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paciência devo ter esgotado inúmeras vezes, muito obrigado pelo amor que sempre par-

tilharam comigo. Todos os ”puxões-de-orelha” que me puseram na ”linha”, conselhos e

momentos de partilha trouxeram-me até aqui.

Não posso deixar de agradecer a uma grande famı́lia que me acolheu desde muito novo, que

me viu crescer e que também faz parte daquilo que sou hoje. Um obrigado a todos que me

acompanharam no Karaté.
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A unified model of inflation, dark matter, neutrino masses and
baryogenesis

by António Torres MANSO

The origin of neutrino masses, the inflationary evolution, the nature of dark matter particles

and the baryon asymmetry in the Universe constitute some of the most important and unan-

swered problems in the interface between particle physics and cosmology. In this work, we

present a short review of these four topics and their connection to experimental observations,

setting the stage for a unified model description.

We present a unified model in which, based on the incomplete decay of the inflaton field [1],

where the same field may describe inflation as well as account for the present dark matter

abundance, while still reproducing a successful reheating. This is accomplished imposing a

discrete symmetry on the inflaton and its decay products, two right-handed neutrinos, that

forbids the inflaton decay at late times.

We observe a successful transition to a radiation dominated Universe in which the inflaton

particles may or not evaporate, i.e. join the thermal bath. In the former case, the stable

inflaton particles will follow the common Weakly Interacting Massive Particle evolution,

eventually decoupling and freezing out, thus yielding a thermal dark matter relic. In the

latter case, after their decay is no longer allowed, the remnant inflaton particles will behave

as a condensate in a Dark Radiation regime to later turn into a stable non-relativistic fluid,

thus behaving as Cold Dark Matter.

The introduction of the right-handed neutrinos and their interactions with the Standard

Model’s particles present a mechanism to generate the observed light neutrino masses, through

the seesaw mechanism. At the same time, it provides the necessary ingredients for a lep-

ton number generation which is later converted into a baryon asymmetry through non-

perturbative processes present in the Standard Model.
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Um modelo de unificação de inflação, materia escura, massas de
neutrinos e bariogénese

por António Torres MANSO

As massas dos neutrinos, o perı́odo de inflação na evolução do Universo, a origem de matéria

escura e a existente assimetria entre partı́culas e anti-partı́culas no Universo constituem al-

guns dos problemas mais importantes e ainda por resolver em fı́sica de partı́culas e cosmolo-

gia. Consequentemente, neste trabalho apresentamos uma introdução a estes tópicos para

mais tarde descrever um modelo de unificação.

Nesta tese é desenvolvido um modelo em que, com base num mecanismo de decaimento in-

completo do inflatão [1], o mesmo campo escalar possa descrever o perı́odo de inflação, bem

como as abundâncias atuais de matéria escura, mantendo simultaneamente uma transição

para a fı́sica do modelo padrão através de um reaquecimento eficiente. Através da imposição

de uma simetria discreta no inflatão e nos seus produtos de decaimento, dois neutrinos dire-

itos, asseguramos a estabilidade do inflatão até ao presente.

Verificamos uma transição para uma era de domı́nio de radiação na qual as restantes partı́culas

do inflatão poderão ser excitadas até ao estado do banho térmico. Neste cenário, estas

partı́culas seguirão a evolução comum de uma particula massiva com interações fracas. Caso

não evaporem, quando o decaimento para os neutrinos direitos é cinematicamente proibido,

o condensado do inflatão fica estável e comporta-se com radiação. Mais tarde irá mimetizar

um fluido não relativista estável que identificamos como matéria escura fria.

A introdução dos neutrinos direitos e as respetivas interações com o modelo padrão dão

origem às massas observadas dos neutrinos leves através do mecanismo de ”seesaw”. Si-

multaneamente, permitem a produção de uma assimetria no número leptónico que será mais

tarde numa assimetria bariónica através de processos não-perturbativos existentes no mod-

elo padrão de fı́sica da partı́culas.
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Chapter 1

Introduction

The Standard Model of particle physics (SM) presents the best description ever achieved

of elementary particle interactions. It has been very successful in a wide range of parti-

cle phenomena, from the prediction of the anomalous magnetic moment of the electron to

the prediction of several elementary particles before their experimental discovery. Despite

all of its achievements, experiments on neutrino oscillations, which the SM predict to be

massless, revealed some flaws in the theory. Due to such experiments, we now know neu-

trinos must be massive, but the mechanism for mass generation remains unknown. The SM

only includes left-handed neutrinos, with three generation of them, as opposed to the other

fermions, which have also a right-handed component. Going beyond the SM, though with-

out violating its structural symmetries, and allowing for the existence of right-handed neu-

trinos, also in three generations, could explain the mass appearance through what is known

as the seesaw mechanism.

