the fields associated with the conjugate momenta and find
Z = (N’)z/ D¢ D,
periodic
x /ﬁdr/dS YL N L VL A 2736
exp ; =5\ 57 ipgy 2\ 37 iugn (2.7.36)
1 1 1 1 1
= 5 (V91)? = 5 (Ve)? = Sy — S — LA (¢] + qb%)z] }

where N” a normalization factor. The last integral, due to the presence of A # 0 cannot be evaluated

by the classical method of Gaussian integration. But let us consider A = 0 and Fourier-expand the
components of @

¢ = V2{cosd + \/EZZ@P'XW"T(PLMP) (2.7.37)
np

¢ = V2sinb + \/E Y ) PO T, (p), (2.7.38)
nop
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where ¢ and 6 are functions necessary regulate the infra-red behaviour of the ® field, i.e. ¢1.0(p = 0)
and ¢o.0(p = 0).(In addition ¢ will be considered the so called order parameter of the system and its
behaviour will give us information about the order of the phase transition we are discussing.)

In this way, the behaviour of the field is consistently determined and this allows for the possibility
of condensation of particles, a fraction of which are in the state at p = 0.
So let us consider the case for A = 0, if we replace the Fourier-expansion of the fields into the 2.7.36

and integrate by parts, we obtain

Z=(N'y? (HH | s (P)d¢2;n(P)> et (2.7.39)
nop
where S is the action
ﬁWﬁ—mﬁﬁ—lzix@ﬂww»@nwm»D(ﬁﬂm) (2.7.40)
25 p $2:1(P)
where , , ,
oo |wytwt = —2uwy

After integration,

InZ = V(42 — m?)Z? + In(det D)> (2.7.42)
and the second term could be recast in the form
Indet D = ln{HHﬁ‘*[(w% +w? — 1)+ 4y2wﬁ]}
P (2.7.43)
= ln{l’IHﬁZ[(w% + (w = p)? }+ln{l'[1’[ﬁ2[<w% + (w4 p)?] }
n p n.p
Replacing the Indet D in 2.7.42
1
InZ = BV (> — m*)Z* — 5 Y Y In{Bw; + (w — )}
"P (2.7.44)

S LTR[04 (w4 )
nop

Recalling the result in the previous equation we find, after the substitutionsw — w —pand w — w +pu
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respectively in the previous equation

3
InZ = BV (3% — m?) 2 — v/ (jn’;

X [/5w +In (1 — e’ﬁ(“’*’*)) +In (1 — e’ﬂ(“’ﬂ‘))} :

(2.7.45)

We first note that the integral is convergent if [p| < m. Furthermore the parameter 6 does not appear in
the final expression of the logarithm of the partition function, in accordance with the gauge invariance
of U(1) of the Lagrangian. Instead, the parameter 6 does appear and can be treated as a variational
parameter. With respect to this parameter In Z is an extremum, therefore

JolnZ

_ 2 2vr
- 2BV (u"—m*) =0 (2.7.46)

and this determines { = 0, unless || = m. In this case we cannot find { through variational conditions.
Instead we note that the charge density is

_Q_T (dlnZ B s B
p_v_v< N > ﬂ:m—zmé +p (B, u=m) (2.7.47)

where \
p= / (2m)3 (eﬁ(wm) — 1 eBlwtm) _ 1) : (2.7.48)

We must now make a few observations: If we lower the temperature to a fixed density p, then u
decreases until it reaches the value y = m. If we lower the temperature further then p* will reach a
value less than p

_p—p(Bu=m)
7= o . (2.7.49)

The critical temperature T, is given by imposing

p=0"(Be,pp =m) (2.7.50)

obtaining , for the non-relativistic particles

27 0 2/3 X
Te= — : 2.7.51
= (em)  pereem 275D
While for the relativistic particles we have
1/2
T. = <i’1’> per o > . (2.752)

The existence of such a temperature tells us that the system undergoes a phase transition. If we
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consider the limit m — 0 then |u| — 0so T, — oo which means that all the particles are in the
condensate at all temperatures.
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Chapter 3

Bubble nucleation

In the chapter previous we considered the possibility of having within a field theory, a phase
transition considering the characteristics of the temperature dependent potential. In this chapter we
will better study the characteristics of particular field configurations that admit phase transition. A
first-order phase transition requires the transition of a solution of a field theory from a metastable
minimum to a stable minimum. In a classical theory in fact it is possible to have two equilibrium states
associated with different energy densities. We will show that quantum theory instead predicts that the
state with higher energy density is unstable and this determines the transition through a potential
barrier, that is the achievement of the true minimum of the theory, that is the so-called true vacuum.
We will calculate in detail the rate of formation of the true vacuum, that is a phenomenon known as
bubble nucleation, starting from a Lagrangian of a theory with a scalar field. In order to do this we
will follow the treatment exposed in [13], [1], [15] and especially in [16] and [17] where the authors
consider the first quantum correction to the theory. In [16] and [17] is developed the theory at zero
temperature, later extended to non-zero temperatures by [18] and [19].

In the second part of the chapter we will consider the modification of the theory of bubble
nucleation considering a dependence on temperature and we will discuss in detail the mathematical
aspects that characterize the treatment, in particular we will show how to perform the calculation of
the nucleation rate through the approach of the path integral[15].

The results of the discussion of this chapter will then be used in the following, talking about
phase transition from false to true vacuum in the cosmological field with consequent formation of

gravitational waves.

3.0.1 Vacuum decay

Consider the following Lagrangian

L= %(amz ~ V(). (3.0.1)
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We consider a potential characterization by the presence of two unequal minima that we will call
¢ = ¢ry and ¢ = ¢, where the former is the lowest (true vacuum) and the latter is the higher (false
vacuum). Likewise, the potential values at these minima will be indicated respectively with V}, and
V¢,. In the section we will see that from a quantum point of view the false vacuum state can decay
through a tunnel effect. This can also be read from a cosmological point of view. The Universe may
have gone through a phase transition of the first order that brought it from the false to the true state of
vacuum. The goal is now to describe under what conditions the process may have occurred. A typical
potential with a false vacuum is shown in Fig.3.1

V(o)

Figure 3.1 Potential with false and true vacuum

Consider the following potential energy
1
Ulp(x)] = / dx [2 (Vo) +V <<p>] : (3.0.2)

We have seen how the tunnel effect can determine the decay of the false vacuum state through
quantum corrections. At this point a bubble of true vacuum is formed, through the nucleation process,
whose parameters have been dictated in the previous section. The true vacuum bubble can form at
any point of the space, the decay rate is proportional to the volume and therefore we will consider the
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quantity defined as the bubble nucleation rate
r/v. (3.0.3)

The tunnelling process is dominated by the path that minimizes the integral penetration of barrier
B. This path can be found solving the equation of motion coming from the action

1 [o¢ 1
— 3y |2 [ X - 2
5= /drd x [2 <ar> +5 (Vo) +V(g) (3.0.4)
with equation of motion
¢ _, dv
Tzt Vep = i) (3.0.5)
and finding the bounce solution indicated by ¢,. The bubble nucleation rate can be summarized as
follows r
v Ae™B (3.0.6)

where the coefficient A has been found in the last section and the exponent B is given by

B = S(qp) — S(¢0) (3.0.7)

where S(gp) is the action for the bounce solution and

S(¢ro) = / drdxVy,. (3.0.8)
We must require that for 7,y = +oc0 and 75, = —oc0 we have

This requirement means that the bounce solution finds its beginning and end in the false vacuum. We
also require that

¢(|x[, T) = P (3.0.10)

which means that the bounce solution is localized in the region of the true vacuum and around
it one finds the false vacuum. Both the motion equations and these constraint conditions exhibit a
symmetry of O(4)so it makes sense to look for solutions with this symmetry in mind. To do this, it is
convenient to change the variable s defined as

p=V12+r2 (3.0.11)

The equation of motion becomes
v

W (3.0.12)

" 3 !
+ -0 =
¢ p¢
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with primes denoting differentiation with respect to s. The boundary conditions assume the form

¢(0) = Py (3.0.13)
and if we want to prevent the solution from being singular we must require
¢'(0) = 0. (3.0.14)

Now let us examine some conditions on the form of the potential that realize some calculable approx-
imations. Let us begin with a symmetrical potential

Vi(¢) = Vi(—9) (3.0.15)

whose minima are set at +a. A possible form for this kind of potential is

2
w=g<w—f) (3.0.16)

with a2 = ”72 We could now consider the breaking of the previous symmetry in the case where
€= va - Vtv (3017)

is very small if compared to the value of the barrier of V(¢). This situation is known as thin-wall
approximation.
We could write this new potential as

V:%+%@—®. (3.0.18)

We can use an analogy from classical mechanics to understand what happens [16]. The idea is to
consider equation 3.0.12 as the equation of motion of a particle subject to a potential —V (¢) as shown
in Fig. 3.2.

Let us consider a sphere that is in the vicinity of ¢7, = ¢ . After a big time, let us say for p = R
the sphere will start to move and descend along the valley of potential and will reach ¢ infinitely
in time. Using this mechanical analogy we can consider the bounce solution as a sphere of radius R
sliding along the potential with a thin wall separating the two minima. For s near R therefore we can
neglect in the motion equation the term associated with the viscous force and we can also neglect the
part of the potential V that depends on r; the motion equation is therefore reduced to

—= = V(). (3.0.19)
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@y

.

Figure 3.2 Potential of the equation of motion 3.0.12

This last equation is well known and represents the soliton equation, whose solution is

. /¢1 d¢
o [2Ve(@)]'2
and in terms of ¢
¢1 = atanh <;yx> .

So we can summarize the shape of ¢ as follows

—a p << R
p=9¢1(r—R) p~R
+a p >> RR

(3.0.20)

(3.0.21)

(3.0.22)

The contribution given by the snapshot is found only in the second line, that is for p ~ R, because we

are on the dividing edge between the false and the true void and we know that the instant solution is

61



the one that connects in a non trivial way the true and the false vacuum. The total Euclidean action is
253 1 o4
Sg =2n"R U—Erf R%e (3.0.23)

where ¢ is defined as the soliton’s energy
1, .02 Pro
o= [ax{5 @R+ V() - Vyl} = AV (@) - Vel (3.0.24)
fo

The first contribution in the Euclidean action Sg comes from the wall while the second refers to the
bubble interior. As stated before R is the radius of the bubble and it can be found varying the action

and requiring that it is a stationary point:

dSg 212 213
— = R%c —2m°R .0.2
TR 67T°R°0 — 271°R’€e (3.0.25)
which gives
R, = 735 _ (3.0.26)

Notice that in 3.0.25 the first term could be considered as a surface tension term. Replacing in the

action Sg
272 0*
B=Sp = % (3.0.27)
If we calculate the second derivative of the action we find
d2s 1871202
— = - <0 (3.0.28)
dR? R, €

and this tells us that R actually maximizes the action.

We have seen how the bounce solution determines the characteristics of the nucleation rate. It also
contains information about the evolution of the bubble after nucleation. We indicate with (x, ) the
bounce solution in Euclidean space and with (x, t) the solution in Minkowskian space; respectively
we will have

‘ﬁ’z’f + V2¢r — flg =0 (3.0.29)
and Lon v
— =+ Vipu — i 0 (3.0.30)
with the constraints
dpe(x,T) | _ (3.0.31)
dt |



dng(x, t)

0 =0. (3.0.32)

t=0

The evolution equation is nothing but the analytical continuation from Euclidean to Minkowskian,
and therefore also the bounce solution can be considered as an analytical continuation from Euclidean
to Minkowskian. This tells us that the growth of the bubble after nucleation is the same whatever the
Lorentzian observer is. The O(4) invariance for the bounce solution becomes O(3,1)invariance for the
Minkowskian. As the bubble expands it describes the paraboloid

| -R*=1# (3.0.33)

The expansion of the bubble also involves a transport of energy density. We can try to estimate it. We
just have to calculate the Lorentz-boosting of the surface tension term of the wall at rest. From this we

get

Eyq = anR2— L — g3 (3.0.34)

1—-0v2 3

This result also has an interesting interpretation. It can be considered as the latent heat released
following the conversion of the false vacuum into a true vacuum. This energy has contributed to
increase the kinetic energy of the wall, and this will have fundamental implications when we talk
about gravitational waves generated by phase transitions of this type and especially with regard to the
definition of the calculable physical parameters that characterize the phase transition and measurable

thanks to the detection of the gravitational wave spectrum.

We can ask ourselves the problem of considering our system immersed in a thermal bath and then
consider the effects of the temperature T = % We have to imagine the system divided into two levels,
one of false overpopulated vacuum and one of true underpopulated vacuum. The goal is to detect
what the effects of temperature are in terms of decay rates. Therefore we can adopt a path integral
approach. Let us therefore consider the partition function

Z=e PP =Y ePti= / Dpe 559 (3.0.35)
j

As we are considering being placed on the false vacuum the E; weights and the free energy F will
acquire an imaginary part, which will make its contribution in the decay rate

I'=-2ImF=-22"=-27Z"'Y e PhiImE,. (3.0.36)
j

The introduction of temperature into the system has the effect of returning a decay rate as the
thermally weighted average([19, 15]).

In the previous section we calculated the exponential factor of the false vacuum decay rate. Now
we set ourselves the goal of casting the pre-factor. The treatment is initially referred to a system with
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only one degree of freedom, then it will be possible to extend it to the case of a field theory. We use the
path integral approach to find the probability amplitude to find a particle at position x at time T/2
which started from position x; at time -T /2. This amplitude is given by

Sg(q)

(xf] e |x;) = /Dq(r)e’T. (3.0.37)
Now we can insert the closure relation of a complete set of eigenstates
H|n) = E, |n) (3.0.38)

so we have
EnT

(xf| e |x;) = Y e (xg|n) (n|x;). (3.0.39)

n

We are interestied in finding the lowest level of energy which is the only one that survives in the limit

of large T, so
E%T

{xf] e |x;) = Ze_% (xf|n) (n]x;) ¢ " (x£]0) (0]x;) (3.0.40)

where |0) is the lowest state of the system. We can now approximate the path integrals using
Gaussian integrals about the stationary point. If we consider a configuration

(1) = q(t) + Y_ cutpu(7) (3.0.41)

with T eigenfunction, with eigenvalue A, of the operator

0(1)0q(T') |,yiey T

and then we perform a change of variable

dc
Dg=]] \/% (3.0.43)

Let us assume for now that all the eigenvalues A, are positive; in the following we will fix this statement.
Using this expansion we can now perform the Gaussian integration and find the contributions to the
path integral

dc, _S@+inimgt-
[= / JELAS TPLL A
I;[ van (3.0.44)
= e 5D [dets" (7)) 21+ O()).

We can apply this result to two configurations:the instantons and the bounce solutions. In the first
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case we can consider a double well. Let us suppose we are to calculate the quantity
H
(ale” 7 |a) (3.0.45)

which corresponds to the constant trivial solution go(7) = a. Providing that V(q)=0 in correspondence
of the minimum we have
Io = (detS" (g0))'/2. (3.0.46)

The case for
(—ale™ 7 |a)

correspond to the instanton solution and the contribution to the path integral is
[ =e 51 (detS" (1)) (3.0.47)

where S; is the Euclidean action for the instanton configuration.

At this point you can see that we are faced with a problem: the operator3.0.42, has zero eigenvalues,
in fact just consider

A2
— TV (4() =0 (3.0.48)
and let us act with the operator
dr
we find that
_1,24d
(1) = (Se(q(q)) V*E1 (3.0.49)

dt

is a zero mode which correspond the broken T-translation symmetry. If we integrate over the
coefficient ¢y corresponding to the zero mode, we would end up with a divergent quantity.// This
problem can be solved replacing the integration over the zero mode coefficients with the integration
over a collective coordinate z that encodes the information about the center of the instanton. // This
change of variable implies that

d
dg = Ldz = yodey (3.0.50)
dz
which, comparing with 3.0.49, gives
deo = (Se(qr)) " *dqs. (3.0.51)

This means that we can trade the integration over the zero eiegen-modes with an integration over the
collective coordinate z. Thus the total contribution to the path integral which takes into account also
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the zero modes is

(91)
I = e Y (det' SV (o))~ V/2KT (3.0.52)

where det’ indicates that only the non-zero modes are included, and K is defined as

N\ "* [det's" (q,) ]
- ()" [

There is still another configuration that must be considered. We can consider as approximate
stationary points a set of n alternating instantons and anti-instantons separated by an interval 7. We
can consider a configuration on n instantons and anti-instantons ¢,,. The corresponding action is

S(qn) = nSy (3.0.54)

that is n times the action of a configuration with one instanton.
Each of these instanton and anti-instanton has zero modes, so we perform the same change of variable.
We introduce the variable z; for each instanton so that we gain the Jacobian factor (&) "% and after
integration over each of the z; variables we have

T/2 T/2 T/2 T?’l
/ dzy / dz1... / dzp = —. (3.0.55)
-T/2 Z1 Zp—1 n.

The final result is

T1’l
I, =e ™ [detS”(qo)]_l/ZK”W. (3.0.56)

Adding the contributions given by the stationary point and the approximated ones we can write the
amplitude for the transitions

<Ll HT| Z I

evenn

— ldets" (o) 2 Y KT (3.0.57)

|
evenn n.

— [detS" (qo)] "'/ 2cosh[e” 1 KT].
and

(—ale™"Ta) =} I

evenn

= [detS"(q0)] V2 Y i (3.0.58)
oddn

= [detS" (qo)] Y/ sinh[e” 1 KT].
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We can also give the expression for the splitting of the two lowest levels

eE-—EQ)T _ exp [ZKTe’Sl} (3.0.59)
and in particular

A=E_—E, =2Ke . (3.0.60)

The other configuration is the bounce solution. Let us consider a double-hole potential where there
are two minima, one local and the other absolute. If we start from an initial state ['¥(0)) = |L) and
then we find the evolution |¥(#)), the result is an oscillating behaviour, because of the shape of the
potential.

Let us now imagine to make the absolute minimum broader than the other and to go in the limit one
of which the width of this minimum to infinity. In the case of a very wide minimum starting from
a |L) state, we would have a different behaviour for |'¥(0)) = |L): we would have an exponentially
decreasing behaviour. We are then allowed to think of |L) as a metastable state, so it is characterized
by a complex energy which has the following relation with the decay width

ImE = —g. (3.0.61)
The matrix element for the bounce solution, with metastable minimum set at q=a, is
~HT | Ze ET| (q / Da(t)eSE (3.0.62)
For the trivial solution go(7) = a4 we have the usual contribution
Ip = (detS¥(go)) /2 (3.0.63)

while for the bounce solution we have the usual result

_Sgla)

I =e o (det'SE(go)) V/2KT (3.0.64)
with 2 s
rqr -
K = (Sele) ) et SE) (3.0.65)
27 detSY(qo)

We must remember the presence of a zero eigenvalue associated with the operator S%. Because of the
presence of this zero mode, the auto-function has a node. S’E’ has the form of a Schoedinger operator, so
we know the general property that if a Schroedinger operator has a node then there must necessarily
be another auto-function associated with a negative auto-value corresponding to a lower energy level.
So the square root in the 3.0.64 will produce imaginary values. This is related to the existence of a
decay rate for the false vacuum. Problems arise when we integrate over the negative eigenvalues. In
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order to fix this problem we can consider the following integral

" —00 1
= dc
J +o0 V21T

—S(c)

(3.0.66)

where c is the parameter that controls the field configurations x(7). With the given contour the integral

is divergent. We can make it well defined by deforming the path of integration; in this way the integral

acquires an imaginary part that with saddle approximation gives:

] — 1 /b+ioo dc  _Bp®-3S{®cbP+] 1 Sp()
m| = 1m e h = z¢€ ho
b V21 2

Now we can give the correct form for the factor K

o b (Se(@)\'?
2 27

det'Sg(qp)
detSg(qo)

NI=

and replacing in the decay rate

1/2
T = —2ImEy = <S’52(Zb)>

N|—

det'Sg (qv)
detSg (qo)

68

efs(qb) .

(3.0.67)
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Chapter 4

Relic axions and neutrinos

In the first chapter we have assumed that during the earliest stages of the Universe’s life, the
various species that constituted it were in thermal equilibrium with each other because their rate of
interaction was greater than the H rate of expansion of the Universe. However, there were phases
in which this equilibrium was disturbed. The departure from equilibrium is what determines the
abundance of the relics of some species of constituents. For this chapter we will follow mainly
the discussion in[1] and we will consider the calculation of relic abundances for various species in
particular for the neutrino and for the axion. We will focus in the discussion of the CP-strong problem
closely related to axion which is its solution. We will present a brief review of the context in which
the axion field is placed in particular we will refer to how the calculation of the anomaly has to do
with this hypothetical particle. We will also present at the end of the chapter some cosmological
implications of the existence of axions and we will derive some constraints on their mass and on the
value of the coupling constant. Let us consider any species X; its number density at thermodynamic
equilibrium will be given by

NX,eq = 27'[ / P ERTE] /Til (4.0.1)

con g number of degrees of freedom, E(p) = /p? + m? and as usual the sign + is for fermions and the
sign - is for bosons. We can consider the relativistic limit, i.e. T >> my, and we will have for fermions

and bosons respectively

3Z(3
NXeq = 45722) gT? (4.0.2)

and 3 )

where ((3) is the Riemann zeta function. We can also calculate the energy density and pressure
associated with the thermal bath of particles of species X
(4.0.4)

pX,eq = pE

/T:|:1
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and

_ & 3 |P’2 1
pX.e0= s /d P3E() FITIT (4.0.5)

In the relativistic limit, the above relations are greatly simplified, in fact

2 4
p=3p= %g*,TT (4.0.6)

with

T\* 7 T \*
g1 = ), & (T) +t3 L & (T> (4.0.7)
bosons fermions
where the index i refers to the i-th species present at a specific temperature T;. The entropy at
equilibrium per co-moving volume is
Sp+p
=——. 4.0.8

As before we are interested in the relativistic limit. In this the entropy density has the following trend

s="—gusrT° (4.0.9)

but in this case

T\° 7 T\°

gsr= 3 Sil=) +tz Y, &= (4.0.10)

b T 8 = T
05015 fermions

As mentioned previously in the chapter (cosmology) the co-moving entropy is conserved, so it is

convenient to define the abundance of a certain species X, rescaling the number density with the

co-moving entropy

Yy = ”?X (4.0.11)

Combining the expression 4.0.9 with the definition of the number densities for fermions and bosons
we obtain respectively

450(3) ¥ 3
= =0.278—— 4.0.12
Yxeqr = — 3 Tosr 0278g*5,T ( )
and 157(3)
8 8
= —— =0.278——. 4.0.1
YXeq,T 27 gior 0278g*s,T (4.0.13)

The relics abundances also contribute to the total energy density of the Universe pyo. These are
calculated relative to the critical energy density defined as
2
3H;

Pe = grGn = 10.54h*keVem 3 (4.0.14)

70



with Hy = 100hkms~!Mpc~! and h encodes the uncertainty associated with the Hubble parameter
measurement
— 0.04
h = 0.7170;- (4.0.15)

Therefore we define the total energy density in a dimensionless version

Oy = ’;0. (4.0.16)

The same can be done for all species X, having defined by px o the energy density associated with
species X at the current time. The dimensionless density of species X will therefore be defined as.

Oy = PX0, (4.0.17)
Oc
Their sum will give
ZQX,O = . (4.0.18)
X
According to WMAP ([7])
0y = 1.02 £0.002. (4.0.19)

We now derive a lower bound on the mass of a given species X. We consider the energy density
associated with species X, expressed in terms of the mass mx

Px,0 = nx,0mx = Yx,0S0Mx (4.0.20)
in this way, since
Qx0 <o (4.0.21)
we obtain N 0
x < soYxo’ (4.0.22)

4.1 Relic neutrino abundances

We now attempt to calculate relic abundances for primordial neutrinos. During the early life of the
Universe neutrinos were held in thermodynamic equilibrium by processes of the type

ve —>ve (4.1.1)

and
VU — ee. (4.1.2)
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The total interaction rate for neutrinos is expressed as ([20])

_2GiT?
Y R (he)®

(4.1.3)

The expansion rate of the Universe is given by

_ [8nGnp  [AT3GNg.T
e e (4.1.4)

and if I', > H then there is thermodynamic equilibrium.