Moving now to the Universe’s cosmological evolution and its description, the starting point

for its analysis rests on the Standard Cosmological Model (SCM).The assumption of homo-

geneity and isotropy of space, represented in the Friedmann-Robertson-Walker space-time

metric, together with the identification of the relative abundances of the Universe compo-

nents, reveal how it may evolve and expand. However, some puzzles remain unanswered,

in particular the flatness, horizon and the large scale structure problems. An inflationary

evolution, developed in the 1980’s, with an introduction of an early phase of accelerated ex-

pansion, prior to the radiation domination epoch, would flatten the universe and also stretch

the initial small inhomogeneities to the observed today’s large scale structures. The causal-

ity problem would then be solved by an initial causal contact between regions that today

are too far to interact, reconnecting the theory to the almost perfect isotropy of the cosmic

microwave background (CMB).

1
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A common problem to both particle physics interactions and the cosmological behavior

comes in the energy budget of the Universe. Only around 25% of the Universe is made

of matter, and only about 15% is accounted for by SM particles leaving the remaining part,

referred to as dark matter, to be described by new physics.

Another important open question about the Universe is the observed asymmetry between

particles and anti-particles. Assuming an inflationary evolution, diluting any initial asym-

metry in the Universe, the observed asymmetry should have been generated dynamically

after inflation. Such mechanisms must follow the conditions derived by Sakharov [2]; (1)

baryon-number violation, (2) C - and CP -violation, and (3) departure from thermal equilib-

rium. Within the SM, no mechanisms are able to generate the required amount of asymmetry,

thus requiring extensions to new physics.

In this thesis we develop an inflationary model, regulated by a non-minimal coupling of the

inflaton scalar field to gravity, which with an imposition of a symmetry will decay to two

fermions, later to be identified with right-handed neutrinos1. Despite the need for an effec-

tive reheating, the inflaton does not decay completely, leaving room for this same scalar field

to account for the dark matter in the Universe. The introduction of right-handed neutrinos,

as decay products of the inflaton, and their interaction with the SM particles through an

Yukawa coupling, allows for the generation of the observed light neutrino masses through

the seesaw mechanism. As a final application of this model, we look at how the baryon

asymmetry could be generated through thermal Leptogenesis. This description is based on

the analysis present in [5].

We start in chapter 2 with a brief description of neutrino physics. Beginning with the SM

paradigm, we then introduce massive neutrinos and the seesaw mechanism. A simple de-

scription of neutrino oscillations and their experimental features is also given.

In chapter 3 we present the basic aspects of Standard Cosmology with equilibrium thermo-

dynamics. Then, we proceed in chapter 4 to describe the dynamics of inflation, exploring

both the slow-roll dynamics and the evolution of quantum fluctuations of the inflaton field.

We continue by reviewing the introductory topics for this project in chapters 5 and 6 where

we discuss the standard points on Dark Matter and Baryogenesis. In the former, the weakly

interacting massive particles (WIMP) abundance calculation is also described.

In chapter 7 we present a review on the Inflaton Dark Matter model [1], on which this work

is based, by describing the inflation and reheating dynamics with an imposed interchange

symmetry on the Lagrangian. Reheating is studied with a quadratic potential obtaining

constraints on the fermion masses and reheating temperatures.

1For other examples of scenarios where neutrinos are coupled to the dark sector, see e.g. [3, 4]



1. INTRODUCTION 3

To produce a more realistic model, in chapter 8, we introduce a non-minimal coupling to

gravity of the inflaton and a potential including both quadratic and quartic terms. The

fermions are identified with two of the right-handed neutrinos, allowing mass terms for

the light neutrinos. Furthermore, we describe how the inflaton scalar field can account for

the present dark matter abundance, while successfully reheating the universe.

Finally we give, in chapter 9, an embedding of the thermal Leptogenesis scenario within

our model, imposing important restrictions on the model parameters. A conclusion and a

discussion of future work is given in chapter 10.





Chapter 2

Neutrinos

2.1 Neutrinos in the Standard Model

The Standard Model (SM) of electroweak (EW) and strong interactions is based on the gauge

group SU(3)c × SU(2)L × U(1)Y. The SU(3)c sector describes the strong interactions [6–

8] and SU(2)L × U(1)Y the electroweak interactions [9–11]. In the SM there are 3 families

(generations) of fermions, and in each generation there are 15 chiral fermions: 2 charged

leptons, 1 neutrino and 12 quarks (3 colors).

From experiments in the late 1950’s and early 1960’s with beta and other weak decays,

charged current weak interactions were established to be left-handed, implying that the un-

derlying theory follows a SU(2)L local group. This organizes the participating fermions as

left-handed and transforming as doublets. Besides the fermions, the Standard Model con-

tains a zero spin scalar particle, the Higgs boson, and 12 vector fields, responsible for the

gauge interactions. The SM Lagrangian can be decomposed in 4 sections:

LSM = LDirac + LGauge + LHiggs + LYuk . (2.1)

The Dirac sector includes the kinetic term and the fermion-gauge boson interactions through

the covariant derivative. There is a term for each fermion of the model. The Gauge section

encodes the gauge bosons kinetic terms and self interaction in the field strengths of each sub

group of the SM gauge group.

The third term in equation (2.1) describes the Higgs boson dynamics including the sponta-

neous symmetry breaking of the electroweak group, SU(2)L ×U(1)Y, into the electromag-

netic group U(1)EM. The Higgs potential is written as

V(H) = −µ2H†H + λ(H†H)2 , (2.2)

5
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with µ2 > 0 such that H acquires a vacuum expectation value 〈H〉 = 1√
2

(
0

v

)
. The symme-

try breaking process [12, 13], attributes masses to the Goldstone bosons related to the broken

generators of SU(2)L ×U(1)Y, which are ”eaten” by massive weak gauge bosons [14]:

MW± =
g
2

v ' 80 GeV, MZ =
MW

cos θW
' 91 GeV, (2.3)

where v = 246 GeV and θW is the Weinberg mixing angle. Since the U(1)EM symmetry is

preserved, the fourth gauge boson remains massless and corresponds to the photon.

The interactions between fermions and the scalar particles are regulated by the Yukawa terms

LYuk = y`ij L̄i H`jR + yd
ijQ̄i HdjR + i yu

ijQ̄iτ2HujR + h.c. , (2.4)

where i, j are generation labels, L and Q represent the left-handed lepton and quark dou-

blets, `, u, d are the right-handed leptons and quarks. The yij are the Yukawa coupling 3× 3

matrices. After the electroweak symmetry breaking the Yukawa terms become

LYuk = y`ij
v√
2

¯̀i`jR + yd
ij

v√
2

d̄idjR + yu
ij

v√
2

ūiujR + h.c. , (2.5)

allowing these fermions to acquire a mass. For example me = ye
11

v√
2
= 0.511 MeV. If we

had introduced directly a mass, as in the Dirac equation, the mass term would violate the

SU(2)L ×U(1)Y gauge symmetry explicitly, since it includes both left- and right-chiral rep-

resentations. The Higgs mechanism is the simplest process that overcomes these restrictions.

The Standard Model does not include a right-handed neutrino and hence mν = 0, a result

that is valid to all orders in perturbation theory.

2.2 Massive Neutrinos

As established in the Standard Model, left-handed neutrinos together with charged leptons

form the electroweak doublets. The former are known to have zero electric charge and no

color. In early experiments neutrinos seemed to be massless and since right-handed neutri-

nos have yet to be observed they were not included in the SM. Thus, similarly to the photons,

they were considered to be massless. More recent experiments on neutrino oscillations re-

vealed their massive nature, pointing towards new physics. Please note that in the photon

case, its zero mass comes from the conserved gauge symmetry which governs the electro-

magnetic interactions and for the neutrinos such a symmetry principle does not exist within

the SM. A solution may come with the introduction of right-handed neutrinos, singlets under

the SU(2)L gauge group as apposed the right-handed charged leptons.
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Since neutrinos present no color and electric charge they allow for different possibilities in

the construction of their mass terms. Neutrino masses could come from Majorana mass

terms, that would violate the lepton number L. Their mass could also arise from a mixing

with singlets of the SM symmetry group, for example, singlet fermions in extra dimensions.