If however T ~ 1MeV then I';,; ~ H and below this temperature the neutrinos decouple as the
expansion becomes dominant and this gives rise to a primordial relic of decoupled neutrinos. This
discussion is analogous to the case of the decoupling of photons from matter that gave rise to the
CMB. We then define T, >~ 1MeV as the decoupling temperature of neutrinos, and we also define
the current abundance of decoupled neutrinos as follows

Yor, = % =0278—5" (4.1.5)
7 ec S g*S,Tdec

where g,u = 3. We now try to calculate a lower bound on the neutrino mass by exploiting the 4.0.22
constraint. We first calculate s
272 5
S0 = Eg*serec TO (4:.1.6)
and as contributions we consider photons having g=2 and three neutrino families having g=2 Consider
a chiral neutrino left, we will have

7 T\’
QeSTpe =2+ o X3X2( — ] . (4.1.7)
rtdec 8 TO
Of course since we are considering decoupled neutrinos it will be Ty # T,. We therefore need an
estimate of the ratio % We consider that the electron-positron annihilation processes do not affect
neutrinos in the sense that these processes transfer entropy only to photons and not to neutrinos
because the latter are decoupled. Therefore for T << m, only photons will be in thermodynamic
equilibrium so g, = 2. The comoving entropy must be conserved and this implies that the temperature

. 1/3 .
of photons increase by a factor (1}) / , S0 to compensate it must be

T 4\/3

Tg:(n> (4.1.8)
and 5

85T = 17 (4.1.9)
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so that setting Ty = 2.725K

so = 2889cm 1. (4.1.10)
Now using WMAP data ([7])
Ooh? = 0.51 + 0.04 (4.1.11a)
Q2 = 8B &8st g3, (4.1.11b)
37T §45,Ty,
where
Q,; = 2o (4.1.12)
POc
we reach, using the constraint 4.0.22
m, < 48eV (4.1.13)
or
my, < 12.7eV (4.1.14)

depending on whether one uses the stronger constraint on the uncertainty h (see4.0.15).

4.2 Axions

A non-trivial homotopy class can be associated with both electro-weak and strong forces. Therefore
there is a non-trivial homotopy group associated with SU(3)

3(SU(3)) = Z. (4.2.1)

The homotopy group is associated with solutions of non-perturbative type, known as instantons[21].
The instanton interpolating the different vacua in the SU(3) gauge theory or QCD satisfies the action
in the Euclidean space-time

q
5 (4.2.2)
3

where |g| is the so called Pontryagin index, defined as

2
83 / 4 uv
67 d*xtr(G'Gy). (4.2.3)

g3 is the SU(3) gauge coupling constant and G is the field strength associated with SU(3). In this
context, there are thus multiple topologically distinct vacuum states, and the Pontryagin index q
classifies these states. An instanton can be viewed as a solution to the classical equations of motion
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that interpolates these states, so one can represent a state called a § — vacuum state as follows
|0) = Ze’iqe 1q) . (4.2.4)
q

It turns out to be possible, therefore, to include an additional term in the Lagrangian of QCD that
takes into account these field configurations:

033
3272

Lerr = Locp + GZVGWV. (4.2.5)

which is CP-violating.
A term similar to the 0-term appears if redefinitions of quark fields are made under axial U(1)

U(1)4: g — €*7g. (4.2.6)
The axial current associated with the transformation

Jp= Y dvursq = Y _(GRYuqR — GLYeqL) (42.7)
q q

is said to be anomalous since it is not conserved and its 4-divergence can be written in a form analogous
to the 0-term

5 _ Nig3 o, s
i = 1 6fn2 Gz, G (4.2.8)
with Ny as number of flavours.
Thus if one were to redefine the quark fields by an axial U(1) transformation setting the « = — %-

parameter. The 6-term would be successfully eliminated if the quarks were massless. Actually just
because of the presence of the mass terms in the Lagrangian

— JLiMijqrj — ﬁRiM;;qu (4.2.9)
redefinition by axial transformation also on these mass terms
U(1)g: M — Z*MM' — e 22 M, (4.2.10a)
In the end the effect of the transformation of the mass terms is to give
0 = 6 + 2Ny arg(detM) (4.2.11)

instead of removing the 6-term. 0 is the effective theta-term of the theory, also called QCD vacuum
angle. The presence of this term which cannot be a priori excluded from the Lagrangian produces
physical effects. If this term is not null then it should contribute to the electric dipole of the neutron 4,
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and the upper bound has been measured, so as to fix
6 <1010, (4.2.12)

One of the biggest unsolved problems in modern physics is why Nature chose this small value: it is
the so-called ‘strong CP problem’. Each value of theta would lead to a different version of QCD, so we
cannot exclude any a priori.

It has been observed that even an electro-weak theory can admit terms similar to the 6-term such as

Lo= 392%%2 wa, W 4 ;;fz By B (42.13)
The term associated with 6; can be rewritten as a surface term and because of the trivial topology
it describes can be neglected. Differently for the topological term associated with 6. It describes a
topological structure that cannot be neglected. The associated surface term cannot be neglected even if
it is written as a total divergence.

We also know that the symmetries associated with U(1) are conserved except for one, i.e. %B -1
where B is the baryonic number and L, the leptonic one. The latter symmetry is anomalous so we
can think of applying a U(1)p transformation on the quarks so as to eliminate the term associated
with 6,. This procedure inspired a possible solution to the CP strong problem. Peccei and Quinn
(122, 23, 24]) proposed to introduce an extra symmetry of type U(1), henceforth denoted U(1)pg, which
can compensate for the term arg det M and thus adds to the algebraic structure of the Standard Model
(SM). However, this procedure cannot be applied with the minimal field content of the Standard
Model, since redefining, for example, the Higgs doublet, one would have, say, a ¢’ phase for the down
component and a e~ phase for the up component, which compensate each other by not changing arg
det M. Thus the introduction of this new symmetry U(1)pg requires the introduction of new scalar

fields. This new field has been called axion: a(x). On it acts the transformation under U(1)pg:

o) _, alx)

tu (4.2.14)
vpQ  UpQ

where Lp is the VEV involved in the spontaneous breaking of U (1)pg and « is the transformation
parameter. The transformation under U(1)pg also acts on chiral fermions

f(x) = e f(x) (4.2.15)

where x¢ is the charge associated to the PQ group. The current generated by this transformation is

oL _
j = 30,0) vpgdfa + Ef xefytf. (4.2.16)

Classically this current is conserved, but being chiral, just as in the case of the current given by the
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transformation U(1) 4, it is anomalous, in fact

2
(P ~
1P — g 353 Gh G + 8 g2 Wi W + 8,251 B, B (42.17)
where ¢ (i = 1,2,3) is a constants that depends on U(1)pg charges of the fermionic fields. The axion
a(x) plays a role in the coupling of fermionic fields with scalar fields, i.e., in Yukawa couplings. A local
transformation of a fermionic field involves the following;:

—ia(x)xs ] (4.2.18)

opQ

)~ exp |

in this way axion is removed from the Yukawa terms. Given the nature of the group U(1)pg new
interactions are naturally introduced. First of all by operating a local transformation interactions,
containing derivatives, are generated with the axion

Fotiduf — Fytiv,f + Zpri;(aﬂa) Fybf (4.2.19)

and, since U (1) po is anomalous, the following interactions are generated.

a(x> g3 a ASapv gZ a ayv gl a pa
= W 5By B 422
L anom UpQ [C 32 ZGva 6 W 6 ( 0)

Summing up all these observations, the effective Lagrangian that is obtained is

_ a &3 g3 a Gapv g
ﬁeff - ﬁsm + [9+ IZ(X) 3 G G

vpQ 22 MY
116, + 62 ll(x) gz Wa Wupn/ 61 a(x) g% B~ BWV—F (4.2.21)
Upg 32712 vpQ 3272 1

1 1 .
E(ay‘Z)z + %(aya)z[]PQy — 0pQ(9ua)]

The anomaly acts as a potential for the axion, and thus its VEV is no longer arbitrary. In this way it
is possible to make the axion a(x) acquire a particular VEV, such that it cancels the 6-term, as shown
by Peccei and Quinn

& _
va< la(x)|0) = 0. (4.2.22)

Therefore, the real axion turns out to be the physical one

a(x) = a(x) — (Bla(x)|). (4.2.23)
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The Lagrangian can therefore be rewritten in terms of the physical axion

2 2
Lor = Lom+ 228 a(x)GE, G 4 282 a(ywe, o

327‘(2ZJPQ 327TZUPQ
+ glig%ﬁ(x)Ba Buyv + 1(8 aA)2_|_ (4.2.24)
327%vpg e 2+
1 AND T A
+ 5o QU7 = o0 (d,)

We are now interested in investigating the physical consequences of introducing an axion field
constructed as in 4.2.23. We begin by making some considerations about the mass of the axion. As

shown in ([25, 26, 27, 28, 29]), the mass of the axion results to be
Mg ~ 0.62eV <1ocev> (4.2.25)
fa
where
fo=1rQ (4.2.26)
s

is the parameter that controls the intensity of the coupling between the axion and the gluon in 4.2.24,
i.e. its decay constant. In fact considering the effective potential V,s; generated by this coupling we

have
2
m2 = <a Vﬁ’ff> — _l g% i< a ”‘a;u/>
“ da? fa 327200 1
1 (4.2.27)
N Abep
fi
A scale of the order of magnitude of the electroweak rupture scale associated with f,, i.e.
fa ~ v ~250GeV (4.2.28)
would give a very tiny mass
my ~ 24keV. (4.2.29)

This tells us that axions while not mass-less are extremely light. Furthermore, the Lagrangian 4.2.24
predicts a decay for axion of the type

a— yy (4.2.30)
because it contains a term like
Loy = —3 Cem 8(X) p B (4.2.31)
Ty T 2
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where g, is completely defined by the Peccei-Quinn charges

G1+6
— ' 4.2.32
8y 2@'3 ( )
The Lagrangian 4.2.24 also contains the coupling of axion with fermionic fields
L= ——(8 a) Y. xp foyuaxf (4.2.33)
vpPQ X=R,L
with a, defined as
1
Ay = 5(1 +5) (4.2.34)

where the sign is determined depending on whether x = R, L and g is defined in terms of right and
left PQ charges

gf = fo - 'fo‘ (4235)

We know that this axion as just described cannot be observed [29]. The fundamental problem
is that in this model both the mass of the axion and its decay constant are constrained to the same
quantity, namely the electroweak breaking scale. Generally it is assumed that f, ~ vgw. However in
some models we assume that f;, >> vg and this results in an extremely light axion since

mu'\’fa

is weakly interacting. Several proposals have been made to untie these two quantities and make the PQ
symmetry breaking scale independent of the electroweak one. A new singlet under SU(2) x U(1),0 is
introduced and axion emerges as the phase of this electroweak singlet:

oo 1t (4.2.36)

V2

This singlet gives rise to two different types of axion depending on whether there is a direct coupling
with ordinary leptons and quarks.two cases can be distinguished The first one is the axion known
as KSZV axion.. We assume the existence of a new quark X endowed with PQ charge electroweak
doublet endowed with electric charge gx coupled to the complex scalar field ¢ also endowed with
charge under PQ. X couples to ¢ according to the Lagrangian

£KSVZ = —hXLO'XR — h*X0'+XL . (4237)
Coupling with other ordinary quarks emerges indirectly from the anomalous Lagrangian
£anomaly fu GW Gu;u/ + 311)(71:;11/1:” (4.2.38)
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The second case is the so-called DFSZ axion. In this case quarks and leptons couple directly with the
axion (but still via ), because quarks and leptons in this case are charged under U(1)po. Now it is

necessary to consider two Higgs fields ®; and ®,

Eaxion = kq)lTCCDz(U+)2 + h.c. (4.2.39)

4.3 Constraints on axions from astrophysics

We can derive some upper bounds on the mass of the m, axion from some astrophysical con-
siderations. In fact the emission of particles by stars contributes to their cooling. In particular, the
larger f, the smaller the mass and the less the axion emission will affect the history of the star. By
exploiting models of a star” s evolution related to the production processes of various particle species
and combining these models with experimental observations, it is possible to derive constraints on the

coupling constants. Consider for example the following process

Yye — ae (4.3.1)

Which is proportional to the constant g2,,. It is defined as

Me Xeg — Xy Mgltle
= = 4.3.2
Saee = 8y o T E3(0.62 x 1010eV2) (43.2)
From the observations we find that
|Qace] < 0.5x 10712, (4.3.3)
from which we derive that
Yer —Xer | < 0.62 x 107126V (4.3.4)
&
and hence
m, <1072V (4.3.5)
in the case of a DFSZ axion. Another process that can be considered is the Primakoff process
v & a. (4.3.6)
In this case, the cross section of the process is proportional to gﬁw
Qem Mgy e (43.7)

817y = 87 f T (0,62 x 1016eV2)
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from which, thanks to observations we get [30]
iry] 0.6 x10710GeV 1 (4.3.8)
8ayy

so that
g, S 0.16eV (4.3.9)

from which we can find the minimum value for the mass of the axion (both DFSZ and KSVZ)

m, <04eV. (4.3.10)

4.4 Role of the axion in Cosmology
If axion exists it has been produced in the early stages of life of the Universe and therefore its
presence should have significant implications on observations. One of the possible methods of

production of axions is that of creation and destruction by photo-production or gluon-production

g < aq

(4.4.1)
89 < aq
These processes are characterized by an absorption rate I'', , given by
Tips = n7(0]0])abs (4.4.2)

where n7 is the number density, o is the scattering cross section, |v| is the relative velocity between

the axion and the target T and the symbol (...) denotes a thermal average. If the expansion rate of

T

the Universe is slow compared to I’

then these processes reach thermal equilibrium with the axion
density given by 4.0.3.

T
abs

to be reached and so their number density will settle at a lower value than that given at equilibrium.

However, if the axions interact with each other too weakly, I';, . is too slow for thermal equilibrium

We consider how the abundance of axions, given by the equation 4.0.13, varies via the Boltzmann
equation. We choose g,.¢r = 1

ay,
7 = ~Lans(Ya = Yaeg) (4.4.3)
integrating out we have
t
Yo(t) = Yaeq = (Ya(0) — Yaeq) exp <—/0 Fabsdt'> (4.4.4)

which is the difference between the abundance at time t and its value at thermal equilibrium. It is
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useful to rewrite it with the change of variable

X

MmN
T
During the radiation dominance the scale factor is
a(t) o« /2

so that we notice, for the Hubble parameter

H:l<><T2o<x’2
2t

in the end the abundance of axions can be recast in the form

(4.4.5)

(4.4.6)

(4.4.7)

(4.4.8)

We now analyze the product (c|v|) .. If we consider N nucleons as the target T for axions and

consider a phase below the quark-hadrons transition, in the non-relativistic limit we would have

2 3/2
nN = @ —X
N =8N\ oy ¢

La cross-section &

(0]0))abs = gonnx 2y

and we choose
mn
8aNN = —.
fro

The explicit form for H in the radiation-domination phase is

(8o \'?  2m pmga\V2 m},
H_<> B 3( )

3m3, 5 x2mp

Combining all this information we have

H(x)  2m3

89 fromn

1/2 2
~ (2 / S — P
9 1.2 x 10—3eV '
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(4.4.9)

(4.4.10)

(4.4.11)

(4.4.12)
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We can also estimate the final value of relic abundance, above the quark-hadron phase transition

Yy (00) = Ya/eq{l - (1 N &(Z))

3/2.1/2\ 2
coxp |38y (5 (m¥Em PN
273 fromz 7

(4.4.14)
0.278

= {1 — (1 - 3-6g*,d€cyﬂ(0))
dx,dec

10\ '/ "y 2
- [_ (g) (1.2 > 1o3ev> I(th] }

where we put

I(xgn) / X152 dxy
ﬂz’ (4.4.15)
= —g[xq_f/ze’xﬂ" (2xgn — 1) +2/7t(erf\/xgn) — 1)]
where g, 4. denotes the value of g, during the decoupling process. x,; is approximately 5 at the
quark-hadron transition, therefore I ~ 104,

Everything we have discussed is within a framework in which the classical axion field is assumed to
be a constant, i.e., that value necessary to eliminate the strong f-term. However, when the temperature
T ~ fa > Aqcp, it is no longer possible to set a minimum value for the potential generated by the
instantaneous effects, which gives mass only for T ~ Agcp. Above this temperature it is not possible
to think of the axion field being associated with a particle value § = 0. The axion field will therefore
slip towards its minimum and therefore it does not make sense to talk about a constant value for the
axion field. This mechanism, known as vacuum misalignment is at the basis of assigning to the axion
field a non-zero value and a non-zero energy density. To calculate it we take the action for axion

1 1
S = /d4x\/§(§a2 — Emﬁ&ﬂ +T,a)

(4.4.16)
1 1
= /d4xR3(t)(§d2 - Emgaz +Tha)

where we have changed notation for the scale factor R(t).We have also dropped the terms higher than
the quadratic ones. From this we calculate the equation of motion

d

i [R2(2 4 To] + Rom(T) = 0 (4.4.17)

We can now manipulate the previous equation by considering that I'; is small, so it can be neglected.
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At T > Agcp the axion is massless so it assumes the constant value

a(t) = a; = const. (4.4.18)

then as the temperature decreases m2(T) increases, and the equation of motion now becomes

i+3Ha+m3(T) =0 (4.4.19)

where we have set H = R/R, as usual for the Hubble parameter. When the temperature reaches
the value T;
mq(T;) = 3H(T;) (4.4.20)

so a(t) begin to oscillate with frequency m,(T). The energy density of the axion field is

1 1
pa=75+ Emgaz (4.4.21)

and recalling equation 4.4.19
00 = nigmua* — 3Ha. (4.4.22)

If we average over one oscillation we get

. ma
(Oa) = (ma - 3H> (0a) (4.4.23)
and its solution is
{0a) R (t) o< 111a(T). (4.4.24)

This means that the number density of the axion 1, = (p,/m,(T) scales with R~3(¢). Also the entropy
density s scales like that if we assume that there is no entropy production during the misalignment
process; we conclude that % is conserved, i.e.

na| _ 45m, (T;)a? _ 4547 (4.4.25)
s 4m2g. T2 2./5mg.Tmp o
T; w L &« Limp
The misaligned axion energy density is given by
s PagiS g S0
qmis — b2 Ta) o, 20 (4.4.26)
Pe it Qe
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Chapter 5

General Relativity in a nutshell

5.0.1 Some conventions

In this chapter we will present a very brief review of some fundamental results of the theory of
General Relativity. First we will take up some concepts of Riemannian differential geometry. We will
give the definition of the Christoffel symbol and relate it to the definition of the Riemann tensor. Next
we will show the Einstein field equations derived from the Hilbert-Einstein action variation. Next
we will present the linear approximation of Einstein’s equations in order to introduce the solutions
represented by gravitational waves. The characteristics of gravitational waves will be illustrated.
Finally the physical effects of gravitational wave interactions with test masses will be introduced. In
this chapter we will use the following conventions. We indicate the space-time coordinates of a point

with the Greek indexes
xt e {01t x%, %) = {ct,x,y,z} (5.0.1)

while we use the Latin indexes to denote the three-dimensional coordinates.

x e {x!, %%, %) = {x,y,2}. (5.0.2)

Instead we indicate the scalar product as follows

3 . .
AJ[B=) A'B (5.0.3)
i=1
and the vector product as
(A x B); = €3 A/B¥ (5.0.4)
where € is the Levi-Civita symbol.
The partial derivatives is defined as
0 1
=—=|-04,9; ). 5.0.5
a;t ay <C t z) ( )



The metric for a flat(Minkowskian) space time is
M = (=, +,+,+) (5.0.6)
while the metric for a curved space-time is denoted by

Suv (5.0.7)

whose determinant is g.

The invariant length element is defined
ds? = udxtdx’ = —c2dt?. (5.0.8)

In order to define the product between two four-vectors we use Einstein convention, according to
which repeated upper or lower indexes are summed over

3
A¥B, =) A'B,. (5.0.9)
u=0

In the following we will need some elements borrowed from Riemannian differential geometry, such
as the Christoffel symbols, defined as

rf, = %g""(aygau + 3ugou + Qo) (5.0.10)
through which it is possible to define the Riemann tensor
Ripr = 3pThe — 9oThp + ThpTve — Tio Ty (5.0.11)
The Ricci tensor is obtained by contracting the Riemann tensor
Ruv = Ry (5.0.12)

and the Ricci scalar is
R = g"”RW. (5.0.13)

Another important ingredient of General Relativity is the energy-momentum tensor T#" which is
defined through the variation of the matter action, namely Sy with respect to the metric transformation

Suv — §UV + 08y, .
9Sm = o / dxy /=g T 5g,. (5.0.14)
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The final result of General Relativity is the famous Einstein field equation

1 8nG

in this version without the cosmological constant.

5.0.2 General Relativity in Brief

In the context of General Relativity, space-time is seen as a four-dimensional Riemannian surface.
The equation that governs General Relativity is Einstein’s field equation

1 871G
Rl’“/ - Eg][vR - 7’1—'],{1/ (5.0.16)

A
whose right member represents the amount of mass-energy density, i.e. the energy-momentum tensor,
while on the left we find the four-dimensional surface curvature expressed by the Ricci tensor. and the
scalar curvature defined as

R =Rj. (5.0.17)

The energy-momentum tensor contains information about the source of the gravitational field, i.
e. the curvature of space-time. Therefore, the presence of non-vanishing mass energy-momentum
density determines a non-nothing curvature of the Riemannian manifold. This curvature is responsible
for the motion of matter subject to the gravitational field and governed by the equation of geodetics.
One of the characteristics of General Relativity is to be formulated in covariant form, i.e. invariant
under the symmetry group of all possible transformations of smooth coordination. In fact, defined the
element of length
ds? = guvdxdx’ (5.0.18)

you can make a coordinate transformation x* — x'*(x)
such that the length element is invariant, i. e.

ds® = g (x)dxVdx! = g1,dx'Fdx". (5.0.19)

The metric tensor transforms as

oxf dx’
Suv = g;w(x/) = mmgpa(x)- (5.0.20)

This transformation represents the gauge symmetry of General relativity.
The motion of a test particle immersed in a gravitational field is governed by the so called geodetic
equation, that is the path that minimizes the distance between two points

d2xP o dxt dxV
AT =0 (5.0.21)
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Now we need to define the derivative of a v vector along the geodesics
Dot wdxP dot u qdxP
— =v,—— = —+TI 0" —.
Dt  Fdr  dtr T dt

The prevoious one is called covariant derivative. We now want to show how Riemann’s tensor

(5.0.22)

describes the tidal forces, i.e. the reciprocal acceleration between two free-falling particles.
The free-falling particle will follow the equation of geodesics 5.0.21, while an accelerated particle will
deviate from it, so its universe line can express itself as

x*(t)+ ¢ (T) (5.0.23)
which will satisfy the equation
Pt 43 e d( + ) (P +EF)
dt? Lo at dt 0. (5.024)

If we consider a deviation from the geodesics |¢*(7)| small when compared to g,, , we can think of
subtracting member by member the 5.0.21 and the 5.0.24 and expand into the linear terms in ¢, getting
d>er

dt?

dx¥def oo o, dxVdxf
dr ar E 0T G =0 (602)

+ 2T} (x)

Using the definition of covariant derivative and simplifying one finally gets the equation of the
geodesics deviation

D*¢gH
d:’; = —Rlgp&Pu’u” (5.0.26)
where we have defined the four-velocity as
dxt
="
! dt

5.1 Linearization of Einstein equations

Let us consider the weak field approximation. In order to do so we can consider the perturbed

Minkowskian metric. The covariant metric tensor will then assume the form

Suv(t,X) = nuv 4 hyy (t,x) + O(h?) (5.1.1)
while for the contravariant metric tensor we have

g (t,x) = " — W (t,x) + O(h?) (5.1.2)

88



. In fact one can verify that ¢"'¢,), = 6. The weak field approximation holds since we require that
| < 1. (5.1.3)

The O(h?) means that we can neglect the quadratic terms in the expansion of the perturbed metric. If
we want to get a linearized version of Einstein’s field equations we have to develop Ricci’s R;,, tensor
in series of 1, powers and omit all the terms higher than the first order. The indexes will now be
lowered (raised) using the unperturbed metric tensors 7, (17").
Before moving on to Ricci’s tensor, we need to linearize all the ingredients it contains. Let’s start with
the linearized version of the affine connection, at the first order in i,

1

Ly = 51 @phtuo + vl — Oolty) (5.1.4)

so the linearized Ricci tensor is given by

Ry = (aﬂauhg + 9p0vhy — 0,0y — Ohyy). (5.1.5)

N[ =

where h = h} = 77?“\11}4 ) is the trace of the perturbation of the metric.