Please note that, although the lepton number is observed to be conserved in the SM interac-

tions, it is not a required symmetry of the theory. Its violation in different processes would

not in principle be wrong. Nevertheless, it is crucial that the possible mass generation mech-

anisms respond to the experimental observations in the neutrino masses and mixing angles.

A powerful way to generate neutrino masses [15, 16], using only the existent particles in the

SM, comes from introducing extra degrees of freedom parametrized in non-renormalizable

operators. The only dimension-five operator in these conditions consistent with gauge in-

variance [17] is
λij

M
(Li H)T(LjH) , (2.6)

where i, j = e, µ, τ , H and L are the Higgs and lepton doublets, λij are dimensionless cou-

plings and M is the cutoff scale, the new physics scale above EW symmetry breaking. This

term is called the Weinberg operator and violates the Lepton number symmetry. A Majorana

neutrino mass term is therefore created

mij =
λij 〈H〉2

M
. (2.7)

A possible interpretation could be that the operator is generated by some graviton-Planck

scale effect. However M ∼ MP and λ ∼ 1 [18, 19] would lead to mij = 10−5 eV, in disagree-

ment with the observations, see section 2.2.4. Some new physics beyond the SM must then

be introduced to obtain the desired masses.

2.2.1 Right Handed Neutrinos and the Seesaw Mechanism

Let us allow for the existence of right-handed neutrinos as singlets of the SM gauge group.

These extra fermions present a very benign addition to the SM Lagrangian since they do not

affect SM gauge anomaly cancellations and have very little experimental restrictions. In this

scenario one can introduce the Yukawa coupling

yνNc H L + h.c , (2.8)

that after electroweak symmetry breaking would lead to

mD = yν 〈H〉 . (2.9)
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From experimental data we have the requirement of at least two N fields in order to have at

least two massive neutrinos. From equation (2.9) in order to have mD ∼ 0.1 eV, yν ∼ 10−12

is required. It is indeed a very small value for the Yukawa coupling, especially when com-

pared to charged fermion couplings. To compare, look at the order of the electron coupling,

O(10−5). It thus seems that this model is incomplete. There is another possibility for a mass

term concerning the neutrinos. As said before, there could exist Majorana mass terms since

the right-handed neutrinos would be singlets under SM gauge group. A term like

1
2

N MRNc + h.c. (2.10)

would be allowed. In the case of the three neutrino species, the mass parameters mD and MR

are considered as 3× 3 (nondiagonal) matrices. If we combine the two mass terms we have

Lνmass = yαi
ν N̄i H Lα −

1
2

Mij
RNiNc

j + h.c . (2.11)

After EW symmetry breaking, this equation describes six potentially massive Majorana fermions

all of which are linear combinations of νL and N fields. Introducing NL = Nc we have that

the general mass matrix, in the basis (νL, NL) [15], is written as

Mν =

 0 mT
D

mD MR

 . (2.12)

The eigenvalues of this matrix will be the new Majorana fermion’s mass terms. For both MR

and mD 6= 0 there are 3 possible regimes. However, to us, the most important comes when

MR � mD. In this case, neutrino masses may split into two subsets. The first composed by

the heavy neutrinos with masses approximately MR, and then the light neutrinos with mass

given by

Mν = −mT
D M−1

R mD . (2.13)

The latter neutrinos are the ones which are observed experimentally and are parametrically

lighter than the EW scale by a factor mD
MR

. We see that with this mechanism, the neutrino

Yukawa coupling is allowed to be of the same order of the charged lepton ones, while hav-

ing arbitrarily large masses for the right-handed neutrinos, since their mass term is not con-

strained by any gauge symmetry. This is known as the the ”seesaw” (type 1) mechanism

[20–24] and gives a natural explanation for the smallness of neutrino masses.