So the linearized Einstein equation in the vacuum is

Ry = 5 (0%hyy + 0,00h — 8y, — 0,0 y2) = 0. (5.1.6)

N[ —

Our goal now is to modify the previous expression in order to obtain a more compact version of
Einstein’s equation in the vacuum. This process leads to an analogy that the expression of Maxwell’s
equations in covariant form. [02A4 = 0. Just as in electromagnetism, where we chose the Lorentz
gauge d, A* = 0 we can take advantage of the gauge freedom also for the gravitational field and fix a
specific gauge choice called harmonic gauge

1
Ay = Eavhﬁ. (5.1.7)
If we exploit this gauge choice in the linearized expression of the Ricci tensor

9udvh — 99y hyy — 90" hyx = 9, (20)h)) — 9,9k, — 0,0,k
= 9,0\ 1) — 9,0,k

(5.1.8)

Lyoa [P

So finally the form of the linearized Einstein equation in the vacuum is
0%hy, = 0. (5.1.9)
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We would like to show that it is always possible to choose a reference system in which the harmonic
gauge is valid. Let x;, be a coordinate system in which the harmonic gauge is not valid. We can then

perform a transformation of coordinates
xt — Xt = xt + el (x) (5.1.10)
with |e#(x)| < 1. After this transformation the metric tensor will be

2p 90X Ox"

v _
g =855 (5.1.11)
g/llv — (;7/\,0 _ hAP)((SK + aAeﬂ)((sz + ap€v>
= (" — W + y*°0e! — W'°0,e") (5, + 9pe)
O(he)
R (5.1.12)
~ gt — Y 4" oet + 1P 0e” — PO €Y + dPet o, €e”
—_——  ——
O(he) 0(&)

~gh — P 4 ek + eV

The last line gives the form of the new metric tensor after the coordinate transformation. We have
neglected the O(e?),0(he) and O(h?) terms. So in the end

WV = v Qe — gtV (5.1.13)

gives the form of the perturbation of the metric in the new coordinate frame. We can now compute
both terms of 5.1.7 in the new coordinate frame

o'l = %avh’,ﬁ‘ =

1 1 1
oyl — 9,0v€e! — 9,0"e, = —Eavaﬂe# — Eavayeﬂ + Eavhﬁ — (5.1.14)
1
ayhf/l —_ ayayey — anhg.
that is )
D%y, = 0,h) — Eavh,’j (5.1.15)

but this vanishes because of the initial gauge choice. This means that one can always choose a reference
frame in which the harmonic gauge is valid, as long as €, is a solution of 0%, = aﬂhil — %avh;j =0.

Now we can reconsider the equation5.1.9 which is the linearized Einstein equation in the vacuum
O%hy, = 0. (5.1.16)
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We now know that it is always possible to enforce the harmonic gauge condition 5.1.7 and also in
this case remains analogy with electromagnetism, so the solution of the 5.1.9 can be given as linear

superposition of plane waves

I (t,x) = Re(eue™ ™). (5.1.17)

The solution given by 5.1.17 represents the gravitational wave itself. In fact, by replacing in 5.1.9 one

gets
0= 0%y = ikhikpee™ ™ = kK'ky=0— Av=1 (5.1.18)

and from this we deduce that the gravitational wave of propagates at the speed of light in a vacuum.

In addition, using the harmonic gauge condition we find that

. ; ] ; 1
zk/\ef,‘e’kA"A = %kveﬁew“ <— kAeﬁ = Ekveﬁ, (5.1.19)

this implies that as in the case of electromagnetic waves also gravitational waves are transverse waves,
i.e. the component along the propagation direction is null.

The e, tensor is the polarization tensor and has 10 independent components. However, by
applying the harmonic gauge the independent components are reduced to 4. Moreover, with a proper
choice of the coordinates system it is possible to reduce the independent components to 2. They
correspond to the two possible polarization states of the gravitational wave. Let’s show how this
can happen. First we choose the z-axis as the propagation direction of the wave. The wave vector is

therefore
k" = (k,0,0,k). (5.1.20)

For v = 1 we have

1
kuel = Ekleﬁ = 0. (5.1.21)
Recalling that k, = 7, k¥ = (—k,0,0, k) we can write explicitly the Lh.s of the previous equation

0 = koe? +kse = —ke) +kej = e =¢] = ep1 = —ea1. (5.1.22)

The same is done for v = 2
H 1 M
kuey = Skaey =0 = e = —ex. (5.1.23)
and forv =0
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1 1
p_ o Lo
kyeq = Ekoe” = _Ek ey =
1
ko0 + Ke3p = —Eko(e% +e5+e3+ep)

From which

1
eopo + ez = —5(811 + e +e33 —eno)-

Similarly for v =3

1
eo3 +e33 = 5(611 +ex +e33 —eno)-

and summing respectively the L.h.s and the r.h.s of the previous two equations one finds

1
e30 = eg3 = —5(833 + epo)

and replacing this in the equation for v = 3 one gets

€n = —e11.

(5.1.24)

(5.1.25)

(5.1.26)

(5.1.27)

(5.1.28)

Summarizing, up to this point, using only the harmonic gauge condition, we have found the following

relationship between the components of the wave polarization vector

€01 = —€31,
€02 = —€32,
1
e = —5(633 +eno),
€n = —e11.

(5.1.29a)
(5.1.29b)

(5.1.29¢)
(5.1.29d)

Now, as mentioned earlier, we can make a coordinate transformation x* — x'# = x# + e#(x) and if

we want the harmonic gauge choice to be valid we require that e* satisfied the equation
0%" =0
and its solutions are given in the form
el = Re{ié“eik/\“}.
Recalling equation 5.1.13 we can write the perturbation in the new frame of reference
h;“, = Re{e;velw“} = hyy — 0v€y — Oy€y.
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since d,€, = —kvéyeik'\xf‘ we have
e;“, = ey + k€ + kuéy. (5.1.33)

So that, in terms of the components of the polarization tensor we have

ey = en +kié + kiép = eny, (5.1.34a)
ey = enn +koé1 + k& = ep, (5.1.34b)
€3 = e13 + k3é1 + k183 = ey3 + ké; (5.1.34¢)
ey = ex3 + k3éy + kaé3 = ex3 + ké; (5.1.34d)
ehs = e33 + 2k3&3 (5.1.34e)
egy = eoo — 2koéo. (5.1.34f)
We can now choose & = —ei3/k, & = —ex/k, &3 = —es3/(2k), & = ego/(2k) in order to let 4

components of the tensor vanish, i.e. e}; = e}, = e, = ¢{;; = 0. Furthermore imposing the conditions
5.1.29 we have ey = —e}; = 0, ¢[, = —¢4, = 0and ¢; = —(e43 +¢()/2 = 0. So as previously
mentioned, the gravitational wave that moves along the z direction has a polarization tensor whose
non-null components are only ey = —eq1 and ejp = er1. In other words, the gravitational wave has
only two polarization states.
We can observe that this particular choice of coordinates defines the so-called transverse trace-less
gauge, in fact

eﬁ =re)+el+es+e3=el+e3=0. (5.1.35)

So a gravitational wave is given by

0 0 0 0
0 en e Of ok (5.1.36)
0 ep —e;1 O
0 0 0 0

Considering a quantum field theory, we can interpret a field described by a two index tensor as
a spin 2 particle; therefore we can interpret the 1, field as that field that describes the mediating
particle of the gravitational field, the graviton and propagates at the speed of light since k#k, = 0.

5.2 Detection of GW

Let us now see what are the physical effects given by the interaction of a gravitational wave with
test masses. We'll get some conditions that may suggest how to set up an experimental apparatus able
to detect the waves themselves.

Let’s consider two massive particles A and B immersed in a gravitational field. They will be character-
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ized by universe lines
xhy = xF(7) (5.2.1)

for particle A and
xhy = x¥(T) + 5x (1) (5.2.2)

for particle B. 6x is the distance between the two universe lines. We use the geodesics equations
applied on this difference, which we will call geodesics deviation

D%6x* RY sk dx” dx?

Let us now consider an inertial reference system x"Ipha centered on A . In this case we can rewrite

the coordinates of the two particles

Xy =0 (5.2.4)
for A, while for B
xp! = ox'm, (5.2.5)
Furthermore we have
ta =T, (526&)
dx'r
o, (1,0) (5.2.6b)
Suwla = M (5.2.6¢)
Swala =0 = T, |a=0. (5.2.6d)

The above equations tell us that we can only consider the components imported for p = 0 and
v = 0, so we can rewrite the equation of the geodesic deviation

d25xj j k
? — Roko(sx . (5.2.7)

We also consider valid the Transverse-Traceless gauge (TT), so we can state that the components
huo = hoy vanish. So, in the weak field approximation we can say that the following relation holds

1 1 1 1
R](OIZO = R((Jj())k = E(akajhOO — 9xdohjo — 90djhox + Apdohjx) = EthkTOO (5.2.8)

We are now replacing this result in 5.2.6b and one gets

d2ox 1H
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Before the arrival of the gravitational wave the two particles are at a constant position from each
other 5x/(0). Since we are considering the field approximation of this constant distance this constant

distance will be perturbed by an infinitesimal amount
X1 (t) = 6x}) + 52 (8). (5.2.10)
We now replace the previous equation into equation 5.2.9 and we neglect all the terms of order higher

the one , .
]
d26x] 1k,

2= 550 (5.2.11)
this is the last form of the deviation geodesic equation. Its solution is given by
53 () = 630(¢) — 5, ~ %h{{(xﬂ(t))axg. (5212)
which can be recast as
5xI(t) ~ 6x%(0) (5{; + ;h;{(x”(t))) (5.2.13)

We will use this equation to understand what are the effects of the passage of a gravitational wave on
the system constituted by the two particles. Let’s remember that in the TT gauge the only non-zero
components of the gravitational perturbation which propagates in the z direction, are

= —nll (5.2.14a)
h = hit (5.2.14b)

Now we can distinguish two cases. Let us first consider the case where the two masses are aligned
in the z-direction. In this case their initial distance is 5x/(0) = (0.0, Ly). which when the wave passes,

on the other hand, changes and turns out to be
530 (1) = 6x%(0) (5{; + ;h{() — 523(0) <5§ + ;hé) _ 5x3(0)6, (52.15)

according to equation 5.2.13. From this we can deduce that the displacement along any j direction
remains constant: 6x/(t) = 6x/(0). Let’s suppose now to have the system of the two particles
aligned along a direction perpendicular to the z-axis. Before the wave passes, their separation is
5x/(0) = (0, Lo, 0). Once the wave arrives it turns to be

5% (t) = 6xk(0) (5;; + ;h{;(ﬂ‘(t})) = 5x%(0) <5§ + ;hé(ﬂ‘(ﬂ)), (5.2.16)

and therefore it is deduced that after the passage of the wave change the separations along y and
along z. Therefore, the gravitational wave is not only transverse but produces physical effects that are
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detectable in the direction transverse to those of propagation.

5.3 Generation of GW

We now want to study under what conditions it is possible to have the generation of gravitational
waves. We will exploit an analogy with electromagnetism, we will use the same procedure used to
understand which are the relevant terms in the development in multi-poles of the energy emitted by a
system of charges in motion, to obtain a gravitational analogue. In the electromagnetic case we had

2 2 )

.. ]_ een ...i]',gm
Iem - 3?(dem) + @(mem) + WQij,emQ +ee (5'3'1)

charge dipole  magnetic dipole charge quadrupole

where d., = Y gity is the electric dipole, m,,, = Y girx X v/ (2c) is the magnetic dipole and
Qi = Lk qr(3x;xj — &;jrz) is the charge quadrupole. Now, to switch to the analogous gravitational
case just replace the charges with the masses. The terms involved in the multi-pole expansion are

dg =Y myre = MR,y (5.3.2a)
k

mg =) 1 x (mgvy) =L, (5.3.2b)
k

Qijg = Y mi(3x;x; — 5;jr7), (5.3.2¢)
k

where we have replaced g with m;. We have done the following definitions
M= ka
k

is the total mass of the system,
Rem = kark/ M
k

is the position of the center of mass of the system, and

L
is the total angular momentum.
If the system is isolated then
d, = MR, =P =0, (5.3.3a)
m,=L=71=0, (5.3.3b)

where T is the total momentum and T is the total torque. Under these considerations the terms
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analogous to the electric and magnetic moment are null and therefore in the development in multiples
the dominant term will be the term of mass quadrupole i.e.

ij

where the factor 41—5 is due to the fact that we have to take into account the degeneracy due to the
spin 2 of the gravitational field. Let’s consider the linearized Einstein equation with in the weak field

approximation

1 167G
DZ <h‘u]/ - 217#1/]1) - _CTT]/“/- (5.3-5)

and we define the tensor .
lljpn/ = hpn/ - Emwh- (536)

. In the TT gauge choice i = 0 s0 ¥,y = hyy.
In terms of the new tensor it can be rewritten as

3 =0 (5.3.7)

and the Einstein equation is now translated in

lonG
DZIIJP“/ - _CTT}/“/. (5.3.8)

Now we want to understand how to describe a wave generated at great distances from the point of
detection. In particular we place ourselves at large distances R with respect to the wavelength A of the
generated wave. Formally the Einstein equation 5.3.8 is identical to the Maxwell equation

47
O%Ap = ——]p (5.3.9)

Using the same solving methods the general solution of the 5.3.8is given by

Y (t,x) = ‘%f (T’“)l';R/ cav’, (5.3.10)

and assuming that the velocities are much smaller than ¢ we can approximate

4G [
Pultx) = =5 / (Tt yed V" (5.3.11)
We use the property now
9, =0 (5.3.12)

which replaces the general conservation property of the momentum-energy tensor. In addition we
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notice that 7,,;, is symmetric with respect to the exchange of the indices, so

oty + 3% = 0, (5.3.13a)
1o + %10 = 0. (5.3.13b)

(we are omitting the fact that these equations are all evaluated at t-r/c). We multiply equation
5.3.13a by x; and we integrate over all space

aO/Tiox]-dV = —/akrikxjdV = —/ak(rikxj)dV+/"qk5;?dV =
(5.3.14)
=~ [ (maav + [ dv.

The first integral can be regarded as a surface term, so it can be neglected since it gives no contributions:

/TijdV = ao/rioxjdV = ;80/(Tioxj + Tjox;)dV. (5.3.15)
As for the second integral we multiply by x;x; and we get
ao/rooxixjdV = —/akrokxixjdV
— —/ak(Tkaixj)dV+/T0k<55»‘x]-dV+/Tokxiéjl-‘dv (5.3.16)
= /(Tojxi + Toix;)dV.

Let’s now combine the results obtained into a single equation and find

1 1
/TijdV = an /(Tiji + Toixj)dV = E(ao)z/rooxixjdv

_ 1@
22912

(5.3.17)
/T()oxl‘x]'dv.

This last equation says that volume integrals can be converted to integrals on the component
Too = Too + too approximate with Toy . So we can rewrite o0 = pc2 where p is the mass density at rest.

Replacing these results in 5.3.11
2G 0?
0= Ay or

We denote with a system size. Let’s put ourselves in the condition in which R >> A >> g, with A as

/pxixjdV. (5.3.18)

the wave length, so that we can describe the waves generated as plain waves if we put ourselves over
long distances.
Adopting the TT gauge

2G 9? 2G [ 92 )
Yij = hij = 450 /pxixjdV = 3, (Qij + 517? /p?’ dV>, (5.3.19)
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with
Qi]‘ = /p(Sxix]- — 7’251‘j)dv (5.3.20)

as mass quadrupole. We are considering a wave propagating in direction say x!. Since in the TT gauge
the only non vanishing components are iy, = —h33 and hy3 = h3; we have the flux of energy carried
in the x! direction

3 . 1 . R
ct% = 162G <(h23)2 + 41<h22 — h33)2> . (5.3.21)

Equation 5.3.19can be re-expressed explicitly as

3 4r ng, (5.3.22a)
hay — haz = @(Q‘zz — Q33), (5.3.22b)
and replacing in 5.3.21 we have
o = O <(Qz3)2 + 1(ézz - Q33)2>~ (5.3.23)
367cdr 4
The total irradiated energy is given by
I = 45c5 (QZ]Q’ ) (5.3.24)

99






Chapter 6

Dark Matter with Stueckelberg Axions

Introduction

We review a class of models which generalize the traditional Peccei-Quinn (PQ) axion solution by
a Stueckelberg pseudoscalar. Such axion models represent a significant variant with respect to earlier
scenarios where axion fields were associated with global anomalies, because of the Stueckelberg field,
which is essential for the cancellation of gauge anomalies in the presence of extra U(1) symmetries.
The extra neutral currents associated to these models have been investigated in the past in orientifold
models with intersecting branes, under the assumption that the Stueckelberg scale was in the multi-
TeV region. Such constructions, at the field theory level, are quite general and can be interpreted as the
four-dimensional field theory realization of the Green-Schwarz mechanism of anomaly cancellation
of string theory. We present an overview of models of this type in the TeV/multi TeV range in
their original formulation and their recent embeddings into an ordinary GUT theory, presenting an
E¢ x U(1)x model as an example. In this case the model contains two axions, the first corresponding
to a Peccei-Quinn axion, whose misalignment takes place at the QCD phase transition, with a mass
in the meV region and which solves the strong CP problem. The second axion is ultralight, in the
10720 — 10722 eV region, due to a misalignment and a decoupling taking place at the GUT scale. The
two scales introduced by the PQ solution, the PQ breaking scale and the misalignment scale at the
QCD hadron transition, become the Planck and the GUT scales respectively, with a global anomaly
replaced by a gauge anomaly. The periodic potential and the corresponding oscillations are related to
a particle whose De Broglie wavelength can reach 10 kpc. Such a sub-galactic scale has been deemed
necessary in order to resolve several dark matter issues at the astrophysical level.

It is by now well established that astrophysical and cosmological data coming either from measure-
ments of the velocities of stars orbiting galaxies, in their rotation curves, or from the cosmic microwave
background, indicate that about ~ 80% of matter in the universe is in a unknown form, and the
expectations for providing an answer to such a pressing question run high. These observational
results are justified within the standard ACDM dark matter/dark energy model [31] which has been
very successful in explaining the data. It predicts a dark energy component about 68 4= 1% of the
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total mass/density contributions of our universe in the form of a cosmological constant. The latter
accounts for the dark energy dominance in the cosmological expansion at late times and provides
the cosmological acceleration measured by Type Ia supernovae [32, 33], with ordinary baryonic dark
matter contributing just a few percent of the total mass/energy content (~ 5%) and a smaller neutrino
component. Cold dark matter with small density fluctuations, growing gravitationally and a spectral
index of the perturbations ns ~ 1 is compatible with an early inflationary stage and accounts for
structure formation in most of the early universe eras. By now, data on the CMB, weak lensing and
structure formation, covering redshifts from large z ~ 10° down to z <~ O(1) where the full nonlinear
regime of matter dominance is at work, have been confronted with N-body gravitational simulations
for quite some time, with comparisons which are in general agreement with ACDM. Such simulations,
characterized by perturbations with the above value of the spectral index show the emergence of
hierarchical, self-similar structures in the form of halos and sub-halos of singular density (o(r) ~ 1/r
in terms of the radius r) [34] in the nonlinear regime. However, while the agreement between ACDM
and the observations is significant at most scales, at a small sub-galactic scale, corresponding to
astrophysical distances relevant for the description of the stellar distributions (~ 10 kpc), cold dark
matter models predict an abundance of low-mass halos in excess of observations [35]. Difficulties
in characterizing this sub-galactic region have usually been attributed to inaccurate modeling of its
baryonic content, connected with star formation, supernova explosions and black hole activity which
take place in that region, causing a redistribution of matter.

There are various possibilities to solve this discrepancy, such as invoking the presence of warm
dark matter (WDM), whose free streaming, especially for low mass WDM particles, could erase halos
and sub-halos of low mass. At the same time they could remove the predicted dark matter cusps
in p(r), present in the simulations for r ~ 0 [34] but not detected observationally. As observed in
[35] and recently re-addressed in [36], these issues define a problem whose resolution may require a
cold dark matter component which is ultralight, in the 1072° — 10722 eV range. Proposals for such
component of dark matter find motivations mostly within string theory, where massless moduli in the
form of scalar and pseudoscalar fields abound at low energy. They are introduced at the Planck scale
and their flat potentials can be lifted by a small amount, giving rise to ultralight particles. However,
the characterization of a well-defined gauge structure which may account for the generation of such
ultralight particle(s) and which may eventually connect the speculative scenarios to the electroweak
scale can be pursued in various ways. It has been recently proposed [37] that particles of this kind may
emerge from grand unification in the presence of anomalous abelian symmetries, revisiting previous

constructions.

The goal of this review is to summarize the gauge structure of these models which require an
anomalous fermion spectrum with gauge invariance restored by a Wess-Zumino interaction, by the
inclusion of a Stueckelberg axion. Such models can be thought as the field theory realization of
the mechanism of anomaly cancellation derived from string theory. The models reviewed here are
characterized by some distinctive key features that we are going to discuss, establishing their relation
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to the Peccei-Quinn model, of which they are an extension at a field theory level.

6.1 Anomalous U(1)’s

The Peccei-Quinn (PQ) mechanism, proposed in the 1970’s to solve the strong CP problem [23,

, 39] had been originally realized by assigning an additional abelian chiral charge to the fermion

spectrum of the Standard Model (SM). Alternatively, a similar symmetry can be present in a natural

way in specific gauge theories based on groups of higher rank with respect to the SM gauge group.

This is the case, for instance of the U(1)po symmetry found in the Eq GUT discussed in [40] (as well as

in other realizations), naturally present in this theory and which can lead to a solution of the strong
CP problem.

As we are going to discuss, the mass of the axion, either in the presence of global or local anomalies
is connected to the instanton sector of a non-abelian theory and it is crucial for the mechanism of
misalignment to be effective that the axion couples to the gauge sector of the same theory. In fact, the
possibility that more than one axion is part of the spectrum of a certain gauge theory is not excluded,
with the mass of each axion controlled by independent mechanism(s) of vacuum misalignment induced
at several scales, if distinct gauge couplings for each of such particles with different gauge sectors
are present [41, 42]. We will illustrate this point in the extended Eg theory that we will overview in
the next sections, where the inclusion of an extra anomalous U(1) gauge symmetry realizes such a
scenario. Different mechanisms of vacuum misalignment may be held responsible for the generation
of axions of different masses, whose sizes may vary considerably.

6.1.1 Anomaly cancellation at field theory level with an axion

In the case of a Stueckelberg axion, as already mentioned, the PQ symmetry is generalized from
global to a local gauge symmetry and the Wess Zumino interactions are needed for the restoration
of gauge invariance of the effective action. Such generalizations, originally discussed in the context
of low scale orientifold models [43], where anomalous abelian symmetries emerge from stacks of
intersecting branes, have been proposed in the past as possible scenarios to be investigated at the LHC
[44,45,46,47,48, 49], together with their supersymmetric extensions [50, 51, 42]. While anomalous
abelian symmetries are interesting in their own right, especially in the search for extra neutral currents
at the LHC [52, 53, 47] [54], one of the most significant aspects of such anomalous extensions is in fact
the presence of an axion which is needed in order to restore the gauge invariance of the effective action.
It was called the "axi-Higgs" in [43] [44] - for being generated by the mechanism of Higgs-Stueckelberg
mixing in the CP-odd scalar sector, induced by a PQ-breaking periodic potential, later studied for its
implications for dark matter in [41]. The appearance of such a potential is what allows one component
of the Stueckelberg field to become physical. A periodic potential can be quickly recognized as being
of instanton origin and related to the #-vacuum of Yang-Mills theory and can be associated with phase
transitions in non-abelian theories. Recent developments have taken into consideration the possibility
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that the origin of such a potential of this form can be set at a very large scale, such as the scale of grand
unification (GUT). Its size is related to the value of the gauge coupling at the GUT scale, characterized

by a typical instanton suppression, where the mechanism of vacuum misalignment takes place.

6.1.2 An ultralight axion

In the case of a misalignment generated at the GUT scale, the mass of the corresponding axion is

strongly suppressed and can reach the far infrared, in the range of 10720 — 1022 eV, which is in the
optimal range for a possible resolution of several astrophysical issues, such as those mentioned in
the introduction [36]. Proposals for a fuzzy component of dark matter require a weakly interacting
particle in that mass range. As in the PQ (invisible axion) case, also in this case two scales are needed
in order to realize a similar scenario. In the PQ case the two scales correspond to f,, the large PQ
breaking scale and the hadronic scale which links the axion mass, f,, the pion m, and the light quarks
masses 1y, My, in an expression that we will summarize below. In the case of Stueckelberg axions
these fields can be introduced as duals of a 2-form (B,,,), defined at the Planck scale (Mp) and coupled
to the field strength (F) of an anomalous gauge boson via a B A F interaction [37].
The mechanism of Higgs-axion mixing and the generation of the periodic potential can take place
at a typical GUT scale. It is precisely the size of the potential at the GUT scale, which is controlled
by the 0-vacuum of the corresponding GUT symmetry, which is responsible for the generation of an
ultralight axion in the spectrum. As already mentioned, in the model discussed in [37] a second axion
is present, specific to the Eg part of the Eg x U(1)x symmetry, which is sensitive to the SU(3) colour
sector of the Standard Model after spontaneous symmetry breaking. This second field takes the role of
an ordinary PQ axion and solves the strong CP problem. We will start by recalling the main features
of the PQ solution, in particular the emergence of a mass/coupling relation in such a scenario which
narrows the window for axion detection down and gets enlarged in the presence of a gauge anomaly
in Stueckelberg models [49]. We will then turn, in the second part of this review, to a discussion of the
Stueckelberg extension. We will describe the features of such models in their non-supersymmetric
formulation. Their supersymmetric version requires a separate discussion, for predicting both an
axion and a neutralino as possible dark matter relics [51, 42].

6.2 The invisible PQ axion

The theoretical prediction for the mass range in which to locate a PQ axion is currently below the
eV region. The PQ solution to the strong CP problem has been formulated according to two main
scenarios involving a light pseudoscalar (a(x)) which nowadays take the name from the initials of the
proponents, the KSVZ axion (or hadronic axion) and the DFSZ [55, 56] axion, the latter introduced in a
model which requires, in addition, a scalar sector with two Higgs doublets H,, and H;, besides the PQ
complex scalar .

The small axion mass is attributed to a vacuum misalignment mechanism generated by the structure
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of the QCD vacuum at the QCD phase transition, which causes a tilt in the otherwise flat PQ potential.
The latter undergoes a symmetry breaking at a scale vpg, in general assumed to lay above the scales of
inflation H; and of reheating (Tr), and hence quite remote from the electroweak/confinement scales.
Other possible locations of vpg with respect to H; and T are also possible.

In both solutions the Peccei-Quinn scalar field ®, displays an original symmetry which can be
broken by gravitational effects, with a physical Goldstone mode a(x) which remains such from the
large vpg scale down to Agcp, when axion oscillations occur. In the DFSZ solution, the axion emerges
as a linear combination of the phases of the CP-odd sector and of ® which are orthogonal to the
hypercharge (Y) and are fixed by the normalization of the kinetic term of the axion field a. The solution
to the strong CP problem is then achieved by rendering the parameter of the -vacuum dynamical,
with the angle 6 replaced by the axion field (8 — a/ f,), with f, being the axion decay constant.

The computation of the axion mass m, is then derived from the vacuum energy of the #-vacuum
E(0) once this is re-expressed in terms of the QCD chiral Lagrangian, which in the two quark flavour
(u,d) case describes the spontaneous breaking of the SU(2); x SU(2)r flavour symmetry to a diagonal
SU(2) subgroup, with the 3 Goldstone modes (7%, 1) being the dynamical field of the low energy
dynamics. In this effective chiral description in which the 6 parameter is present, the vacuum energy
acquires a dependence both on neutral pseudoscalar 77° and on 6 of the form

0 Mg — my \ > 6
0 22 27 d u 27 0__
E(nY,0) = mnfﬂ\/cos 2—1—( p u> sin” 5 cos (" — ¢(0)) (6.2.1)

with p
mg —my .

= —— —. 2.2
pr— sin (6.2.2)

¢(0)

At the minimum, when 71° = f,¢(6), the vacuum energy assumes the simpler form

dmymg . , 0
which expanded for small 6 gives the well-know relation
1 mym
22 222 Tultd 4
E(0) = —m f7+ 2mnfn (mu+md)29 +... (6.2.4)
and the corresponding axion mass
2 02
p2 = Mfx_ Mutta (6.2.5)

f2 (my+mg)?

as 0 — a/ f,. Before getting into a more detailed analysis of the various possible extensions of the
traditional PQ scenarios, we briefly review the KSVZ (hadronic) and DFSZ (invisible) axion solutions.
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6.2.1 KSVZ and DFSZ axions

In both the DFSZ and KSVZ scenarios a global anomalous U(1)pg symmetry gets broken at some
large scale vpg, with the generation of a Nambu-Goldstone mode from the CP-odd scalar sector. In the
KSVZ case the theory includes a heavy quark Q which acquires a large mass by a Yukawa coupling
with the scalar ®. In this case the Lagrangian of Q takes the form

L =[0df +i0D Q+ APQrQr + h.c. — V(D) (6.2.6)

with a global U(1)pg chiral symmetry of the form

O — P
(6.2.7)
Q — e 5Q (6.2.8)

with an SU(3), covariant derivative (D) containing the QCD color charge of the heavy fermion Q.
The scalar PQ potential can be taken of the usual Mexican-hat form and it is U(1)pg symmetric.
Parameterising the PQ field with respect to its broken vacuum

jalx)

S i P (6.2.9)

the Yukawa coupling of the heavy quark Q to the CP-odd phase of ®, a(x), takes the form

Upg 2
Aﬁe PQ QLQR. (6210)

At this stage one assumes that there is a decoupling of the heavy quark from the low energy spectrum

by assuming that vpg is very large. The standard procedure in order to extract the low energy
interaction of the axion field is to first redefine the field Q on order to remove the exponential with the

axion in the Yukawa coupling

53t =0 6211
e QL/r = QL/R- (6.2.11)

This amounts to a chiral transformation which leaves the fermionic measure non-invariant

_ | [dtx =2 G(x)G _
DODQ — ¢ | g “ M p 50 (6.2.12)

and generates a direct coupling of the axion to the anomaly GG. Here the factor of 6 is related to the
number of L/R components being rotated, which is 6 if Q is assigned to the triplet of SU(3)..
The kinetic term of Q is not invariant under this field redefinition and generates a derivative

coupling of a(x) to the axial vector current of Q. For ¢ triplets, for instance, the effective action of the
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axion, up to dimension-5 takes the form

61”!f

1
Lofr = ana(x)af‘a(x) + 321%0pg

~ 1 -
a(x)GG + v—ayaQ'y”%Q +... (6.2.13)
PQ
where we have neglected extra higher dimensional contributions, suppressed by vpg.
In the case of the DFSZ axion, the solution to the strong CP problem is found by introducing a scalar
® together with two Higgs doublets H, and H,. In this case one writes down a general potential,
function of these three fields, which is SU(2) x U(1) invariant and possesses a global symmetry

H, — "% H, — H;—e*%H;, & — *%ed (6.2.14)
with X, + X; = —2X4¢. It is given by a combination of terms of the form
V = V(Hf,|Hf,|OF |HHIF |Hy - Hf?, Hy - Hy, %) (6.2.15)

where H, - H; denotes the SU(2) invariant scalar product. The identification of the axion field is made
by looking for a linear combination of the phases which is not absorbed by a gauge transformation.
This can be done, for instance, by going to the unitary gauge and removing all the NG modes of the
broken gauge symmetry. The corresponding phase, which is the candidate axion, is the result of a
process of mixing of the PQ field with the Higgs sector at a scale where the symmetry of the potential
is spontaneously broken by the two Higgs fields.

6.3 TeV scale: Stueckelberg axions in anomalous U(1) extensions of the
Standard Model

Intersecting D-brane models are one of those constructions where generalized axions appear
[57, 58, 59, 60]. In the case in which several stacks of such branes are introduced, each stack being the
domain in which fields with the gauge symmetry U(N) live, several intersecting stacks generate at
their common intersections, fields with the quantum numbers of all the unitary gauge groups of the
construction, such as

U(Ny) x U(Na) % ... x U(Ng) = SU(N;) x U(1) x SU(Na) x U(1) % ... x SU(Ni) x U(1). (6.3.1)

The phases of the extra U(1)’s are rearranged in terms of an anomaly-free generator, corresponding to
an (anomaly free) hypercharge U(1) (or U(1)y), times extra U(1)’s which are anomalous, carrying
both their own anomalies and the mixed anomalies with all the gauge factors of the Standard Model.
This general construction can be made phenomenologically interesting.

Using this approach, the Standard Model can be obtained by taking for example 3 stacks of branes:
a first stack of 3 branes, yielding a U(3) gauge symmetry, a second stack of 2 branes, yielding a
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symmetry U(2) and an extra single U(1) brane, giving a gauge structure of the form SU(3) x SU(2) x
U(1) x U(1) x U(1). Linear combinations of the generators of the three U(1)’s allow us to rewrite
the entire abelian symmetry in the form U(1)y x U(1)" x U(1)"”, with the remaining U(1)" x U(1)”
factors carrying anomalies which need to be cancelled by extra operators. The simplest realization
of the Standard Models (SM) is obtained by 2 stacks and a single brane at their intersections, giving
a symmetry U(3) x U(2) x U(1). In this case, in the hypercharge basis, the gauge structure of the
model can be rewritten in the form SU(3). x SU(2), x U(1)y x U(1)" x U(1)".

We consider the case of a single U(1)" = U(1)p anomalous gauge symmetry, where the Stueckel-
berg field b(x) couples to the gauge field B, by the gauge invariant term

1
Lot =5 (ub— MB,)? (63.2)

which is the well-known Stueckelberg form. M is the Stueckelberg mass. The Stueckelberg symmetry
of the Lagrangian (6.3.2) is revealed by acting with gauge transformations of the gauge fields B, under
which the axion b varies by a local shift

8By = 9,05 5b = M6g (6.3.3)

parameterized by the local gauge parameters 6p. Originally, the Stueckelberg symmetry was presented
as a way to give a mass to an abelian gauge field while still preserving the gauge invariance of the
theory. However, it is clear nowadays that its realization is the same one as obtained, for instance,
in an abelian-Higgs model when one decouples the radial excitations of the Higgs fields from its
phase [49]. The bilinear dBb mixing present in Eq. (6.3.2) is an indication that the b field describes a
Nambu-Goldstone mode which could, in principle, be removed by a unitary gauge condition. We will
come back to this point later in this review. There is a natural way to motivate Eq. (6.3.2).

If we assume that the U(1)p gauge symmetry is generated within string theory and realized around
the Planck scale, the massive anomalous gauge boson acquires a mass through the presence of an
A A F coupling in the bosonic sector of a string-inspired effective action [61]. The starting Lagrangian
of the effective theory involves, in this case, an antisymmetric rank-2 tensor A, coupled to the field
strength F,,;, of B,

1 1 M
L= _EHMVPHVVP - @FW/FHV + 1 G#V‘DUAVV Fpa/ (6.3.4)
where

is the kinetic term for the 2-form and g is an arbitrary constant. Besides the two kinetic terms for A,
and By, the third contribution in Eq. (6.3.4) is the A A F interaction.

The Lagrangian is dualized by using a “first order” formalism, where H is treated independently
from the antisymmetric field A,,. This is obtained by introducing a constraint with a Lagrangian
multiplier field b(x) in order to enforce the condition H = dA from the equations of motion of b, in
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the form
1 nvp 1 uv M nvpo 1 neoy H
[ 0 —712 H HP”/P 4—21: F?“/ 6 € HVVP Bg’ —+ 6 b(x) € utlvpo- (636)

The appearance of a scale M in this Lagrangian is crucial for the cosmological implications of such a
theory [47], since it defines the energy region where the mechanism of anomaly cancellation comes
into play [43]. The last term in (6.3.6) is necessary in order to reobtain (6.3.4) from (6.3.6). If, instead,
we integrate by parts the last term of the Lagrangian given in (6.3.6) and solve trivially for H we find

HMP = —elf? (MB, — 9sb), (6.3.7)
and inserting this result back into (6.3.6) we obtain the expression

La =~ " Fu - % (MBy — 3,b)? (638)
which is the Stueckelberg form for the mass term of B. This rearrangement of the degrees of freedom
is an example of the connection between Lagrangians of antisymmetric tensor fields and their dual
formulations which, in this specific case, is an abelian massive Yang-Mills theory in a Stueckelberg
form.

The axion field, generated by the dualization mechanism, appears as a Nambu-Goldstone mode,
which can be removed by a unitary gauge choice. However, as discussed in [43], the appearance, at a
certain scale, of an extra potential which will mix this mode with the scalar sector, will allow to extract
a physical component out of b, denoted by x.

The origin of such a mixing potential is here assumed to be of non-perturbative origin and triggered
at a scale below the Stueckelberg scale M. It is at this second scale where a physical axion appears in
the spectrum of the theory. The local shift invariance of b(x) is broken by the vev of the Higgs sector
appearing in the part of the potential that couples the Stueckelberg field to the remaining scalars,
causing a component of the Stueckelberg to become physical. The scale at which this second potential
is generated and gets broken is the second scale controlling the mass of the axion, x. Such a potential
is by construction periodic in y, as we are going to illustrate below and it is quite similar to the one
discussed in Eq. (8.1.4). Its size is controlled by constants (A;) which are strongly suppressed by the

S

exponential factor (~ e, with S;,5 the instanton action), determined by the value of the action in

the instanton background.

In models with several U(1)’s this construction is slightly more involved, but the result of the
mixing of the CP odd phases leaves as a remnant, also in this case, only one physical axion [43], whose
mass is controlled by the size of the Higgs-axion mixing.
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Q 3 2 1/6 qg
UR 3 1 2/3 | g +a;
dr 3 1 -1/3 qg — g8
L 1 2 —-1/2 q°

_ B __ B
eRr 1 1 1 qr — 44
H, 1 2 1/2 g5
H, 1 2 1/2 T

Table 6.1 Charges of the fermion and of the scalar fields

6.3.1 Stueckelberg models at the TeV scale with two-Higgs doublets

The type of models investigated in the past have been formulated around the TeV scale and
discussed in detail in their various sectors [44, 45, 46, 47, 48, 49, 62] [63]. We offer a brief description
of such realizations, which extend the symmetry of the SM minimally and as such are simpler
than in other realizations involving larger gauge symmetries. They have the structure of effective
actions where dimension-5 interactions are introduced in order to restore the gauge invariance of the
Lagrangian in the presence of an anomalous gauge boson (and corresponding fermion spectrum).
Therefore, they are quite different from ordinary anomaly-free versions of the same theories. They
include one extra anomalous U(1)z symmetry, the Stueckelberg field and a set of scalars with a
sufficiently wide CP odd sector in order to induce a mixing potential between the scalar fields and
the Stueckelberg. Obviously, such models are of interest at the LHC for predicting anomalous gauge
interactions in the form of extra neutral currents [47, 52] with respect to those of the electroweak sector.

The effective action has the structure given by
S = So+ Syuk + San + Swz (6.3.9)

where &y is the classical action. The same structure will characterize also other, more complex,
realizations. It contains the usual gauge degrees of freedom of the Standard Model plus the extra
anomalous gauge boson B which is already massive before electroweak symmetry breaking, via a
Stueckelberg mass term, as it is clear from (6.3.8). We show the structure of the 1-particle irreducible
effective action in Fig. 6.1. We consider a 2-Higgs doublet model for definiteness, which will set the
ground for more complex extensions that we will address in the next sections. We consider an SU(3), x
SU(2)y x U(1)y x U(1)p gauge symmetry model, characterized by an action Sy, corresponding to the
tirst contribution shown in Fig. 6.1, plus one loop corrections which are anomalous and break gauge
invariance whenever there is an insertion of the anomalous gauge boson By, in the trilinear fermion
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Y B B SU(3) SU(2)

Y Y B SU(3) SU(2)
Y B B SU(3) 5U(2)
b-—---- < +b---==-- < +b---=--- < +b------ g +b------
Y Y B 5U(3) SU(2)

Figure 6.1 The 1PI effective action for a typical low scale model obtained by adding one extra anomalous U(1)p
to the Standard Model action. Shown are the one-loop trilinear anomalous interactions and the corresponding
counterterms, involving the b field.

vertices. In the last line of the same figure are shown the (b/M)F A F Wess-Zumino counterterms
needed for restoring gauge invariance, which are suppressed by the Stueckelberg scale M. Table 6.1
shows the charge assignments of the fermion spectrum of the model, where we have indicated by g
the charges for a single generation, having taken into account the conditions of gauge invariance of the
Yukawa couplings. Notice that the two Higgs fields carry different charges under U(1)p, which allow
to extend the ordinary scalar potential of the two-Higgs doublet model by a certain extra contribution.
This will be periodic in the axi-Higgs yx, after the two Higgses, here denoted as H, and H, acquire
a vev. Specifically, %, qg denote the charges of the left-handed lepton doublet (L) and of the quark
doublet (Q) respectively, while g;; , 45 , 4¢, are the charges of the right-handed SU(2) singlets (quarks
and leptons). We denote by Ag® = g8 — 4f the difference between the two charges of the up and
down Higgses (45, 45) respectively and from now on we will assume that it is non-zero. The trilinear
anomalous gauge interactions induced by the anomalous U(1) and the relative counterterms, which
are all parts of the 1-loop effective action, are illustrated in Fig. 6.1.
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6.3.2 Fermion/gauge field couplings

The models that we are discussing are characterized by one extra neutral current, mediated by a
Z' gauge boson. The interaction of the fermions with the gauge fields is defined by the Lagrangian

¢ i ] 1 1 g Uri
L = (u“ d“) " [—gsT“G; — QT Wy — 58y Yy — ngQQB”} (d Z) +

Li
1 1
+agiy" [—8sTaGf¢ — QT'Wy — ggYYu - ngqSRBV] URi
- 1 1
i r? [5G W+ e Sl B s 6310

while the Higgs sector is characterized by the two Higgs doublets

Ht HF
H, = u H, = d 6.3.11
u (Hg) d (Hg) (6311)

where H,f, HI and HY, HY are complex fields with (with some abuse of notation we rescale the fields
by a factor of 1/+/2)

+ +ilmH, ReH,; +ilmH
Hlj_ _ ReHu +lIm u , Hd_ _ e d d , Hu_ — H:—*, H;— — Hd_*- (6.3.12)
V2 V2
Expanding around the vacuum we get for the neutral components
HO — o +w HY— o +w (6.3.13)
u = Uu 2 p 4= 0d /2 . 3.

which will play a key role in determining the mixing of the Stueckelberg field in the periodic potential.
The electroweak mixing angle is defined by cos 0y = g2/g,sinfyw = gy/g, with ¢> = g3 + ¢3. We
also define cos f = v;/v, sin B = v, /v with v> = v3 + v2. The matrix rotates the neutral gauge bosons
from the interaction to the mass eigenstates after electroweak symmetry breaking and has elements
which are O(1), being expressed in terms of ratios of coupling constants, which correspond to mixing
angles. It is given by

A, W3
zZ | =04 | AY (6.3.14)
z' B
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which can be approximated to leading order as

Sy & 0
o'~ | 0@ ~¥+oe e ©63.15)
—&¢ e 1+ 0(e?)
where
€1 = %,
xp = (q50% + g3 ) - (6.3.16)

Once the WZ counterterms will be rotated into the gauge eigenstates and the b field into the physical
X field, there will be a direct coupling of the anomaly to the physical gauge bosons. This will involve
both the neutral and the charged sectors. More details can be found in [46].

6.3.3 Counterterms

Fixing the values of the counterterms in simple single U(1) models like the one we are reviewing,
allows to gain some insight into the possible solutions of the gauge invariance conditions on the
Lagrangian. The numerical values of the counterterms appearing in the second line of Fig. 6.1 are

fixed by such conditions, giving
g 45 1p 1p 5
Cpyy = 690 T 39ux T 39d, = 5L T Gers
Cypp = —(90)* +2(qr,)* = (92,)* + (90)* = (92,)%,

Cses = —6(95)° +3(qu,)° +3(q5.)* — 2(q1)° + (42.)°,

€R

Caww = 5 (=41 — 345)- (6.3.17)

They are, respectively, the counterterms for the cancellation of the mixed anomaly U(1)sU(1)?
and U(1)yU(1)3; the counterterm for the BBB anomaly vertex or U(1)3 anomaly, and those of the
U(1)pSU(3)? and U(1)pSU(2)? anomalies. They are defined in the Appendix. From the Yukawa
couplings we get the following constraints on the U(1)p charges

90 —q5 —q4, =0 90 +q5 —qh, =0 qr —q5 —q5, = 0. (6.3.18)
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Using the equations above, we can eliminate some of the charges in the expression of the counterterms,
obtaining

(341 + 994 +8Aq"),
(95 (aF +3q8) +28 (3] +9B) + (84°)7],
Cpss = (97 — q5)° +3(q5 + 96+ Aq®)> +3(q8 — 95)° — 2(q7)° — 6(40)°,

Coww = 5(=q1 —34). (63.19)

The equations above parametrize, in principle, an infinite class of models whose charge assignments
under U(1)p are arbitrary, with the charges in the last column of Tab. (6.1) taken as their free paramet-
ers. The coupling of the axion to the corresponding gauge bosons can be fixed by a complete solution
to the anomaly constraints, which may provide us with an insight into the possible mechanisms of
misalignment that could take place at both the electroweak and at the QCD phase transitions.

6.3.4 Choice of the charges

Due to the presence, in general, of a nonvanishing mixed anomaly of the U(1)p gauge factor with
both SU(2) and SU(3), the Stueckelberg axion of the model has interactions with both the strong
and the weak sectors, which both support instanton solutions, and therefore could acquire a mass
non-perturbatively both at the electroweak and at the QCD phase transitions. In this case we take
into account the possibility of having sequential misalignments, with the largest contribution to the
mass coming from the latter. Obviously, for a choice of charges characterized by Ag = 0, in which both
doublets of the Higgs sector H,, and H, carry the same charge under U(1)p, the axion mass will not
acquire any instanton correction at the QCD phase transition. In this case the potential responsible
for Higgs-axion mixing would vanish. In this scenario a solution to the anomaly equations with a
vanishing electroweak interaction of the Stueckelberg can be obtained by choosing g% = —3qg.

If instead the charges are chosen in a way to have both non-vanishing weak (Cgww) and strong
(Cggg) counterterms, it is reasonable to expect that the misalignment of the axion potential will be
sequential, with a tiny mass generated at the electroweak phase transition, followed by a second
misalignment induced at the strong phase transition. The instanton configurations of the weak and
strong sectors will be contributing differently to the mass of the physical axion. However, due to the
presence of a coupling of this field with the strong sector, its mass will be significantly dominated by
the QCD phase transition, as in the Peccei-Quinn case.
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6.3.5 The scalar sector

The scalar sector of the anomalous abelian models is characterized, as already mentioned, by the
ordinary electroweak potential of the SM involving, in the simplest formulation, two Higgs doublets
Vpo(Hu, Hy) plus one extra contribution, denoted as V]/f d (Hy, Hy,b) - or V' (PQ breaking) in [43] -
which mixes the Higgs sector with the Stueckelberg axion b, needed for the restoration of the gauge

invariance of the effective Lagrangian
V = VpQ(Hu, Hd) + V]/](Q(Hu, Hy, b) (6320)

The appearance of the physical axion in the spectrum of the model takes place after the phase-
dependent terms - here assumed to be of non-perturbative origin and generated at a phase transition -
find their way in the dynamics of the model and induce a curvature on the scalar potential. The mixing
induced in the CP-odd sector determines the presence of a linear combination of the Stueckelberg field
b and of the Goldstones of the CP-odd sector which acquires a tiny mass. From (6.3.20) we have a first
term

Veg = WAHIH, + u3H Hy + Ay (HIHy)? + Aga(HYHg)? — 2A,0(HEHy ) (HSHy) + 20, 4| HE 1 Hy |2
(6.3.21)

typical of a two-Higgs doublet model, to which we add a second PQ breaking term

Vig = Mo (H'H e~ 85(@u—4a 2M)+A1(H*Hde g5 (qu—4a) 21 )2 _,_/\Z(H;;Hu)(HZHde—igB(qu—qd)ﬁ)_|_
As(HYHy) (HY Hye'88@e—4a)2i) 4 h.c. (6.3.22)

These terms are allowed by the symmetry of the model and are parameterized by one dimensionful
(Ap) and three dimensionless couplings (A1, A2, A3). Their values are weighted by an exponential factor
containing as a suppression the instanton action. In the equations below we will rescale Ag by the
electroweak scale v = /02 + v (Ag = Agv) so as to obtain a homogeneous expression for the mass
of x as a function of the relevant scales of the model which are, besides the electroweak vev v the
Stueckelberg mass M and the anomalous gauge coupling of the U(1)p, ¢5.

The gauging of an anomalous symmetry has some important effects on the properties of this
pseudoscalar, first among all the appearance of independent mass and couplings to the gauge fields.
This scenario allows then a wider region of parameter space in which one could look for such particles
[44, 46, 49], rendering them "axion-like particles" rather than usual axions. We will still refer to them as
axions for simplicity. So far only two complete models have been put forward for a consistent analysis

of these types of particles, the first one non-supersymmetric [43] and a second one supersymmetric

[51].
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6.3.6 The potential for a generic Stueckelberg mass

The physical axion )y emerges as a linear combination of the phases of the various complex scalars
appearing in combination with the b field. To illustrate the appearance of a physical direction in the
phase of the extra potential, we focus our attention on just the CP-odd sector of the total potential,
which is the only one that is relevant for our discussion. The expansion of this potential around the
electroweak vacuum is given by the parameterization

H HT
H, = R H; = S (6.3.23)
v, + H, vg + Hj

where v, and v, are the two vevs of the Higgs fields. This potential is characterized by two null
eigenvalues corresponding to two neutral Nambu-Goldstone modes (G}, G3) and an eigenvalue
corresponding to a massive state with an axion component (). In the (ImHY, ImHY, b) CP-odd basis

we obtain the following normalized eigenstates

1

\m“’d'%o)

vy + U5

G(% N 1 gB qd _q” Udv gB(qd_qu 'Udvu \fM\/m
R T R WY B e

1
X = <\ﬁMvu, —\ﬁMvd,gB(qd — qu)vdvu) (6.3.24)
V/83(0 — 9)20303 + 2M2(23 + 02)

Go =

and we indicate with OX the orthogonal matrix which allows to rotate them to the physical basis

Gé ImHg
G¢| =O% | ImH) |, (6.3.25)
X b
which is given by
X _ gB(qd*Qu)vdyﬁ gB(qd_Qu)U%Uu V2Mvo
Ot = /22 (G1—00 SRR +2MPR 0n/ 22 (0a—00) 20202+ 2 M2 2 (01—q0 20202 1 2M22 (6.3.26)
gB q q a“u gB q q dY%u gB q q dYu
V2Mo, _ V2Mu, 88(9a—qu)vavu
\/g%3 (9a—qu)*03v3+2M%0? \/g%3 (94—qu)?v2054+2M?0? \/g%(qd—qu)zvf,vg—&-ZMZzﬂ

where v = /02 + 03
X inherits WZ interaction since b can be related to the physical axion x and to the Nambu-Goldstone

116



modes via this matrix as

b = O}Gy+O0LGs+O0%x, (6.3.27)
or, conversely,
x = O%}ImH;+ O%LImH, + O%b. (6.3.28)

Notice that the rotation of b into the physical axion x involves a factor O, which is of order v/M.
This implies that x inherits from b an interaction with the gauge fields which is suppressed by a scale
M? /v. This scale is the product of two contributions: a 1/ M suppression coming from the original
Wess-Zumino counterterm of the Lagrangian (b/ MFF) and a factor v/ M obtained by the projection of
b into x due to O,.

The direct coupling of the axion to the physical gauge bosons via the Wess-Zumino counterterms
is obtained by the usual rotation to the mass eigenstates which can be obtained from the rotation
matrix O/ defined in (6.3.15). The final expression of the coupling of the axi-Higgs to the photon
$xyyXFyEy, is defined by a combination of matrix elements of the rotation matrices O4 and OX.
Defining ¢* = g3 + g%, the expression of this coefficient can be derived in the form

5 2 2
&y = éfzﬁgz 332 <_q1§L +47x (q}/R> — a5 (qﬁ> ) ' (6.3.29)

Notice that this expression is cubic in the gauge coupling constants, since factors such as g»/g and
gy /g are mixing angles while the factor 1/7? originates from the anomaly. Therefore one obtains a
general behaviour for g%, of O(g%v/M?), with charges which are, in general, of order unity.

6.3.7 Periodicity of the extra potential

Equivalently, it is possible to reobtain the results above by an analysis of the phases of the extra
potential, which shows how this becomes periodic in yx, the axi-Higgs. This approach shows also
quite directly the gauge invariance of x as a physical pseudoscalar. In fact, if we opt for a polar
parametrization of the neutral components in the broken phase

1 0 iFg(X) 0 1 0 i%
= ﬁ <\/§'Uu +pu<x)) e V2uu Hd = ﬁ <\/§Ud +Pd(x>) e ﬁvd, (6330)

where we have introduced the two phases F, and F; of the two neutral Higgs fields, information on

the periodicity is obtained by combining all the phases of V'

_ 88(qa — qu) 1
9(x):%b(x)— ﬁvng(xH
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Using the matrix O* to rotate on the physical basis of the CP-odd scalar sector, the phase describing the
periodicity of the potential turns out to be proportional to the physical axion ), modulo a dimensionfull
constant ()

o(x) = X%), (6.3.32)
Ox
where we have defined ) M
oy = 9uld (6.3.33)

\/83 (92 — qu)*vgos +2M2 (05 + UZ)
Notice that oy, in our case, takes the role of f, of the PQ case, where the angle of misalignment is
identified by the ratio a/ f,, with a the PQ axion.
As already mentioned, the re-analysis of the V' potential is particularly useful for proving the gauge
invariance of x under a U(1)3 infinitesimal gauge transformation with gauge parameter ag(x). In this
case one gets

i
0H, = _EngB“BHu
1
0H; = _EngBaBHd
0
SF) = —T”qugm
SFf = \[ngB“B
6b = —M — Sag (6.3.34)

giving for (6.3.32) 60 = 0. The gauge invariance under U(1)y can also be easily proven using the
invariance of the Stueckelberg field b under the same gauge group, sand the fact that the hypercharges
of the two Higgses are equal. Finally, the invariance under SU(2) is obvious since the linear combina-
tion of the phases that define 6(x) are not touched by the transformation.

From the Peccei-Quinn breaking potential we can extract the following periodic potential

V' =4v,v, ()\zvﬁ + Agvi + Ao) cos (f) + 2)&17)%[0% cos <2§> , (6.3.35)
X X
with a mass for the physical axion x given by
2
m2 = U (Rg0? + A0l + As0? + 4A10,04) A AP, (6.3.36)
%

The size of the potential is driven by the combined product of non-perturbative effects, due to the
exponentially small parameters (Ao, A1, A2, A3), with the electroweak vevs of the two Higgses. Notice
also the irrelevance of the Stueckelberg scale M in determining the value of ¢, ~ O(v) and of m, near
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the transition region, due to the large suppression factor A in Eq. (6.5.16). One point that needs to be
stressed is the fact that at the electroweak epoch the angle of misalignment generated by the extra
potential is parameterized by x /o, while the interaction of the physical axion with the gauge fields is
suppressed by M? /v. This feature is obviously unusual, since in the PQ case both scales reduce to a
single scale, the axion decay constant f,.

6.3.8 The Yukawa couplings and the axi-Higgs

The Yukawa couplings determine an interaction of the axi-Higgs to the fermions. This interaction
is generated by the rotation in the CP-odd sector of the scalars potential, which mixes the CP-odd
components, with the inclusion of the Stueckelberg b, via the matrix O,. The Yukawa couplings of the
model are given by

cunt- = 19 QHudg — T drHIQ — T Qr (ioo H} Jug — T iig (io H:) T Qr
~T¢LHgegr — T°erHIL
= —T9dHYPrd — T*dHY*Prd — T iHY Pru — T i HO Pru
~T°&HYPge — T¢eHY* Pre, (6.3.37)

where the Yukawa coupling constants '/, T and T run over the three generations, i.e. u = {u,c,t},
d = {d,s,b} and e = {e, u, 7}. Rotating the CP-odd and CP-even neutral sectors into the mass
eigenstates and expanding around the vacuum one obtains

ReHY + i ImHY
V2
(W’ sina — HOcos ) +i (O, G} + 05,G3 + O% x)

HS =v, +

=0, + 6.3.38
u \/E ( )

0 ReHY + i ImH)
- (h° cosw + HOsinw) + i (O1,G§ + 05, Gj + O%,x) (6.339)

V2

where the vevs of the two neutral Higgs bosons v, = vsin f and v; = v cos f§ satisfy

tan B = % v=1/02 + 2 (6.3.40)
d
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The fermion masses are given by

my = vuru/ my = Uurvf

my = val%, e = vaT¢, (6.3.41)

where the generation index has been suppressed. The fermion masses, defined in terms of the two
expectation values v, v; of the model, show an enhancement of the down-type Yukawa couplings for
large values of tan f while at the same time the up-type Yukawa couplings get a suppression. The
couplings of the h° boson to fermions are given by

Ly (h%) = —T?d,d (Cos“h()) o <Sin“h°> —Te (COS“h‘)) tee (6342
Yi k( ) LUR \/E LUYR \/i LER \/E ( )

The couplings of the H” boson to the fermions are

- sin & COS & sin &
Lyac(H®) = —Tddg (HO —T*dapug | — HY) —T¢Lex H°) 4cc. (6.3.43)
V2 V2 V2

The interaction of x with the fermions is proportional to the rotation matrix OX and to the mass of

the fermion. The decay of the axi-Higgs is driven by two contributions, the direct point-like WZ
interaction (x / MFF) and the fermion loop. The amplitude can be separated in the form corresponding
to the two contributions from diagrams a) and b) of Fig. 6.2

M (x = ) = My + MY (6.3.44)
The direct coupling related to the anomaly is given by the vertex shown in Fig. 6.2 a)
M, (x = vy) = 488 elu, v, ka, ko] (6.3.45)
coming from the WZ counterterm XF’Yﬁ’r which gives a decay rate of the form

m3

Tz (X = 77) = 2 (852)% (6.3.46)
We remark that g7, is of O(g%v/M?), as derived from Eq. (6.3.29), with charges that have been chosen
of O(1).
It is

Comparative studies of the decay rate into photons for the axi-Higgs with the ordinary PQ axion
have been performed for a Stueckelberg scale confined in the TeV range and a mass of x in the same
range expected for the PQ axion. The analysis shows that the total decay rate of x into photons is of the
order I'y ~ 1070 GeV, which is larger than the decay rate of the PQ axion in the same channel (107¢°),
but small enough to be long- lived, with a lifetime larger than the age of the universe. We show in Fig.
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(a) (D)

Figure 6.2 Contributions to the x — 77 decay. describing the anomaly contribution (a) and the interaction
mediated by the Yukava coupling in the fermion loop (b).
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Figure 6.3 Total decay rate of the axi-Higgs for several mass values. Here, for the PQ axion, we have chosen
fa = 10'° GeV.

6.3 the result of this study, where we compare predictions for the decay rate of the axi-Higgs into two
photons to that of the ordinary PQ axion.
The charge assignment of the anomalous model have been denoted as f(—1,1,4), where we have used

the convention

£(a0,,95,03%) = (0, T 95,91 er T 93)- (6.3.47)

These depend only upon the three free parameters qu, q%, AqP. The parametric solution of the anomaly
equations of the model f (qu, q%, AqP), for the particular choice qu = —1,4% = —1, reproduces the
entire charge assignment of a special class of intersecting brane models (see [55] and [61] and the
discussion in [49])

f(-1,-1,4) =(-1,0,0,—1,0,+2, -2). (6.3.48)
We refer to [41] for further details on these studies.
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6.4 Relic density for a low (~ 1 TeV) Stueckelberg scale

The computation of the relic density for the Stueckelberg axi-Higgs can be performed as in
[42], adopting a low scale scenario, where the extra V' (6.3.35) potential which causes the vacuum
misalignment is generated around the electroweak scale.

One starts from the Lagrangian

1, 1
S = /d4x\/§ (27(2 _ zmir"o , (64.1)

where Iy is the decay rate of the axion, where the potential has been expanded around its minimum up
to quadratic terms. The same action can be derived from the quadratic approximation to the general

expression
S= /d4xR3(t) <;0§ (3.0)* — u* (1 — cos ) — Vo) (6.4.2)

which, as just mentioned, is constructed from the expression of V' given in Eq. (6.3.35). Here u ~ v,
is the electroweak scale. We also set to zero other contributions to the vacuum potential (Vo = 0).
In a Friedmann-Robertson-Walker spacetime metric, with a scaling factor R(f), this action gives the
equation of motion

d 3 - 3.2

5 [(R X+ rx)} + R*m%(T) =0. (6.4.3)
We will neglect the decay rate of the axion in this case and set I'y, =~ 0. At this point, we are free to set
the scale at which the V' potential, which is of non-perturbative origin, is generated. Therefore it will
be zero above the electroweak scale (or temperature T,,), which will give m, = 0 for T > T¢,. The
general equation of motion derived from Eq. (6.4.3), introducing a temperature dependent mass, can

be written as
X+ 3Hx +m3(T)x =0, (6.4.4)

which allows as a solution a constant value of the misalignment angle 6 = ;. The axion energy density
is given by
1., 1
p =Sk + 5max’, (6.4.5)

which after a harmonic averaging, due to the periodic motion, gives

(o) = m3(x*). (6.4.6)



By differentiating Eq. (6.4.5) and using the equation of motion in (6.4.4), followed by the averaging
Eq. (6.4.6) one obtains the relation

(o) = (o) <—3H + Z) , (6.4.7)

with a mass which is time-dependent through its temperature T(t), while H(t) = R(t)/R(t) is the
Hubble parameter. One easily finds that the solution of this equation is of the form

(o) = T{é,((f)) (6.4.8)

which shows the decay of the energy density with an increasing space volume, valid even for a
T-dependent mass. The condition for the oscillations of x to take place is that the the universe has to
be old at least as the the period of oscillation. Then the axion field starts oscillating and appears as
dark matter, otherwise 6 is misaligned but frozen. This is the physical content of the condition

my (T;) = 3H(T}), (6.4.9)

which allows to identify the initial temperature of the coherent oscillation of the axion field x, T;, by
equating m, (T) to the Hubble rate, taken as a function of temperature.

In the radiation era, the thermodynamics of all the components of the primordial state is entirely
determined by the temperature T, being the system at equilibrium. This is because the contents of the
early universe were in approximate thermal equilibrium, being the interaction rates of the constituents
were large compared to the interaction rates H.

Pressure and entropy are then just given as a function of the temperature

2

7T
=3p=_—q,7T*
p=3p =381
272
s= Eg*,sﬂf”. (6.4.10)

Combined with the Friedmann equation they allow to relate the Hubble parameter and the energy

H= ,/gnGNp, (6.4.11)

with Gy = 1/M?3 being the Newton constant and Mp the Planck mass. The number density of axions

density

n, decreases as 1/R® with the expansion, as does the entropy density s = S/R3, where S indicates the
comoving entropy density, which remains constant in time, leaving the ratio Y, = n, /s conserved. An
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important variable is the abundance of x at the temperatire of oscillations T;, which is defined as
Y, (Ti) = —=| . (6.4.12)
. At the beginning of the oscillations the total energy density is just the potential one
ox = ny(Ti)my (T;) = 1/2m3(T;) x3, (6.4.13)

giving for the initial abundance at T = T;

X\SH) Ty T a2 3
2 S 47 g*,S,TTi

(6.4.14)

where we have used the expression of the entropy given by Eq. (6.4.10). At this point, by inserting
the expression of p given in Eq. (6.4.10) into the expression of the Hubble rate as a function of density
given by Eq. (6.4.11), the condition for oscillation Eq. (6.4.9) allows to express the axion mass at T = T;
in terms of the effective massless degrees of freedom evaluated at the same temperature

2
() = 1| rdga i (64.15)
x i 5 g*rTi Mp' A,

This gives for Eq. (6.4.14) the expression

B 450767
2.5 1. TiMp’

where we have expressed yx in terms of the angle of misalignment 6; at the temperature when oscil-

Yy (T;) (6.4.16)

lations start. Notice that we are assuming that §; = (6) is the zero mode of the initial misalignment
angle after an averaging.
g« = 110.75 is the number of massless degrees of freedom of the model at the electroweak scale.
Using the conservation of the abundance Y0 = Y,(T;), the expression of the contribution to the relic
density is given by

apis = " mX;O. (64.17)

T, c

To evaluate (6.4.17) we need the values of the critical energy density (o.) and the entropy density today,
which are estimated as

¢ =52-10"°GeV/cm® so = 2970 cm ™3, (6.4.18)
P

with 6 ~ 1. Given these values, the relic density as a function of tan § = v, /v, the ratio of the two
Higgs vevs, is given in Fig. 6.4. In this plot we have varied the oscillation mass and plotted the relic
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densities as a function of this variable. The variation of v, has been constrained to give the values of
the masses of the electroweak gauge bosons, via an appropriate choice of tan j.

For instance, if we assume a temperature of oscillation of T; = 100 GeV, an upper bound for the
axi-Higgs mass, which allows the oscillations to take place, is 1, (T;) =~ 10™°eV, with g. 1 ~ 100.

In order to specify o, we have assumed a value of 1 TeV for the Stueckelberg mass Ms, with a
gauge coupling of the anomalous B, ¢p =~ 1, and we have taken (q,,g,) of order unity, obtaining
oy ~ 102 GeV. As we lower the oscillation temperature (and hence the mass), the corresponding
curves for (), are down-shifted.

The plot shows that the values of these relic densities at current time are basically vanishing and these
small results are to be attributed to the value of ¢, which is bound to vary around the electroweak
scale. We remind that in the PQ case oy, is replaced by the large scale f; at the QCD phase transition,
which determines an enhancement of (), respect to the current case.

As already mentioned, nonperturbative instanton effects at the electroweak scale are expected to vastly
suppress the mass of the axi-Higgs, as derived in (6.5.16), in the form

my ~ Ay, /0%, with Ay, ~ Exp(—27/ay(v))v* (6.4.19)

aw (v) being the weak charge at the scale v - which is indeed a rather small value since Exp(—27/ay(v)) ~
e~ 198, We will come back to this point in the next section, when discussing the possibility of raising
M; from the TeV range up to the GUT or Planck scales.

For this reason ) remains essentially a physical but frozen degree of freedom which may undergo
a significant (second) misalignment only at the QCD phase transition. The possibility of sequential
misalignments has been taken into account both in non supersymmetric [41] and in supersymmetric
models [42]. It is the presence of a coupling of the axion to the gluons, via the color/ U(1)p mixed
anomaly, that x behaves, in this case, similar to a PQ axion. The misalignment is controlled by the peri-
odic potential generated at the QCD phase transition, being the first misalignment at the electroweak
scale irrelevant. In the absence of such mixed anomaly, x could be classified as a quintessence axion,
contributing to the dark energy content of the universe.

We show in Fig. 6.5 results of a numerical study of ),;sh? as a function of Ms, expressed in units of
10” GeV. We show as a darkened area the bound coming from WMAP data [64], given as the average
value plus an error band, while the monotonic curve denotes the values of O,,ish? as a function of Ms.
It is clear that the relic density of x can contribute significantly to the dark matter content only if the
Stueckelberg scale is rather large (~ 107 GeV) and negligible otherwise.

In the next section we are going to address another scenario, where we will assume that the
Stueckelberg scale is around the Planck scale and the breaking of the symmetry which allows to
generate a periodic potential for the b fiels is taken at the GUT scale. This particular choice for
the location of the two scales, which is well motivated in a string/brane theory context, opens
up the possibility of having an ultra-light axion in the spectrum. The De Broglie wavelength of
this hypothetical particle would be around 10 kpc, which is what is required to solve the issues
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Figure 6.4 Relic density of the axi-Higgs as a function of tan j for several values of the mass of the axi-Higgs.
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Figure 6.5 Relic density of the axi-Higgs as a function of M. The grey bar represents the measured value of
Qpumh? = 0.1123 £ 0.0035

in the modelling of the matter distribution at the sub-galactic scale, that we have discussed in the

introduction.

6.5 Stueckelberg models at the Planck/GUT scale and fuzzy dark matter

By raising the Stueckelberg mass near the Planck scale, the Stueckelberg construction acquires a
fundamental meaning since it can be directly related to the cancellation of a gauge anomaly generated
at the same scale [37]. As mentioned above, anomalous U(1) symmetries are quite generally present
in theories of intersecting branes. However, the very same structure emerges also in the low energy
limit of heterotic string constructions. At the same time, as shown in [43], even in the presence of
multiple anomalous abelian symmetries, only a single axion is necessary to cancel all anomalies,
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giving a special status to the Stueckelberg field. These considerations define a new context in which to
harbour such models. In this context, it is natural to try to identify a consistent formulation within an
ordinary gauge theory, by assuming that the axion emerges at the Planck scale Mp, but it acquires a
mass at a scale below, which in our case is assumed to be the GUT scale. In this section therefore we
are going to consider an extension of the setup discussed in previous sections, under the assumption
that their dynamics is now controlled by two scales.

We will consider an Eg based model, derived from Eg, which appeared in the heterotic string

construction of [65] with an E(8) x E(8) symmetry. After a compactification of six spatial dimensions
on a Calabi-Yau manifold [66] the symmetry is reduced to an E(6) GUT gauge theory. Other string
theory compactifications predict different GUT gauge structures, such as SU(5) and SO(10). The Es,
however, allows to realize a scenario where two components of dark matter are present, as we are
going to elaborate. Fermions are assigned to the 27 representation of E(6), which is anomaly-free.
Notice that in E(6) a PQ symmetry is naturally present, as shown in [40], which allows to have an
ordinary PQ axion, while at the same time it is a realistic GUT symmetry which can break to the SM.
This is the gauge structure to which one may append an anomalous U(1)x symmetry.
We consider a gauge symmetry of the form E¢ x U(1)x, where the gauge boson B is in the Stueckelberg
phase. B, is the gauge field of U(1)x and B,s = d4Bg — 9B, the corresponding field strength, while
gp its gauge coupling. As already mentioned, the U(1)x carries an anomalous coupling to the fermion
spectrum.

The one-particle irreducible (1PI) effective Lagrangian of the theory at 1-loop level takes the form
L = Lg + Lst + Lanom + Lwz, (6.5.1)

in terms of the gauge contribution of E¢ (Lf,), the Stueckelberg term Lg;, the anomalous 3-point
functions Lgom, generated by the anomalous fermion couplings to the U(1)x gauge boson, and the
Wess-Zumino counterterm (WZ) Lyyz. The Stueckelberg interaction to the E4 gauge Lagrangian

L, — _i F(Es) v E(Fe) (6.5.2)

which enables us to write the Stueckelberg part of the lagrangian as

1 1 )

EStueck = _1BaﬁBlXﬁ - E(MBzx - asz(x)) (6.5.3)

In this final form, M is the mass of the Stueckelberg gauge boson associated with U(1)x which we can
be taken of the order of the Planck scale, guaranteeing the decoupling of the axion around M¢yt, due
to the gravitational suppression of the WZ counterterms. The WZ contribution is the combination of

two terms b b
Lwz = clMF(E6)"VF(E6)W€WW + c25 7 By Bpoe!"" (6.5.4)

needed for the cancellation of the U(1)xEsEs and U(1)5 anomalies, for appropriate values of the
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numerical constants c; and ¢y, fixed by the charge assignments of the model. The three chiral familes
will be assigned under E(6) x U(1)x respectively to

27x,  27x, 27x., (6.5.5)

in which the charges X; (i = 1,2, 3) are free at the moment, while the cancellation of the U(1)} and
E¢ x U(1)% anomalies implies that

3
XZ — 0,
i=1 i

X; = 0. (6.5.6)

Mo

Il
—_

Mo

These need to be violated in order to compensate with a Wess-Zumino term for the restoration of the
gauge symmetry of the action.
Concerning the scalar sector, this contains two 351y, (i = 1,2) irreducible representations, where the
U(1)x charges X; need to be determined. The 351 is the antisymmetric part of the Kronecker product
27 ® 27 where 27 is the defining representation of E(6). The 351x can be conveniently described by the
2-form A, = — Ay, with u, v = 1 to 27. The most general renormalizable potential in Lg, is expressed
in terms of A;}V) and Aﬁ) of U(1)x of charges x1 and x; respectively. If we denote the 27x, of Eq.(6.5.5)
by ¥, with = 1 to 27 then the full Lagrangian including the potential V, has an invariance under the
global symmetry

AN — AL Al AR v, e G0y, (6.5.7)
This is identifiable as a Peccei-Quinn symmetry which is broken at the GUT scale when E(6) is broken
to SU(5) [40]. This axionic symmetry can be held responsible for solving the strong CP problem. We
couple Aﬁ,lv) to the fermion families (27)x, i = 1,2,3. We choose in Eq. (6.5.5), e.g. X1 = Xp = X3 = +1,
with the X-charge of A1) fixed to X = —2. The second scalar representation A(?) is decoupled from
the fermions, with an X—charge for A2 which is arbitrary and taken for simplicity to be X = +2.

The potential is expressed in terms of three E¢ x U(1)x invariant components,
V=Vi+W+ Vp, (6.5.8)

where
Vi =F(AW, AWy v, = F(A®), A, (6.5.9)

with V; and V, denoting the contributions of (351)_, and (351) 5, expressed in terms of the function
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F(AD, A0y = MZADAD" 41y (ADADM Y2 4 hy A AV AL AT
+ I dMM gy AU AT AT 8 AT
+hy dMdTB s A AT AT AT
+ hs AN d7BYd od 0 A AT ADE AT

+ ho A" 47 Pd g, Yz oy ALAD ATLAD™ | (65.10)

in which d,g, with «, B, 7 = 1 to 27 is the E(6) invariant tensor.
As for the two Higgs doublet model discussed in the previous sections, also in this case we are allowed
to introduce a periodic potential on the basis of the underlying gauge symmetry, of the form

(UA?Z)VUA(UA(Z)TV

- b o b _
V, = MyrAR AR e 4o B [(h1 (ADAD"™ )2 4y AL S

+hy A"z, A AN A AT

+hy dATP gy d s A ATY AT AT

+hs dywcdcrﬁ'ydgﬁﬁd/\wyAﬁ')A](}r)Azz)éAA_(z)WT

+ hg A" AP d g d5d ) o A AR AN AR e, (6.5.11)
and which becomes periodic at the GUT scale after symmetry breaking, similarly to the case considered
in [41, 42]. This potential is expected to be of nonperturbative origin and generated at the scale of the
GUT phase transition. Also in this case the size of the contributions in V), generated by instanton

effects at the GUT scale, are expected to be exponentially suppressed. However, the size of the
suppression is related to the value of the gauge coupling at the corresponding scale.

6.5.1 The periodic potential

The breaking of the E¢ x U(1)x symmetry at Mgy can follow different routes such as E(6) D
SU(3)c x SU(3)L x SU(3)y where

(351) = (1,3%3)+(1,3%6%) +(1,6,3) +(3,3,1) + (3,6%,1) + (3,3,8) +
(3*,1,3%) + (3%,1,6) + (3%,8,3*) + (6*,3,1) + (6,1,3*) + (8,3%,3)  (6.5.12)

of which the colour singlets are only the 45 states for each of the two (351)x,

(1,3%,3)x  (1,3,6")x  (1,6,3)x, i=1,2. (6.5.13)
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One easily realizes that there are exactly nine colour-singlet SU(2);-doublets in the (351')_, and 9
in the (351/)+2, that we may denote as H].(l), H].(Z)
potential in the form

, withj = 1,2...9, which appear in the periodic

12 , 12 . ,

v, ~ Z/\OMéUT(H](1)+H](2)e—4zg3MiS)+ Z [Al(H;1)+H](2)e—z4gBAj’s)z+/\Z(Hi(l)nLHi)(Hl§1)+H]§2)e—z4gBAZS)
j=1 jk=1
+Ang”Hfhaﬁ”U¢”a“ﬁﬁﬂ}+hcq (6.5.14)

where we are neglecting all the other terms generated from the decomposition (6.5.12) which will not
contribute to the breaking. The assumption that such a potential is instanton generated at the GUT
scale, with parameters A;’s induces a specifc value of the instanton suppression which is drastically
different from the case of a Stueckelberg scale located at TeV/multi TeV range.

For simplicity we will consider only a typical term in the expression above, involving two neutral
components, generically denoted as H M0 and H@O, all the remaining contributions being similar.
In this simplified case the axi-Higgs x is generated by the mixing of the CP odd components of two
neutral Higgses. The analysis follows rather closely the approach discussed before, in the simplest
two-Higgs doublet model, which defines the template for such constructions.

Therefore, generalizing this procedure, the structure of V) after the breaking of the E¢ x U(1)x

symmetry can be summarised in the form

V), ~0103 (A203 + A307 + AgMg7) cos <07f> + A10%03 cos (2;() , (6.5.15)
X X

with a mass for the physical axion x given by

2 201 (%)
m. ~
X o2

X

(003 + A203 + A30% + 4A10102) ~ Ao (6.5.16)

with o1 ~ v ~ v ~ Mgyr. Assuming that Mg, the Stueckelberg mass, is of the order of Mpjanck and
that the breaking of the E¢ x U(1)x symmetry takes place at the GUT scale Mgr ~ 10 GeV, (e.g.
01 ~ Uy ~ MGUT) then

Ox ~ MGUT + O(MéUT /Ml%lanck)/ m?( ~ /\OM%;UT/ (6517)

where all the A;’s in V), are of the same order. The potential V,, being generated by the instanton sector,
the size of the numerical coefficients appearing in its expression are constrained to specific values.
One obtains Ag ~ e~2%/#Maur) with the value of the coupling 47tg% = agur fixed at the GUT scale. If
we assume that 1/33 < agyr < 1/32, thene 21 ~ 1071 < Ay < ¢72% ~ 10788, and the mass of the
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axion ) takes the approximate value
1072 eV < my, <1072V, (6.5.18)

which contains the allowed mass range for an ultralight axion, as discussed in recent analysis of the
astrophysical constraints on this type of dark matter [36].

6.5.2 Detecting ultralight axions

One of the interesting issues on which future research has to concentrate concerns the possibility of

suggesting new ways for detecting such specific class of particles. Several proposals for the detection
of generic ultralight bosons [67, 68, 69] in the astrophysical context have been recently presented.
For instance, it has been observed that light boson fields around spinning black holes can trigger
superradiant instabilities, which can be strong enough to imprint gravitational wave detection. This
could be used to set constraints on their masses and couplings. Other proposals [70] have suggested
to use the precise astronomical ephemeris as a way to detect such a light dark matter, as celestial solar
system bodies feel the dark matter wind which acts as a resistant force opposing their motions. The
bodies feel the dark matter wind because our solar system moves with respect to the rest frame of
the dark matter halo, so that the scattering off the dark matter acts as a resistant force opposing their
motions.
It is at the moment an open issue, from our perspective, how to distinguish between the various
proposals that have been put forward in the recent literature. The models that we have presented
are, however, very specific, since they are accompanied by a well defined gauge structure and are, as
such, susceptible of in depth analysis. We should also mention that another specific property of such
models is their interplay with the flavour sector, especially the neutrino sector, together with their
impact on leptogenesis and SO(10) grand unification. This would allow to establish a possible link
between the neutrino mass spectrum and the axion mass and would be an intermediate step to cover
prior to a discussion of the general astrophysical suggestions for their detections mentioned above.
An in-depth analysis of some of these issues is underway.

6.6 Conclusions

The invisible axion owes its origin to a global U(1)po (Peccei-Quinn, PQ) symmetry which is
spontaneously broken in the early universe and explicitly broken to a discrete Zy symmetry by
instanton effects at the QCD phase transition [71]. The breaking occurs at a temperature Tpg below
which the symmetry is nonlinearly realized. Two distinctive features of an axion solution - as derived
from the original Peccei-Quinn (PQ) proposal [23] and its extensions [72, 73, 56, 55]- such as a) the
appearance of a single scale f, (f, ~ 101° — 10! GeV) which controls both their mass and their coupling
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to the gauge fields, via an a(x)FF operator, where a(x) is the axion field and b) their non-thermal
decoupling at the hadron phase transition, attributed to a mechanism of vacuum misalignment. The
latter causes axions to be a component of cold rather than hot dark matter, even for small values of
their mass, currently expected to be in the yeV-meV range.

The gauging of an abelian anomalous symmetry brings in a generalization of the PQ scenario. As
extensively discussed in [44, 45, 46, 47, 48, 49] it enlarges the parameter space for the corresponding
axion. This construction allows to bypass the mass/coupling relation for ordinary PQ axions, which
has been often softened in various analyses of "axion-like particles" [74].

Original analyses of Stueckelberg models, motivated within the theory of intersecting branes,
where anomalous U(1)’s are present, have resulted in the identification of a special pseudoscalar
tield, the Stueckelberg field b. Its mixing with the CP-odd scalar sector allows to extract one gauge
invariant component, called the axi-Higgs x, whose mass and couplings to the gauge fields are model
dependent. If string theory via its numerous possible geometric (and otherwise) compactifications [36]
provides a natural arena where axion type of fields are ubiquitously present, then the possibility that
an ultralight axion of this type is a component of dark matter is quite feasible. As we have discussed,
its ultralight nature is a natural consequence of the implementation of the construction reflecting
the low energy structure of the heterotic string theory by involving two scales, the Planck and the
GUT scale. Given the mass of such axion, it is obvious that its search has to be inferred indirectly by
astrophysical observations.

In short, we have seen that Stueckelberg models with an axion provide a new perspective on an
old problem and allow to open up new directions in the search for the constituents of dark matter of

our universe.
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Chapter 7

Conformal Unification in a Quiver Theory
and Gravitational Waves

Introduction

The detection of a stochastic background of gravitational waves can reveal details about first-
order phase transitions (FOPTs) at a time of 10~ !3s of the early universe. We specifically discuss
quiver-type GUTs which avoid both proton decay and a desert hypothesis. A quiver based on SU(3)!2
which breaks at a E = 4000 GeV to trinification SU(3)® has a much larger (¢, = 1,272) number of
effective massless degrees of freedom than the Standard Model. Assuming a FOPT for this model, we
investigate the strain sensitivity of typical of this model for a wide range of FOPT parameters.

Since the discovery of gravitational waves from the merger of two black holes, each with mass
Mg ~ 30 M, announced as event GW150914 in 2016[75] by the LIGO-Virgo Collaboration, it
has become clear that this provides a new and invaluable window into the early universe. Many
subsequent similar observations have occurred and of special interest is one where two neutron stars
merger [76] where the event was shortly thereafter observed electromagnetically, thereby giving birth
to multi-messenger astronomy.

The conventional way of seeking new physics at the highest possible energies is by particle colliders,
with the highest energy of any active collider is at the LHC (Large Hadron Collider) with center of
mass (com) energy 14 TeV. Possible colliders with center of mass energies up to 100 TeV are under
discussion. In the early universe, such energy / temperature existed at cosmic times with t < 1071 s.
To study higher energies or shorter cosmic times a method may be provided by gravitational wave
detectors(GWDs) which can, in principle, be sensitive to signals generated from all cosmic times back
to the Planck time ¢+ ~ 10~# s, which could lay bare 14 more orders of magnitude in energies up to the
Planck, Mpjzcc ~ 1017 GeV [77].

In the present article, we more conservatively study energies up to a few TeV which may overlap with
accessible collider energies, yet where the detection of GWs could give additional information about
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the type of phase transitions which occurred in the early universe. The discovery in [75] has already
precipitated a number of papers (see, for instance, [78, 79, 80, 81, 82, 83, 84, 85, 86]) which discuss this
possibility. This process takes off from the analysis of binary mergers, which can shed light on the
quark-hadron phase transition [87], to far larger scales.

Although such experiments could eventually investigate phase transitions up to the GUT scale e.g.
10'6 GeV, the earliest such linkage is likely to come at a much lower energy.

The advent of the AdS/CFT correspondence [88] between a maximally supersymmetric N' = 4 gauge
theory with gauge group SU(N), in a limit where N — oo, and a Type IIB superstring theory compac-
tified on a manifold AdSs x S°, has introduced a hitherto unexpected connection between the two
interactions. This has provided a number of insights into solution of problems in a broad range of
theoretical physics.

To make a connection to particle phenomenology, it was then proposed that a generalisation of [55],
which broke supersymmetry completely from N/ = 4 to N/ = 0 with finite N, should be considered.
This was attained by using a generalised manifold AdSs x S°/Z,, an orbifold, leading to a gauge
group SU(N)? and matter fields most conveniently characterised as bifundamental and adjoint rep-
resentations in a quiver diagram; hence the name quiver theory [59, 90, 91, 92].

One especially interesting example was discussed over a decade later [93, 94]. It uses the values p = 12
and N = 3 and gives rise to a theory which unifies at an unusually low energy scale E ~ 4 TeV. Proton
decay is absent due to the quiver construction. The goal of this work is to introduce the analysis of
such models in a preliminary way, trying to uncover their possible impact on future GW research.
Given the significant interest in the detection of stochastic GWs, relics of the early universe, it is forsee-
able that such alternative scenarios to ordinary GUTs may draw the attention of new experimental
proposals in the near future by LIGO [95], ET [96][97], MAGIS [98], AEDGE [99] and LISA [100] [101].

7.1 The Quiver Model

We use a different strategy for unification of electroweak theory with QCD than in GUTs based
on SU(5) or SO(10). The choice of quiver is motivated by bottom-up considerations. The desert
with logarithmic running of couplings is abandoned. Instead, the standard SU(3)c x SU(2); x U(1)y
gauge group is embedded in a semi-simple gauge group such as SU(3)? as suggested by gauge
theories arising from compactification of the IIB superstring on an orbifold AdSs x S°/T where I is the
abelian finite group Z,. In such non-supersymmetric quiver gauge theories the unification of couplings
occurs abruptly at 4 = M through the diagonal embeddings of 321 in SU(3)”. The key prediction
of such unification shifts from proton decay to additional particle content, in the present model at
~ 4 TeV. We use the RG B-functions from [102]. Taking the values at the Z-pole ay(Mz) = 0.0101,
ap(Mz) = 0.0338 and a3(Mz) = 0.118, they are taken to run between Mz and M according to the SM
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equations

ay(M) = (0.01014)"! — (41/127) In(M/My)

= 98.619 — 1.0876y (7.1.1)
a ' (M) = 0.0338)"! + (19/127) In(M/ M)
= 29.586 + 0.504y (7.1.2)

a ' (M) = (0.118)7' + (7/27) In(M/Mz)
= 8474+ 1.114y (7.1.3)

where y = log(M/Mz).
The scale at which
sin? (M) = ay (M) / (aa(M) + ay(M)) (7.1.4)

satisfies sin” (M) = 1/4is at a value M ~ 4 TeV.
We now focus on the ratio

R(M) = az(M)/az(M). (7.1.5)
We find that
R(Mz)~35  R(Ms;)=3,  R(Mspn)=5/2, R(M,)=2 (7.1.6)
occur at the scales
M3 ~ 400GeV, M5/, ~4TeV and M; = 140TeV. (7.1.7)

The proximity of M5,, and M, accurate to a few percent, suggests strong-electroweak unification at
~ 4 TeV. There remains the question of embedding such unification in an SU(3)” of the quiver type
discussed in the Introduction.
Since the required embeddings of SU(2); x U(1)y into an SU(3) necessitates 3ay = ap, the ratios of
couplings at ~ 4 TeV is

N3C 03wt 3y iH:2:2 (7.1.8)

and thus it is natural to examine p = 12 with diagonal embeddings of Colour (C), Weak (W) and
Hypercharge (H) in SU(3)?, SU(3)°, SU(3)>, respectively.

To accomplish this we specify the embedding of I' = Z;; in the global SU(4) R-parity of the N = 4
supersymmetry of the underlying theory.
Defining & = exp(27ti/12), this specification can be made by

4= (a™,a,0%,0™) with YA, =0 (mod 12) (7.1.9)
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and all A, # 0 so that all four supersymmetries are broken from N = 4 to N’ = 0.
Having specified A, we calculate the content of complex scalars by investigating in SU(4) the

6= (a™,a®,a®, a7, 0", a"") (7.1.10)
with
=A1+ Ay, ap=A,+ A3, a3 = A3+ A (mod 12) (7.1.11)

where all quantities are defined (mod 12). Finally we identify the nodes as C, W or H on the dodeca-
hedral quiver such that the complex scalars

12

3
Z Z Nita;) (7.1.12)

are adequate to allow the required symmetry breaking to the SU(3)? diagonal subgroup, and the
chiral fermions given by

é ; (Na, a—i—A},) (7.1.13)

will be able to include the thee generations of fermions. These constraints are nontrivial but a solution
was provided in [93].
The unique solution is to adopt A, = (1,2,3,6) and for the quiver nodes take the ordering:

- C-W—-—H-C-W*—H*- (7.1.14)

with the two ends of Eq.(7.1.14) identified to form a dodecahedral quiver.
With this choice the scalars are provided by A; = (3,4,5) and are sufficient to break all the diagonal
subgroups to

SU(3)c x SU(3)w x SU(3)y (7.1.15)

and the choice of quiver nodes in Eq. (7.1.14) generates precisely three quark lepton families which
transform under Eq.(7.3.15) as

3((3,3,1) + (1,3,3) + (3,1,3)] (7.1.16)

The ordering of the quiver nodes in Eq.(7.1.14) merits further explication.

The point is that breaking to a diagonal subgroup SU(3) from SU(3)" is possible if and only if all
the r nodes are connected by bifundamental scalars and no node is isolated. By trial and error, the
reader can become convinced that Eq.(7.1.14) is the unique choice which satisfies this highly restrictive
constraint.

Once the number of C, W and H nodes has been chosen in order that the three couplings accurately
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unify, there is generally no quiver diagram which will allow the required symmetry breaking.

We have found only very few successful examples, one of which is studied assiduously in this article.
The choice of gauge group and matter fields is far less arbitrary than it may seem at first sight. The
choice is unique, or nearly unique.

Anomaly freedom of the superstring guarantees that the only possible combination of chiral fermions is
asin Eq. (7.1.16). This fact makes it easier to confirm the occurrence of three familes in the complicated
quiver diagram because one needs to check only one of the three representations, for example the
colour triplets which all originate from C nodes.

Further breaking to the SM group gives the correct light chiral states. The couplings run up to E = M
and then become frozen for at least a finite energy range provided conformal invariance sets in as
expected by analogy with the supersymmetric case in [38].

At M ~ 4TeV, there are many new particles predicted by this scenario: gauge bosons, fermions and
scalars. These are necessary to satisfy the conformal constraints discussed in [89].

This quiver model is interesting because it ameliorates the hierarchy problem in SU(5) and SO(10)
GUTs between the weak / Higgs mass scale and the GUT scale. It predicts correctly the value of
sin?6(Mz), of a3(Mz) and the appearance of exactly three families.

One final advantage is that the unification of the three SM couplings at M ~ 4 TeV is very precise,
more accurate even than in SusyGUTs. This was shown, together with the robustness of the model, in
[93].

We believe grand unification at 4 TeV has no disadvantage relative to unification at a trillion times
higher scale, and has the advantage of avoiding the dubious desert hypothesis.

To clarify the quiver theory construction, we explain in more detail the case of the Z;, orbifold by
exhibiting the relevant quiver diagrams. In this case the quiver diagram is a dodecahedron, like a
clockface, with nodes labeled as indicated in Eq. (7.1.14).

Certain shortcuts make use of the symmetries of the quiver diagram and obviate including every
possible link which will make the diagram very dense with links and more difficult to understand.
Let us begin with the chiral fermions which are denoted by oriented arrows between two nodes.
The quarks can be counted by examining the C — W links and subtracting the W — C links, noting
that anomaly freedom dictates that the chiral fermions will necessarily appear only in the specific
combination of Eq. (7.1.16) and so no other C links need to be checked. The relevant quiver diagram is
shown in Fig. 1.

We see that there are five families and two antifamilies, resulting in precisely three light chiral families
as required. The family-antifamily pairs are not chiral, but vector-like, and can therefore acquire Dirac
masses.

Next we exhibit in Fig. 2 and Fig. 3 two further Z;, quiver diagrams which illustrate the scalar sector.
Complex scalars are denoted by unoriented dashed lines. We must ensure and check that there are
sufficient scalars whose VEVs can spontaneously break the SU(3)% down to SU(3)c, the SU(3)3,
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H H H H W

Figure 7.1 Quiver diagram showing quark states.

down to SU(3)y and finally SU(3)3, down to SU(3)p.

H H H H

W H cC w w

H H H H W

Figure 7.3 scalar states that break SU(3)3;

To break any SU(3)" down to the diagonal subgroup, a necessary and sufficient condition is that the
bifundamental scalars link all  of the original gauge groups together. The SU(3) gauge groups cannot
be disconnected into subgroups nor can the bifundamental scalars separate into disconnected parts. In
Fig. 2 the breakings of SU(3)% down to SU(3)c and of SU(3)3, down to SU(3)yy are shown to satisfy
all these tight constraints so that the required spontaneous symmetry breaking is possible.

In Fig. 3 it is shown that the symmetry breaking SU(3)3; down to SU(3)y also satisfies the same
unforgiving connectivity requirements.

We note that this symmetry breaking is very nontrivial and is what underlies the correct identification
of the nodes in Eq.(7.1.14), which is unique in allowing the required outcomes for both chiral fermions
and complex scalars.

In fact, for 4 TeV grand unification without a desert, the SU(3)!? construction appears to be unique
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when one insists that one arrives at three chiral families under trinification, and hence under the
Standard Model, as well as ensuring that correct symmetry breaking is permitted.

The GUT gauge group SU(3)!? has dimension 96 which is bigger than the dimensions 24 and 45 of
SU(5) and SO(10) respectively. This can be regarded as the price to pay to avoid the desert. The
wealth of additional state at 4TeV also changes the nature of the phase transition SU(3)!2 — SU(3)?
which can generate the gravitational waves studied in the next section.

7.2 Gravitational Waves

In the presence of a cosmological FOPT a new phase begins to nucleate as the universe cools down,
with the region inside the bubbles containing the new phase. The latent free energy released detonates
the transition on the bubble wall. A scalar field acquires a vev in a state of true vacuum in the interior
of the bubble, and of false vacuum in the exterior, causing the expansion and the collision of the bubble
walls. This takes place at a specific nucleation temperature T, which can be determined only by a
combination of numerical simulations and an accurate study of the scalar potential, with the inclusion
of thermal effects. The transition stops when the bubbles occupy all the volume.

Clearly, one expects a driving potential derived from the scalar sector which, in the simplest examples,
is characterised by at least two separate scales. These scales identify the two local minima, separated
by a maximum of considerable height, in order to guarantee a state of false vacuum of the system at
the beginning of the nucleation phase [16, 17][103]. The presence of a false vacuum with a sufficient
amount of supercooling is a natural requirement for having a strongly FOPT. In turn, these qualitative
conditions point towards the possibility of having a significant emission of GWs.

As we have already mentioned, in the present quiver model, there is only one cosmological phase
transition at a scale above the electroweak scale, at an energy/temperature of 4 TeV. As we are going
to show, the quiver model allows a certain conformal scalar potential which breaks to trinification
SU(3)3, and that can be identified in its symmetry structure starting from its symmetry content.
Therefore, this breaking is expected to induce vacuum transitions, from a local metastable minimum
which is sufficiently trapped, to the true vacuum. We are going to describe it below. An additional
element which afftects the transition are thermal effects. As usual, they can be taken into account
by the inclusion of a Coleman-Weinberg term [104] VE}/}’ at one-loop level and a finite temperature
contribution [105] Vg f to arrive at an effective potential

Vefr = Vg}if + VE}”} + ngf. (7.2.1)

This defines the most general class of effective potentials discussed [106, , ].

In our case, if we denote by ® (without labels) a generic scalar field taken from any of the groups of
scalar fields in Eq.(7.3.13), Eq.(7.3.16) and Eq.(7.3.18), the Coleman-Weinberg [104] term in the potential
Ve ff is then
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A A2 P2 25
CW 4 _
VEff = —4!613 + 25697 <1n 1% > (7.2.2)

The Dolan-Jackiw-Weinberg finite temperature correction in terms of our generic scalar field ® can be

written [105, 109] as

1
64772

c
64772

Tt | MPT? 1

T _ 4 22

nM3T - M*+0O(M®/T?). (7.2.3)
from which the effective potential is given by Eq. (7.2.1). We will comment on the the structure of the

potential at zero temperature below.

7.3 Specific features of the quiver theory

Even in the absence of additional information about the way in which this transition takes place,
due to the complexity of the scalar sector of the model, and within the assumption of a strongly
FOPT, the goal of our analysis is to investigate the dependence of the GW emission on two peculiar
parameters of the model, which are its large number of massless degrees of freedom and the relatively
low transition temperature T ~ 4 TeV.

We shall need g, the equivalent number of massless degrees degrees of freedom for the quiver theory,
defined by

7
g« =np+ gﬂp (7.3.1)

where np, nr is the number for bosons, fermions respectively. It is easier to count g, before spontaneous
symmetry breaking, although of course the result is the same.
In the standard model with three families we have

np(spin=1) = 12x2=24
np(spin=0) = 4
ne(spin=1/2) = 3x15x2=90 (7.3.2)
so that in this case ;
g« =28+ 5(90) = 106.75 (7.3.3)

which will also be g for the quiver theory at energies E < 4 TeV.
In our present SU(3)!? quiver theory we recall from the previous section that the scalars are in the
bifundamental representations

140



3 12
)3 E (34, 3a+a;) (7.3.4)

i=1lua

with a1 = 3,4, 5, and the chiral fermions are in bifundamentals

1

> Y (303uia,) (7.3.5)
pu=1la=1
with A, = 1,2,3,6.

The equivalent massless degrees of freedom are

np(spin=1) = 96x2 =192

np(spin=0) = 12x9x3 =324
np(spin=1/2) = 12x 18 x 4 = 864
(7.3.6)
so that for the full quiver theory
g+ = 516 + 8(864) =1,272 (7.3.7)

which is the number of effective massless degrees of freedom for E > 4 GeV. In our present SU(3)!?
quiver theory we recall from the previous section that the scalars are in the bifundamental representa-
tions

3 12
). Z (3u, Bacta;) (7.3.8)

i=1la

with a7 = 3,4, 5, and the chiral fermions are in bifundamentals

12

i < oH—A ) (7.3.9)

u=1la=1

with A, = 1,2,3,6.
The equivalent massless degrees of freedom are

np(spin=1) = 96 x2 =192
np(spin=0) = 12x9x3=324
12 x 18 x 4 — 864 (7.3.10)

np(spin = 1/2)
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so that for the full quiver theory

7
g+ =516+ £ (864) = 1,272 (7.3.11)

which is the number of effective massless degrees of freedom for E > 4 GeV.

We pause for few remarks.

The nature of the phase transition depends on the effective potential of the theory. Eq.(7.3.8) exhibits
the scalars present in the quiver and the twelve nodes of the quiver are identified in Eq.(7.1.14). The
dodecahedral quiver has nodes which we label clockwise by 1 to 12 by Color(C), Weak (W) and
Hypercharge (H) as follows:

(C—>2)W =B H— 4)C—>(5-8W=(9-12)H (7.3.12)

We are initially concerned with the breaking SU(3)'2 — SU(3)? at scale E = 4 TeV. This can be studied
separately for C, W and H in Eq.(7.3.12).

Let us define lower-case Greek indices &;, B;, i, 6; ... = 1,2, 3 for the SU(3) group of the i" node and
discriminate between subscripts which represent defining representations and superscripts which
denote anti-defining representations.

From Eq. (7.3.12) the SM color gauge group arises from the diagonal subgroup of the SU(3)’s at
nodes 1 and 4 respectively, and this symmetry breaking is achieved by VEVs of the complex scalar

bifundamentals:

@ and @f! (7.3.13)

In the effective potential at tree level there are quadratic and quartic terms involving the 1 to 4
bifundamentals as follows

C,T 14 14 2 14)
Vi = o (efiefy) + ot (efiefi) + e (oliopotial) (7314
To break to the trinification group
SU3)c x SUB)w x SU3)y (7.3.15)

a similar combination of bifundamental scalars conspire to arrive at diagonal subgroups for both the
five SU(3)w nodes and the five SU(3) i nodes respectively. Another intermediate symmetry-breaking
stage is where SU(3) in Eq.(7.3.15) breaks to the SU(2) . of the SM, also SU(3)w x SU(3)y breaks
to the U(1)y of the SM but for our analysis of gravitational radiation we shall focus only on a FOPT
where the quiver group SU(3)!? breaks at E = 4 TeV to the trinification group in Eq.(7.3.15).

For W we use scalars connecting nodes 2-5-6-7-8 and the relevant scalar bifundamentals in Eq.(7.3.8)
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are
o, o, O and @F (7.3.16)

The corresponding quadratic and quartic terms in the tree-level effective potential composed of the
scalars in Eq.(7.3.16) are

VSJ/(\;TWE) _ 62(25678) (q)giq)gi + @fgcbgi + @fZ(bzi + <I>5§<1>22)
2
" C£25678) <®§§¢gi + cpf;cpgz + @5; @227 + @5? <P§Z>
c (25678)’ (q;ﬁS PP P2 4 q,ﬁeq)vzqy% D2 LD PP P2 1 ¢ﬁ8¢75q>‘58 @“5)
{ w; P P, Dy W 3 B yy g X2 By 2 T by X5 = Bg Y5 T Og

(7.3.17)

For H we use scalars connecting nodes 3-9-10-11-12 and the relevant scalar bifundamentals in Eq.(7.3.8)
are.
OF° , Of, of? and " (7.3.18)

The corresponding quadratic and quartic terms in the tree-level effective potential composed of the
scalars in Eq.(7.3.18) are

p(HTree) 02(39101112) <¢ggo®a3 +¢§;1®a3 +®£;z(ba3 _|_<D£;2q>a9)

Eff Po P P12 P2
+0 M (ofrap + ool +oftop + <1>§;2q>gjz)2
e (oo 0o, + oo par,
+oli ey ofrel, +olie] ofrel )

(7.3.19)

Because the quiver theory above 4 TeV is conformal we must impose C; = 0 in all the quadratic terms.
Next, before adding the three Vg}ef" expressions, let us examine the symmetries of the dodecahedral
quiver which imply that

C£25678) C£39101112) = D,
C£25678)’ _ C£39101112)’ =D, (7.3.20)

whereupon, suppressing superscripts, the most general tree-level effective potential is
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2 , 2
VI =G (cpffcpff) e, (q>£fq>g1q>§4l c1>§41) +D, (cpfgcbgz + DD + DY + CIJﬁSCDgZ>
_’_,D;l ((bgiq)gg q)gsz (Df;sz 4 Cpfzﬁ q)giq)(% q)rxz + q)l37(bgzq)57 q)az + q)/58 q)gz q)érss q)fsé;) )
(7.3.21)

7.4 Production of GW and the parameters choice

As mentioned in the previous sections, the two main features of our quiver model are the large number
of massless degrees of freedom present at the phase transition and the relatively low temperature at
which the unification of the gauge couplings is reached. Given the complexity of the scalar sector of
the model, it is beyond the scope of the current analysis to provide further details about the way the
conformal symmetry is broken, with the generation of appropriate scales in the potential which would
allow vacuum and thermal transitions of significant strength. As already mentioend, we will simply
assume that this is possible, leaving a discussion of this issue to future work.

We recall that the energy density of the gravitational wave is measured (today) by the variables

n2 d
W3Qcw (f) = (;@) 0 (7.4.1)

expressed in frequency (f) octaves, in which we are going to separate the various contributions.
Thus we may write, for the final contribution to the energy density, as a fraction of the critical density:

Qew(f) = QSN (f) + Q2N (f) + Q8w (f) (7.4.2)

where the terms on the right hand side denote contributions sourced by bubble collisions, sound

waves, and plasma turbulence, respectively.

For the contribution Qg‘]’\% (f) from the bubble collisions, we may write, when f/H* > 1,

QColl (f) Coll (fpeak)scon (f) (7.4'3)
where the spectral function is given by [110]
o a-+b a
sCl(f) = %ﬁ’”"fb (7.4.4)
bf Peak + afa+

where (a,b) ~ (3,1.0). The peak amplitude is provided by [111]

-2 2 1
2 Coll —5_2 /3 114 g« \ 73
h=Qeiy (fpeax) =~ 1.7 x 10 KA(H*) (H“) (100) (7.4.5)

144



where the efficiency factor x was first derived by Steinhardt [112] as

1 4 /3«

with A = 0.715.

The peak frequency in Eq.(7.4.5) is given by

freak = 17 (;) <15> <1082ev> (fgo*o)éHZ (7:4.7)

fo 0.62 749
B 1.8—0.1v,+7? o

while in the same equation the dependence of A on the velocity v, of the bubble wall is given by

[ 7 7 7 ]

1 /02 4 20
_BIVETES (7.4.9)

vp () Tta /
with
0.11v3
= 7%2 (7.4.10)
0.42 + v,
For the second term in Eq.(7.4.2) we may similarly write
O () = O (Fpear) S*" (f) (7.4.11)
with [116, 117, 113]
W QN (frear) = 2.7 x 10730 LAN (g*)%(HT ) (7.4.12)
o fpa) =2 “\H.) \1+a) \100 KI5 &
Ko : (7.4.13)

= 073+ 0.083/a ta

According to [110] the peak sound wave frequency is provided by

1 /B T. ge \ ¢
Freak =19 - (H) (108GeV) (100) Hz (7.4.14)
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while, according to [106], the sound-wave spectral function in Eq.(7.4.11) is

7
2

3
7
gswW (f) = (ff ) e (7.4.15)
Peak
“ 4 + 3 (fPeak)
The sound waves remain active for a time Tgyy
R,

TSW = 75— (7416)

Uy

in which R, is the root mean bubble separation R, =~ (87) vp/ p and Uy is the root mean square of

the fluid velocity [117]
3 o

Uz ~ = : 7.4.17
f4 (1 + D() o ( )
We note that the last factor in Eq. (7.4.12) represents an important comparison of the sonic period to

,121].

l

the Hubble time of cosmic expansion[118, 119, 120, 82,

For the third and final term in Eq.(7.4.2) representing plasma turbulence, we write similarly again:

QY (f) = QLR (foear)S™ ™ (f) (7.4.18)

in which the factors are given by the estimates [122]

-1 3 1
2(yTurb ~ (B KTurb® \ 2 ( &+ \ 73
WO (fpear) = 3.4 x 10~*0, <H> ( o a) (100) (7.4.19)
1 /B T, ge \§
fpeak =~ 37077 (H) (108(; eV) (100) Hz. (7.4.20)

The spectral function ST (f) in Eq.(7.4.18) is provided by [106, 123, 77]

()

Turb _ Peak

SM(f) = (1 N fp{ak)n/s (1 N 8;3) (7.4.21)
h, =17 <108T5ev> (1%*()) ‘ Hy. (7.4.22)

wherein we set k1, >~ 0.05%;.

In order to derive numerical predictions for the peak frequency of the quiver model and compare the
results with other models, we pause for some considerations. One of the most important parameters
appearing in all the equations presented above is 8/ H,, which is derived from the tunneling action
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around the time when the transition occurs (t.) at the temperature T, using the adiabatic time-

temperature relation
at 1

dT ~  TH(T)’

(7.4.23)

in the form [124, 111][125]

S(t) = S(8) — B(t — £.) + O((t — £.)?) with Lo .9

= Togmrr. (7.4.24)

B = I'/T. measures the time variation of the nucleation rate and T = 1/ characterizes the time scale
of the phase transition at the transition time t.. The parameter f/H, is defined by the ratio between T
and the Hubble time 1/ H,. It is one of the most important parameters controlling the energy released
into GWs at the phase transition. A more in depth analysis shows that one should set a distinction
between the thermal and the vacuum tunneling contributions to I'(t), which involves either the three
dimensional S3 or four dimensional S4 Euclidean bouncing solutions, which will not be of our concern
in this work, as well as a finer characterization of the nucleation temperature (see for instance [84]).

If we denote the nucleation rate with I'(¢), the temperature of the transition is defined to be the
temperature at which the probablility of nucleating one bubble per Hubble volume per Hubble time is

one r
I(t) ~ T4 5" i~ 1 (7.4.25)
which gives for the tunneling action the expression
T.
S(T,) ~ —4log —, (7.4.26)
mp

where Mp is the Planck mass. As an order of magnitude estimate one can set p ~ H,S, [122, ]
which gives a value B/ H. ~ O(10?) at the electroweak scale, and is a good approximation also in our
case, due to the logarithmic dependence of S(T.) on T..

Therefore we set

Hﬁ ~ 100 — 300, T, ~ 4000 GeV, g« = 1732 (7.4.27)

and vary «, the strength of the PT.

7.5 Results

We show in Tables 1, 2 and 3 the values of the relevant parameters the results for the collisional,
sound waves and turbolence contributions to h%Q, for B/ H* = 100,200 and 300 and parametric values
of w, the strength of the transition, varying from 0.6 to 0.8. In the collisional sector, shown in Table 1,
peak frequency emissions are in the range of 1072 Hz, with contributions which, for a fixed 8/ H*, are
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Table 7.1 Numerical values of the peak frequency and GW emissions for the collisional contributions.

ﬁ/H* 149 fpeak(HZ) h%Qcoll

100 0.60 2.7x10°%2 0.97 x 1012
100 0.65 2.7x1072 12 x 10712
100 0.70 2.7x107%2 1.4x1012
100 0.75 2.7x1072 1.7 x 10712
100 0.80 2.6x1072 1.9 x 10712
200 060 5.4x1072 241x10°13
200 0.65 5.3x1072 29x10°13
200 0.70 53x107%2 35x10° 1
200 0.75 53x1072 41x10° 1
200 0.80 5.3x1072 4.8x10713
300 060 8.0x1072 1.1x10° 1
300 0.65 8.0x1072 13x10°13
300 070 8.0x107%2 16x10° 1
300 0.75 8.0x1072 18x10° 1
300 0.80 89x1072 21x10°13

essentially stable, as we vary a. The percentile variation of 13Q); is around 20%, for a fixed B/ H*, as
« increases by about 10% stepwise (Aax = 0.5). For the same, fixed value of «, as we increase /H*
from 100 to 300, the reduction of the gravitational wave emission is about 90 %.

Table 2 summarizes the results for the GW emission due to sound waves in the plasma. In this case,

the peaks of the emissions are centered at larger frequencies (~ 107! Hz) compared to the collisional
contributions, and show, similarly to Table 1, very small variations (< 1%) as we vary &, for a given
value of B/ H*.
At a fixed value of the ratio B/ H*, the GW emission increases in a slightly milder way (by ~ 10 — 15%)
for B/ H* = 100 as we raise a, while it is about 20%, as in the previous Table, for f/H* = 200, 300. As
in Table 1, the emission into sound waves, for a given «, gets suppressed by 90% in its size as we vary
B/H* from 100 to 300.

We show in Table 3 results for the GW emissions due to turbulence. The pattern, also in this
case, is similar to those of the previous two cases. The peak frequencies are larger (~ 1071), by
factors of 10 and 100 respect to the sound waves and to the collisional contributions, respectively.
The increase in the GW emission, as we vary «, is about 10%, for a given /H*, while the reduction
in the energy of the GW gets reduced about 60 — 70% as we increase f/H* from 100 to 300. In all
cases, the turbolence contributions are larger than those coming from the collisional and the sound
waves at their respective peak frequences, with a factor approximately to 20 for the ratio between
Qsw ~ 20 X Qo and Qpyyrpy ~ 1000 — 2000 X Q-

We can compare our results against the discovery potential of the space detector LISA in few plots
using PTPlot [108], assuming in all cases a value of §/H* = 100.

It is clear that the maximum sensitivity for this proposed experiment is for GW amplitudes with a

148



Table 7.2 Numerical values for the PT parameters for the sound waves contributions.

B/H. « fpmk(Hz) h%st
100 0.60 1.3x10 1 19x10° M
100 065 13x10°! 22x10~1
100 070 1.4x10' 25x10 1
100 0.75 13x10°! 28x101
100 080 13x10°! 3.1x101!
200 060 27x10"! 47x10712
200 0.65 27x107! 55x10°12
200 070 27x107! 62x10°12
200 075 27x10°! 7.0x10°12
200 0.80 26x107! 78x107°12
300 0.60 40x10"! 21x10°12
300 0.65 4.0x10"1' 24x10°12
300 0.70 40x10"! 28x10°12
300 075 40x10"! 3.1x10°12
300 0.80 4.0x10"!' 35x10°12

peak around a few mHz and an energy density of the GW h?Q) ~ 10711

We show 4 plots in Figs. 7.4 and 7.5 which illustrate the difference between the quiver model and
typical models characterised by a lower number of degrees of freedom (~ 150), and a transition
temperature comparable with that of the electroweak scale (~ 200 GeV). In Fig. 7.4 we show results
for h3Q) for a typical choice of parameters a = 0.6 and 0.2. In the first case the GW energy density
follows into the sensitivity region of LISA, while in the second case the curve lapses the region of
sensitivity, being tangent to it. A similar study can be performed in the quiver model, as shown in Fig.
7.5, where the plots show that the increase in temperature by few TeV’s increases the frequency of
such stochastic background. While the overall energy released as GWs is comparable with the one
generated by a transition temperature typical of transitions around electroweak scale, the peak in
frequency is shifted upward, and located around ~ 5 x 10~2 Hz, beyond the sensitivity of LISA.
Obviously, one can investigate the parametric dependence of h3() in a general way, by simply varying
the parameters which affect the emission of GWs. For instance, we can vary T from 200 GeV to 1000
GeV, as well as the number of massless degrees of freedom in p,,4, assuming that in both cases a FOPT
is ensured by a sufficiently large value of «.

The first variation of parameters is shown in Fig. 7.6, where on the left we plot the GW emission for
the lower case T, = 200 GeV and on the right for the higher temperature case T, = 1000, keeping a
value of g, = 200, which departs rather modestly from the simplest extensions of the Standard Model
compared to the quiver case. The dependence of such models on the number of degrees of freedom
g« is rather mild, as one can realize from Fig. 7.7, where we plot h%ﬂ in models with T, = 300 GeV
and g. = 300 (left) and 1000 (right). In general an increase in g, moves the value of fj.s slightly
towards higher frequency, although it is clear that the dominant effect is related to the drastic change
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Table 7.3 Numerical values for the PT parameters for the turbulence contributions.
ﬁ/H* 149 fpeuk(HZ) h%Qturb
100 0.60 19x10T 87x10° 1
100 065 19x10' 1.0x10°10
100 070 19x107' 11x10°°
100 075 19x107! 13x107°
100 0.80 19x107! 14x10?
200 060 38x10"! 43x10°10
200 065 3.8x10"! 5.0x10710
200 070 38x10°! 57x10°10
200 0.75 38x10°! 64x10°10
200 080 3.8x107! 7.1x10"10
300 060 58x10"! 29x10°10
300 0.65 58x107! 33x10°10
300 070 57x10"! 3.8x10°10
300 075 57x10°! 42x10°10
300 0.80 57x107! 47x10°10

of temperature in the transition, which plays a decisive role in the study of such models. We note that
the final factor in Eq.(7.4.12) is not included in our plots which were produced using PTPlot software.

7.6 Discussion

About forty years ago, around 1980, it appeared likely that minimal SU(5) grand unification theory
(12711

~ 10% years and with the decay modes and branching ratios in agreement with the predictions of

] would agree with experiment and proton decay would soon be observed, with a lifetime

minimal SU(5) GUT theory. If so, it would have been a huge leap forward by factor of at least a trillion
(10'2) in energy scale above the electroweak scale ~ 100 GeV.
Unfortunately for this simplest GUT, the proton lifetime for the predicted dominant decay mode

p—etn’

was found experimentally to be 100 times too long, now known to be 10,000 times too long,
to agree with minimal SU(5). The reason that minimal SU(5) theory failed was surely because of the
desert hypothesis that there exists no new physics in the huge hierarchy between the weak scale and
the putative GUT scale.

In the present paper, therefore, we have avoided this desert hypothesis by employing a quiver GUT
which makes no assumption about new physics at scales above 4 TeV, except that the theory is expected
to become conformally invariant up to much higher scales. Proton decay is absent at tree level because
of the quiver inspired assignments of the quarks and leptons. If we assume that the breaking of
conformal symmetry is characterised by a FOPT at a relatively small scale, in this scenario one should
consider the production of gravitational waves in a frequency interval (107> — 10~! Hz) which is in the

range of proposed recent experiments. We should also mention that direct simulations [129] may give
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Figure 7.4 Typical GW emission in extensions of the Standard Model (g« = 130) in a FOPT with (left)
x =0.6,9, =09, B/H, = 100; (right) « = 0.2, v, = 0.8. We have set T, = 200 GeV.
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Figure 7.5 GW emission in the quiver model with g, = 1732 in a FOPT with (left) « = 0.6,v, = 0.9,
B/H, = 100; (right) « = 0.2, v, = 0.8. We have set T, = 4000 GeV.

the opportunity to improve systematically on previous approximations, especially for what concerns
the contribution of f,,; to the GEW emissions.

We have suggested that a phase transition in the early universe, expected by the SU(3)'? quiver
GUT theory described in this article, could source GWs in the mHz region, but slightly too large in
frequency to be detectable by the forthcoming LISA gravitational wave detector, both for a three and a
seven year run of this experiment. However, the wide array of experiments proposed in the future
may be able to detect or exclude models with larger transition temperatures respect to those taken
into account in the past.

Such models are characterised by a rather large number of massless degrees of freedom compared
to the Standard Model or other simpler models, such as the 2-Higgs doublet model, which modify
minimally the Standard Model and allow a FOPT to take place rather close to the electroweak scale. In
the quiver model that we have discussed, the larger transition temperature T, and the larger number of
degrees of freedom, present a new challenge for their detection both at theoretical and at experimental

level.
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Figure 7.6 GW emission in extensions of the Standard Model with (left) T, = 200 GeV, g+ = 200, « = 0.6, v, =
0.9, B/H, = 100; (right) T, = 1000 GeV, g« =200 « = 0.6, v;, = 0.9.
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Figure 7.7 GW emission in extensions of the Standard Model with (left) T, = 300 GeV, g+ = 300, « = 0.6, v;, =
0.9, B/ H, = 100; (right) Ty = 300 GeV, g+ = 1000 &« = 0.2,v;, = 0.8.
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Chapter 8

An Axion-Like Particle from an SO(10)
Seesaw with U(1)x

We investigate the decoupling of heavy right handed neutrinos in the context of an SO(10) GUT
model, where a remnant anomalous symmetry is U(1)x. In this model the see-saw mechanism which
generates the neutrino masses is intertwined with the Stueckelberg mechanism, which leaves the
CP-odd phase of a very heavy Higgs in the low energy spectrum as an axion-like particle. Such
pseudoscalar is predicted to be ultralight, in the 102’ eV mass range. In this scenario, the remnant
anomalous X symmetry of the particles of the Standard Model is interpreted as due to the incomplete
decoupling of the right handed neutrino sector. We illustrate this scenario including its realisation in
the context of SO(10).

8.1 Introduction

Recently there has been considerable interest in the occurrence of axion-like particles [130, , ]
including the appearance in model building of anomalous U(1) symmetries with a Stueckelberg field
[37, , 42, , 44,45, 45, 47, 48, 49, 50, , 52, 53, , 49]. In this paper we examine the simplest
GUT example where this phenomenon is closely related to the see-saw mechanism [136] for generating
the neutrino masses and may provide a link between axions and right-handed neutrinos.

At the same time our scenario establishes a possible link between leptogenesis and dark matter
[137, ] in a generalized setting, due to the prediction of an axion in the low energy spectrum.
Stueckelberg axions (b(x)) appear in the field theory realization of the Green-Schwarz mechanism of
anomaly cancellation of string theory, in the dualization of a 3-form, and correspond to pseudoscalar
gauge degrees of freedom (see also the discussion in [133]). As ordinary Nambu-Goldstone modes
they undergo a local shift

b(x) — b(x) + M6(x) (8.1.1)

under an Abelian gauge transformation and are coupled to the anomaly via a dimension-5 operators
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of the form b(x)/MF A F where F is, generically, the field strength of the gauge fields which share a
mixed anomaly with the U(1) symmetry, and M is the Stueckelberg scale.

In these scenarios, pseudoscalar gauge degrees of freedom may develop physical components only
after the breaking of the shift symmetry by some extra potential. This is expected to occur in the case
of phase transitions in a non-abelian gauge theory, when instanton interactions naturally arise and
induce a mixing between the Stueckelberg field and the Higgs sector of the theory, with the generation
of a periodic potential, after spontaneous symmetry breaking.

This scenario in which the CP odd phases of the scalar sector mix and generate such a potential, has
provided the basic template for the emergence of a physical CP odd state, in a way which is very close
to what was conjectured to occur in the case of the electroweak or DFSZ version of the Peccei-Quinn
[23] axion (see the review [39]), where the anomalous symmetry is a global rather than a local one.
Indeed, we recall that in the DFSZ case one writes down a general potential, function of three scalar
fields, which is SU(2) x U(1) invariant. The simplest realization of this scenario is in the two-Higgs
doublet model, where the Higgs fields H,, and H; are assigned the global symmetry

H, — ¢**H,,  H; — ¢“%H, (8.1.2)

under U(1)pg and are accompanied by an additional scalar ®, which is singlet under the Standard
Model (SM) symmetry

O — X (8.1.3)
with X, + X; = —2Xg. The potential is given by a combination of terms of the form
V =V(Hf, HP, |, |HHP,|H, - Hf, H, - Hy, ®?) (8.1.4)

(with H, - Hy = Hf,‘Hg €xp) which is invariant under the Standard Model gauge symmetry and is in
addition invariant under the global U(1)pg.

As pointed out in [49] a similar effective theory can be obtained in the case of a gauge symmetry, in a
scenario that leaves most of the intermediate steps in the generation of Stueckelberg-like Lagrangian
unchanged. In this realization of the Stueckelberg Lagrangian, the Stueckelberg pseudoscalar emerges
from the phase of the complex scalar field which is responsible for the breaking of the gauged U(1)
symmetry. The breaking takes place at the GUT (Grand Unified Theory) scale, which takes the role of
the Stueckelberg mass for the low energy effective theory.

In our case such abelian symmetry is contained within SO(10) and it is identified with U(1)x. This
provides the basic observation which motivates our work, which connects the decoupling of a gauge
boson corresponding to an U(1)x symmetry within SO(10) and of a right-handed neutrino to the
appearance of an axion in the spectrum of the low energy theory. Being the construction sequential in
each of the three generations, this scenario predicts three axions in the spectrum. Building on a similar
analysis by two of us in [37] based on a E x U(1)x, such axions are expected to be ultralight, in the
10720 eV mass range.
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8.1.1 Incomplete decoupling of a chiral fermion and global anomalous U(1)x

We believe it is useful to scrutinise this within a transparent model where two examples of physics

beyond the standard model, the non-zero neutrino masses and the Stueckelberg axion are closely
related. Since we know from experiment [139] that the first extension exists in Nature, it increases our
expectation that the second should be realised. We shall review the group theory of SO(10) including
the available irreducible representations for the matter particles and the symmetry breaking.
SO(10) naturally provides three right-handed neutrinos which can participate in the see-saw. Because
of the decoupling of these additional neutrino states at high masses, the resultant effective theory
possesses an anomalous U (1)x symmetry. Since we shall discuss neutrino masses it is worth recalling
the various possibilities for introducing them into the minimal SM. We shall mention four of these, one
being the see-saw mechanism, and reveal why the other three are less attractive. One of them, intro-
duced in [140], once appeared to be compelling when based only on the SuperKamiokande experiment
[139] but it predicted maximal solar neutrino mixing which unfortunately was subsequently excluded
by the SNO experiment [141]. This left as the most popular possibility the see-saw mechanism which
we shall employ in the present model. When neutrino masses were established experimentally in 1998
there was confusion about to whom priority for the see-saw idea belonged and it was temporarily
assigned to a number of theory papers published in 1979. Further scholarship revealed, however, that
priority belonged to a 1977 paper by Minkowski [136].

8.2 S0O(10) Grand Unification

The SO(10) model for unifying quarks and leptons was invented over forty years ago in [142, 143].
After non-zero masses for neutrinos were discovered, it became the most popular GUT superseding
the otherwise more economical SU(5) GUT [127]. A recent discussion of an SO(10) GUT can be found in
[144]. In the minimal Standard Model (SM), as in the minimal SU(5) GUT, the neutrinos were assumed
to be massless. In the SO(10) GUT, each family in a 16 contains, in addition to the fifteen helicity
states of the minimal SM, a right- handed neutrino N. This gives rise to several additional features,
beyond the most obvious one that the neutrinos can acquire mass through the see-saw mechanism.
An SU(5) GUT subsumes the SM gauge group SU(3)c x SU(2)r x U(1)y but an SO(10) GUT with
one additional rank includes also a U(1) x. It is this gauged (X) symmetry and its breaking which
will play a central role in our present discussion.

The group theory underlying the SO(10) GUT is well-known and reviewed in many papers; one
reliable such reference is [145].

For the purposes of establishing notation we shall briefly discuss this with special emphasis on the
role of (X) symmetry which will be treated further in subsequent subsections.
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8.2.1 Breaking patterns

The gauge group SO(10) has the dimension 45 of its adjoint. An adjoint of scalars can break the
symmetry while preserving rank-5 to

with 3X = 12Y — 15(B — L). We shall need more scalars to give mass to the fermions. Each family is
in a 16 irreducible representation. For example the first family is

16 = (v, us,ub,d",d8,d%u", us,ub,d",d8,d%v,,e”,N,e*), (8.2.2)

where we have designated the colours as 7, g, b (= red, green, blue). The Yukawa couplings which can
provide fermion masses require scalar fields which are included in

16 x 16 = 105 4+ 120, + 126, (8.2.3)

where the subscripts s,a specify symmetric, antisymmetric. The 10 is the vector representation of
SO(10), although the spinor representation 16 is really the defining representation, because one can
make 10 from 16, as in Eq.(8.2.3), but not vice versa. We first consider the decomposition of SU(5) into
SU(3), x SU(2)r x U(1)y, adopting the notation (SU(3)c, SU(2)1)y with the result that

5 = B 1)423+(L2)
10 = (32)41/3+ 3B 1) a3+ (L 1)
15 = (6,1) 4/3+(32)11/3+(1,3)+2
24 = (8,1)0+(3,2)-5/3+(3,2)45/3+ (1,3)0+ (L, 1)o
45 = (8,2)41+(6,1)2/3+(3,2)7/3+(3,1) 43+
(3,3)-2/3+ (3,1)-2/3+(1,2) 11
50 = (8,2)41+(6,1)18/3+(6:3)-2/3+(3,2)-7/3+
(3,1) 23+ (1,1)_4 (8.2.4)

The states in the first two lines of Eq.(8.2.4) are the familiar ones of one SM family, without a right-
handed neutrino, which is why (10 + 5) is used in an SU(5) GUT. The scalars in the SU(5) Yukawa
couplings must be among

5x 5 =10, + 15,
10 x5=5+45
10 x 10 = 5, + 45, + 50, (8.2.5)
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and we note that the usual Higgs boson, which in this notation is the complex doublet (1,2) 1, appears
uniquely in the 5 and 45 of SU(5), as can be seen from Eq.(8.2.4). Armed with these preliminaries about
SU(5), it is rendered almost trivial to extend the analysis to SO(10), but the (X) symmetry means we
must tread carefully. We return to Eq.(8.2.3) and adopt a new notation in the SO(10) decompositions
of (SU(5))x. From [145] we are able to decompose the scalar SO(10) irreducible representations into
their SU(5) components:

10 = 5 +5,
120 = 5, +5_,+10_+ 106 +45, +45_,
126 = 1_190+5,+10_¢+ 156+ 45, +45_,
45 = 249+104+10_4+ 1 (8.2.6)

All of 10, 120 and 126 necessarily contain a candidate for the SM complex Higgs doublet. From Eq.
(8.2.4), we can, if needed, translate the SU(5) representations in Eq.(8.2.6) into SM representations. This
provides all the group theory we shall need in the present article. In the following we shall focus on
the breaking of U(1)x) which is intimately related to the mass of the right-handed neutrinos N in
Eq.(8.2.2) and hence to the see-saw mechanism.

8.2.2 The two complex singlet scalars in the effective potential

If we introduce a scalar field ®, singlet under SU(5) with lepton number L=+2, we can write the
Majorana mass M of the right-handed neutrino N% (i,j =1,2,3) of the three generations as

AiiNENL . (8.2.7)

The masses A;;(P) may be taken to be ~ 10'° GeV, far above the weak scale, whereupon we may
integrate out the right-handed neutrino N to derive an effective field theory with interesting properties.
In particular, the gauged U(1) x) of the SO(10) GUT has become anomalous, because in the (X)?
triangle diagram N has been removed from the internal states.

We note that the 126 of scalars in Eq.(8.2.6) contains an SU(5) singlet, charged under (B — L), in
addition to the SU(5) singlet in the 45 of Eq. 8.2.6, ®. The presence of two such states in our model
will be relevant in our subsequent analysis.

Let us step back to a purely bottom-up approach. Consider the original minimal standard model
(MSM) with massless neutrinos. In perturbation theory, it conserves baryon number (B) and lepton
number (L) so there is a global U(1)_; which, without a right-handed neutrino, is anomalous.
Such a statement is obviously not connected to grand unification. Of course, this model is ruled out
because neutrinos have non-zero masses so some modification is necessary to the MSM and there
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is a number of possibilities[146]. The most popular is the addition of right-handed neutrinos which
permit the see-saw mechanism for generating neutrino masses. This is achieved most naturally in
SO(10) unification.

Now we carefully discuss a top-down analysis of SO(10) spontaneous symmetry breaking. At the
GUT scale (10716 GeV) the adjoint 45 is used to break the symmetry in a necessarily rank-preserving
manner according to

SO(10) — SU(5) x U(1)x — SU(3) x SU(2) x U(1)y x U(1)x (8.2.8)

so that the U(1)x, with 3X = 12Y — 15(B — L), is still unbroken and its gauge boson is massless. At an
intermediate scale M; ~ 10971 GeV the complex 126 is used spontaneously to break U(1)x and to
give Majorana masses to the three right-handed neutrinos. This arises from a VEV of the SU(5)-singlet
complex component in Eq.(8.4.9) which has the Mexican-hat type of potential required for the Higgs
mechanism.

8.3 See-Saw Mechanism

In the MSM neutrinos are massless. The minimal standard model involves three chiral neutrino
states, but it does not admit renormalizable interactions that can generate neutrino masses. Never-
theless, experimental evidence suggests that both solar and atmospheric neutrinos display flavor
oscillations, and hence that neutrinos do have mass. Two very different neutrino squared-mass
differences are required to fit the data:

6.9 x 107°eV2 < A; <79 x10%eV? and A, ~ (2.4 —2.7) x 10~ %eV?, (8.3.1)

where the neutrino masses m; are ordered such that:

As = |m} —m3| and A, = |m5 —m3| ~ |m} — m3| (8.3.2)

and the subscripts s and a pertain to solar (s) and atmospheric (a) oscillations respectively. The large
uncertainty in A reflects the several potential explanations of the observed solar neutrino flux: in
terms of vacuum oscillations or large-angle or small-angle MSW solutions, but in every case the two
independent squared-mass differences must be widely spaced with

r=As/A; ~3x1072 (8.3.3)

In a three-family scenario, four neutrino mixing parameters suffice to describe neutrino oscillations,
akin to the four Kobayashi-Maskawa parameters in the quark sector. Solar neutrinos may exhibit an
energy-independent time-averaged suppression due to A,, as well as energy-dependent oscillations
depending on As/E. Atmospheric neutrinos may exhibit oscillations due to A,, but they are almost
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entirely unaffected by A;. It is convenient to define neutrino mixing angles as follows:

—id

Ve C2C3 C2S53 Sye 1
v | = +ciss+sisacse?  —cies — sisasze® —sio Vs (8.3.4)
Vs +5153 — 1500360 —sqc3 — 152536 +cicn V3

with s; and ¢; standing for sines and cosines of ;. For neutrino masses satisfying (8.3.1), the vacuum
survival probability of solar neutrinos is:

sin® 26,

P(ve = ve)|s ~1— — cos* 0, sin® 203 sin” (AsR; /4E) (8.3.5)

whereas the transition probabilities of atmospheric neutrinos are:

P(vy = ve)|a =~ sin®26; cos® 0;sin® (A;R,/4E)
Pe = vy)la =~ sin® 26, sin? 6, sin® (AsR,/4E)

P(ve — v¢)|s ~ sin®26,cos? 6, sin’ (AsR,/4E) (8.3.6)

None of these probabilities depend on J, the measure of CP violation. Let us turn to the origin of
neutrino masses. Among the many renormalizable and gauge-invariant extensions of the standard
model that can do the trick are [146] (i) The introduction of a complex triplet of mesons (T**, T, T?)
coupled bilinearly to pairs of lepton doublets. They must also couple bilinearly to the Higgs doublet(s)
so as to avoid spontaneous (X) violation and the appearance of a massless and experimentally
excluded majoron. This mechanism can generate an arbitrary complex symmetric Majorana mass
matrix for neutrinos. (i) The introduction of singlet counterparts to the neutrinos with very large
Majorana masses. The interplay between these mass terms and those generated by the Higgs boson,
the so-called see-saw mechanism, yields an arbitrary but naturally small Majorana neutrino mass
matrix. (iii) The introduction of a charged singlet meson f* coupled antisymmetrically to pairs of
lepton doublets, and a doubly-charged singlet meson g™ coupled bilinearly both to pairs of lepton
singlets and to pairs of f-mesons. An arbitrary Majorana neutrino mass matrix is generated in two
loops. (iv) The introduction of a charged singlet meson f* coupled antisymmetrically to pairs of
lepton doublets and (also antisymmetrically) to a pair of Higgs doublets. This simple mechanism was
first proposed in [140] and results at one loop in a Majorana mass matrix in the flavor basis (e, y, T) of
a special form:
0 mey Mmer
mey 0 myg (8.3.7)
Mer Myr 0

This Zee model is attractive as an simple extension of the SM. It predicts maximal solar neutrino
mixing, 01 = 7, a value which was strongly disfavoured by SNO data[141, ]. Of all the models
preserving only the three chiral left-handed neutrinos of the SM - models (i), (iii) and (iv) above -
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model (iv) is surely the most appealing and it fails. Therefore one is led to additional neutrino states,
typically two or more massive right-handed neutrinos which we denote Ny (i = 1,2, ..., p).

In the model we shall discuss p is necessarily p = 3 because each of the three quark-lepton families is
in a 16 of SO(10) and each contains one N state. There has been considerable interest in more minimal
models with p = 2 as introduced in the so-called FGY model of [145]. This choice has the property
of reducing the number of free parameters such that the CP-violating phase in N; mixing matrix is
simply related to the CP-violating phase, §, in Eq.(8.3.4). This means that the measurement of ¢ in
long-baseline neutrino oscillation experiment would shine light on the origin of matter-antimatter
asymmetry arising from leptogenesis[149] where it arises from N; decay. In general, this connection
does not exist so that an optimistic logic could argue that the FGY model, sometimes called the
minimal see-saw;, is possibly correct.

For the present case of p = 3 we introduce a mass basis

(VE'V]J'VT/ Nl, NZ, NB) (8.3.8)

so that there is a 6 X 6 mass matrix in four 3 x 3 blocks with the top-left block vanishing and the
bottom-right being the large Majorana masses for the N;. The two off-diagonal blocks are Dirac masses
coupling the vy, to the Nig.

The effective mass matrix of the light Majorana neutrinos is given by
M = Mp(Mg) M} (8.3.9)

where Mp and My are the 3 x 3 mass matrices for the Dirac and right-handed Majorana neutrinos,
respectively. M} designates the transpose.

The see-saw strategy is immediately evident from Eq.(8.3.9). Denoting the mean values of the 3 x 3
blocks by m and M

0 m
( M ) (8.3.10)

the eigenvalues for m < M are close to m*/M and M. This shows how large the N; masses are
expected to be. Taking the first family, with a typical quark mass 10 MeV and electron neutrino mass
10~°eV, we find M ~ 10'° GeV. Coincidentally, and suggestively, such a mass fits well with the mass
required for successful leptogenesis[149].

This discussion exhibits the great advantage of the see-saw mechanism compared to the alternative
models discussed above: the smallness of the neutrino masses relative to those of the quarks and
leptons occurs naturally. That being said, the other side of the coin is that experimental observation of
the very massive N; is challenging.

The crucial observation for our present purposes is to consider the U(1)x triangle anomalies. If we
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keep all the states in Eq.(8.2.2) for one family
16 = (u”, us,ub,d",d%,d% u’, us,ub,d",ds,d’ v, e~ ,N,e*), (8.3.11)

then we can examine this question.

The pure gauge anomaly U(1)3 has cancelling contributions from the states in Eq.(8.3.11) as follows

1 1

6 (27> +6 <—27) +2(+1)+2(-1) =0 (8.3.12)
For the gravitational triangle anomaly which has only one U(1)x vertex the respective cancelling
contributions are . 1

6 (3> +6 (—3) +2(+1)+2(—1) =0. (8.3.13)
When we decouple the N state in Eq.(8.3.11) by taking it to very high mass, the right hand sides of
Eq.(8.3.12)and Eq.(8.3.13) both change from zero to —1, the anomalies do not cancel, and therefore
there exists in the effective theory an anomalous U(1) symmetry of the sort considered in different
contexts in e.g. [150, , , ].

8.4 Anomalous U(1)x

Let us introduce the matter fields in our model. The fermions are in three 16’s, ¥; (i = 1,2, 3). Each
16 contains a right-handed neutrino Ni with (X) = +1.
SO(10) contains the usual SU(5) subgroup [127] which plays a role in containing the minimal standard
model (MSM) as if without neutrino mass. To provide mass to Nr without breaking SU(5) we
introduce a complex scalar ® in the 126 of SO(10) which under SU(5) contains

126 C 1+ 5+ 10+ 15 + 45 + 50 (8.4.1)

and the N acquire mass as in Eq. 8.2.7 when the SU(5)-singlet component of ® in Eq.(8.4.9) gains an
intermediate mass scale VEV
<®>=M; (8.4.2)

where for the see-saw mechanism the intermediate mass scale M is typically ~ 10!° GeV.

To break the symmetry SU(5) to that of the standard model we introduce more scalars in the repres-
entations of SO(10) which are the adjoint A in a 45, the vector V in a 10 and finally a spinor B(16).
The adjoint 45 decomposes under SU(5) as

4551+10+10+24 (8.4.3)

so that the 24 can provide the rank-preserving SU(5) — SU(3) x SU(2) x U(1).
We recall that in SO(10), 45 decomposes as in Eq. 8.2.6 within which the 24 can provide the rank-
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preserving SU(5) — SU(3) x SU(2) x U(1)y symmetry breaking. The fermion masses arise from the
Yukawa couplings
‘CYukawa =Y (YVV + Y(bcb) Y (8.4.4)

which may be understood to contain the coupling of Eq.(8.2.7).

We adopt the convention that Latin indices a,b,c, ... run from 1 to 10 and Greek indices «, 3,7, . ..
run from 1 to 16. The vector field V is V, and the adjoint A is A, = — Ay, so that all the V and A
couplings up to quartic in the Higgs potential can be written, bearing in mind that

10x10 O 1+45+50
10x45 S 10+ 120+ 320
45X 45 O 14454 54 4 210 + 770 + 945. (8.4.5)

in the form
V(V/A) = V.V + (Vava)z + A Aap + (AabAab)z + (Vﬂvﬂ)(AbcAbc) +... (8-4-6)

among other terms.
To deal with the 126 it is essential to introduce the I' matrices

a0 (8.4.7)

which are ten 16 x 16 matrices which roughly generalise the four 4 x 4 Dirac matrices " pertinent
to O(4), and likewise satisfy a Clifford algebra. The ® field of the 126 is a symmetric scalar field
satisfying the trace condition

I5®; = Tr(I"®) = 0 (8.4.8)

Now, in addition to Eq.(8.4.5), we shall need

126 x 10 D 210 + 1050.
126 x 45 O 120+ 126 + 1728 + 3696.
126 x 126 O 545 + 9454 + 10505 + 27725 + 41255 + 6930 4. (8.4.9)

to write the Higgs potential terms involving ® such as
V(CI)) = qu]‘CDij + ((Dijq)l'j)z + q)iqujchkl(Dli

5D P Py Prn i + - - (8.4.10)
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among other terms including mixed ® — A terms possible under SO(10) symmetry, as can be seen
from Egs.(8.4.5) and (8.4.9). We take note of the cubic scalar coupling 16.16.126 which may be written

B.Bs®} (8.4.11)

and which we shall use in the next section.

8.5 Stueckelberg Axion

In order to illustrate how the mixing of the CP-odd phases takes place in the breaking of SO(10) —
SU(5) x U(1) we consider specific terms in the potential, describing the conditions which need to be
satisfied in order to generate a periodic potential function of a single gauge invariant field. The latter
takes the role of a physical axion and will be denoted by x.

The periodic potential is generated at the scale at which SU(5) x U(1) is broken necessarily at > 10"
GeV to avoid too-fast proton decay. At this GUT scale, instanton effects are present. In order to
understand why this happens, we consider an SO(10) invariant term in the original theory such as

16 x 16 x 126 (8.5.1)

which is built out of the spinorial (16) of SO(10) and the complex conjugate of the 126. The SO(10)
singlet is obtained from
16 x 16 = 10, + 120, + 126, (8.5.2)

by combining the 126, taken from the symmetric part of the product (16 x 16); = 126, + 10; with the
126. We can specialize (8.2.3) by indicating the X content of the decomposition using

16 =1_5+5.3+10_1 (8.5.3)
from which gives for their antisymmetric product

120, = (16 x 16),
= 5,410 ¢+ (5+45)1+ 1046 +45 > (8.5.4)

while the symmetric component can be specialized in the form

(16 x 16)s = 1265 + 10,
(8.5.5)
= (1-10+52+10_6+1546+4542+50_5) + (512 +5_5) (8.5.6)

163



where the two contributions in brackets refer respectively to the 126, and to the 105 of SO(10).

A periodic potential can be extracted from the decomposition above starting from the 1265 x 126,
SO(10) singlet, by combining the 1_19 in Eq. (8.5.6) with the 1,19 in the 126, the latter obtained by
conjugation of (8.4.9) - with the inclusion of its complete SU(5) x U(1)x content -

126 = li10+542+ E+6 +15_¢ + E,z + 50 45. (8.5.7)

A term in this form in the potential allows to induce a mixing of the CP-odd phases of the two SU(5)
singlet representations in such a way that one linear combination of these will correspond to a physical
axion while the second one will be part of the Nambu-Goldstone mode generated by the breaking of
u ( 1 ) X.

We will be denoting with ¢ and ¢ the two fields corresponding to the 1_1p and 1;¢ respectively,
denoting their vevs with v, and vy respectively. We will assume that vy will be large in such a way to
provide a mass term for the right-handed neutrino, as specified in (8.2.7) using the Majorana operator
NrN, R(P-

In order to characterise the structure of the Stueckelberg Lagrangian at classical level we focus our
attention on the extra (periodic) potential related to ¢ and ¢

V, = AMjc¢ + h.c. (8.5.8)

Since there must be an SU(5) singlet it is important to realise that the other parts of Eq.(8.5.7) do not
contribute. The coupling A is instanton generated at the scale Mgy, a fact which provides a drastic

suppression in V,,. We parameterize both fields around their vevs as

Vo + 01+ iom
V2
_ Yot Po iR (x)/ (g500)
V2

o = 20TL0 )/

>

(8.5.9)

and vy is at the GUT scale Mgyt ~ 10'° GeV. The parameterization of V, in a broken phase is made
possible by the remaining - non periodic - general scalar potential which will assume a typical mexican-
hat shape as for an ordinary U(1) symmetry. Both o and ¢ are charged under U(1) x) and therefore
their vevs break the gauged (X) which as we have discussed survives as an anomalous U(1) in the
effective theory at low energies. We denote with ¢p the gauge coupling of the U(1)x gauge boson
(By), while £4p will denote the corresponding X charges of the scalars. Their normalization, equal
to £10 in the normalization of [145], is indeed arbitrary. The role of the Stueckelberg field is taken
by b(x) in the polar parameterization of ¢, which is normalized to 1 in mass dimension, while F; is

164



massless.

The two covariant derivatives of the scalars take the form

Duo = (9 +iqpgs Bu) o
Dup = (3,+iqsgsBy) ¢ (8.5.10)

with the typical Stueckelberg kinetic term generated from the decoupling of the radial fluctuations of
the ¢ field

1 1
Dug| > = 50u0p0"0p + 5 (30 — MBy,)? (8.5.11)
with M = gpgpvg ~ M takes the role of the Stueckelberg scale. In general it is natural to assume that

both vy and v, are of the same order, and the mass of B, the X gauge boson, will be given as a mean
of both vevs

Mp = \/ (98g80s)* + M? (8.5.12)

The quadratic action, neglecting the contribution of the radial excitations of ¢ and ¢, can be easily
written down for such o — ¢ combination

1 1 1
Lo = 5 (8u02)"+ 5 (9ub)” + S M5B, B"

+By 0" (Myb + v,8pq502), (8.5.13)

from which, after diagonalization of the mass terms we obtain

1 2 1 2 1 2 1 1
+M3B",Gy. (8.5.14)

where we are neglecting all the other terms generated from the decomposition which will not contribute
to the breaking. We can identify the linear combinations

1
Xp = M (=M, + qpgpusb),

Gg = qg8pVs 0> + MD), (8.5.15)

My ¢
corresponding to the physical axion x, and to a massless Nambu-Goldstone mode G. The rotation
matrix that allows the change of variables (c,,b) — (x, Gg) is given by

U — — costl sinfg (8.5.16)
sin 0p cos

165



with
0 = arcsin(qpgpvs/ Mp). (8.5.17)

The potential, as shown in similar analysis [133], is periodic in x/ f, where f, ~ M| takes the role of
the axion decay constant. As already stressed before, the origin of this potential is nonperturbative
and linked to the presence of instantons at the SO(10) GUT phase transition. For such reason, the size
of the constants A in such potential are exponentially suppressed with A; ~ e~27"/%cur, with the value
of the coupling a gyt fixed at the scale Mgy when the SO(10) instantons are exact. The value of agyr
here is in the range 1/33 < a; < 1/32, giving 10791 < )\ij <1078, determining an axion mass given
by m72( ~ AM? in the range

107 2eV < my < 10 XeV (8.5.18)

corresponding to an ultralight axion, which has been invoked for the resolution of several astrophysical
constraints[36].

8.6 Conclusions

We have investigated the possibility that the decoupling of a right-handed neutrino in the context
of an SO(10) GUT can be accompanied by an axion-like particle. Such a particle shares many of
the properties already considered for a similar model discussed by two of us in the context of an
E¢ x U(1)x unification, interpreted as low-energy GUT theory derived from string theory [37].

While, in the previous construction, the Stueckelberg Lagrangian was generated by the dualisation of
a 3-form and required an anomalous U(1) gauge symmetry, in this construction we have simply con-
sidered the possibility that the U(1)x symmetry of the Standard Model has an interesting implication.

Starting from an SO(10) symmetry, broken to an SU(5) x U(1)x GUT symmetry, the decoupling of a
right-handed neutrino leaves at low energy an action which is Stueckelberg like, with a global anomaly
which couples to a CP-odd phase, x(x). We have invoked the generation of a periodic potential in
the SU(5) x U(1)x effective theory in order to extract such gauge invariant degree of freedom in the
pseudoscalar sector which couples to a global anomaly. Such Stueckelberg-like pseudoscalars are

0—20

expected to be ultralight, around 1 eV and to decouple at the scale corresponding to the mass of

the right-handed neutrino. An earlier paper which relates the lightness of the axion to neutrino mass

is [154].

We have illustrated, by analysing the representation content of the scalar sector of the SO(10) and
SU(5) x U(1)x theories how this could be achieved.

We believe that we have merely identified the general tracts of this mechanism to which we hope to
return in the near future in a more extensive analysis.
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Conclusions

In this thesis we have presented in a unified way the determinant role played by axion in the context
of the evolution of the universe in its primordial phases. After an introduction to the formalisms
necessary to carry on the discussion and having given a context in which to place the discussion we
have presented an extension of the original PQ symmetry which enlarges the parameter space for
axion and overcomes the mass/coupling constant relation. We have shown that Stueckelberg’s models
provide a new insight into the ancient axion problem and open up exciting new avenues on the search
for dark matter. The previous observations were subsequently reinforced and given a more solid
mathematical structure. The starting point was to consider the SO(10) group subsequently broken
into SU(5) x U(1)x .In particular, the possibility that the decoupling of the right-handed neutrino, in
the context of an algebraic structure of SO(10), leads to the appearance of an axion-like particle was
discussed. It is seen that this particle possesses some features shared with other models interpreted as
low-energy GUT theory, derived from string theory. We have seen how symmetry breaks from SO(10)
leading to neutrino decoupling and leaving a Stueckelberg action equipped with global anomaly.
Moreover, the association of this action with a periodic potential helps us to extract the gauge invariant
degree of freedom in the pseudo-scalar sector. We finally show how this Stueckelberg-like sector turns
out to be ultra-light at the scale corresponding to the mass of the right-handed neutrino. Finally in
this thesis has been presented another work, always contextualized in the research regarding the
development of the primordial phases of the universe. Since the first detection of gravitational waves
there has been a huge interest in the study of this new type of cosmological messenger; gravitational
waves can be considered as tools to probe the existence of new physics. In fact the gravitational wave
generated by cosmological phase transitions of the first order possesses a spectrum dependent on the
model that describes the phase transition. It is therefore possible to predict what are the implications
of the GUT models on the phase transition of the early Universe and therefore on the spectrum and
detection of gravitational waves. Therefore starting from the measurements it is possible to confirm
possible unification models. It is in progress the design phase, by ESA, of LISA, a space mission that
will engage the first space-based laser interferometer, whose launch is scheduled for 2034. The activity
carried out in one of our papers was therefore focused on the study of a Quiver-type GUT model. The
parameters characterizing the model have been calculated and it has been shown that the gravitational
wave emitted by the phase transition described by this model is compatible with the sensitivity of the
LISA experiment.
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