As said before the introduction of right-handed neutrinos is benign to the SM Lagrangian

since they only couple to SM particles via the Yukawa interactions. However, the moti-

vation behind this addition must be understood. One of the strongest arguments to the

inclusion of right-handed neutrinos comes from Grand Unified Theories (GUT) [16]. The
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GUT gauge group SO(10) predicts the existence of chiral fermions that are singlets under

SU(5) → SU(3)c × SU(2)L ×U(1)Y, the SM gauge group. These singlets could be what we

call right-handed neutrinos. In SO(10), the right-handed neutrino exists inside the 16 rep-

resentation, and there are as many right-handed neutrinos as SM fermion generations. In

some models, the right-handed neutrino mass is related to the GUT spontaneous symmetry

breaking scale MGUT giving MR ∼ MGUT ∼ 1016 GeV.

2.2.2 Neutrino Mass Matrix, flavours and the UPMNS Mixing Matrix

The left-handed electron, muon and tau neutrinos (νe, νµ, ντ) are the states that form the

weak doublets together with the charged leptons e, µ and τ. These neutrino states are defined

as the flavour neutrino states. In the SM interactions, both members of the weak doublet

form the weak charged current

Jµ = ¯̀γµ(1− γ5)ν` ` = e, µ, τ . (2.14)

It is important to note that these phenomenologically defined flavour eigenstates, the ones

represented in the weak charged current, may not precisely coincide with the theoretical

flavour states, a result that may come from mixing with other heavy leptons as realized

before in the seesaw mechanism.

There is also a difference in what is called the neutrino mass eigenstates and the neutrino

flavour eigenstates, due to the observed neutrino oscillations. The flavour neutrinos, νe, νµ, ντ,

have no definite mass, and turn out to be combinations of the mass eigenstates ν1, ν2, ν3. We

define the UPMNS matrix as

ν f = UPMNSν , (2.15)

where ν f are the flavour states and ν the mass states. UPMNS is then a 3× 3 unitary matrix

termed after Pontecorvo, Maki, Nakagawa and Sakata [25–27]. From equation (2.14) we see

that the weak charged current ends up mixing neutrino mass states as

Jµ = ¯̀γµ(1− γ5)UPMNSν . (2.16)

Let us write the mass Lagrangian terms in what is called the “symmetry” basis (ν̃, ˜̀) [15].

L =
1
2

¯̃νMνν̃c
L + ˜̀L ML˜̀R + h.c. (2.17)

This symmetry basis is the basis in which the underlying and unknown theory of fermion

masses is formulated. Here, both Mν and ML are generally non-diagonal. Writing these
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mass terms we have also assumed that the light neutrinos are Majorana particles. It is possi-

ble to diagonalize these mass matrices by

Md
ν = UT

νMνUν , Md
` = U†

` M`V` , (2.18)

where Md
ν,` are diagonal matrices and the unitary transformation matrices U`, V` and Uν con-

nect the symmetry basis with mass eigenstates as ν̃ = Uνν, ˜̀L = U``L and ˜̀R = V``R. Insert-

ing this in the charged current we obtain,

Jµ = ¯̀̃
γµ(1− γ5)ν̃ = ¯̀γµ(1− γ5)U†

`Uνν , (2.19)

and identify the mixing matrix with

UPMNS = U†
`Uν . (2.20)

This mixing matrix is by convention parametrized as

UPMNS = U23(θ23)U13(θ13, δ)U12(θ12)Iφ , (2.21)

where Uij are matrices of rotations in the ij plane by θij, δ is the Dirac CP-violating phase,

and Iφ = diag
(
1, eiφ1 , eiφ2

)
corresponds to the Majorana CP-violating phases.

Following what is called the “bottom-up” approach [15], using experimental data we can

infer possible structures underlying the neutrino mixing matrix . The detected maximal 2-3

mixing, large 1-2 mixing and small 1-3 mixing point that some “textbook” mixing matrices

may be able to draw us a first draft of the unknown physics. Examples like the bimaximal

Ubm = Um
23Um

12, where we have maximal
(

π
4

)
rotations in 2-3 and 1-2 subspaces, and the

tribimaximal mixing matrix, UTBM = Um
23U12 (θ12) with sin2 θ12 = 1

3 , are commonly used for

this first lowest order approximation.

UTBM =
1√
6


2

√
2 0

−1
√

2
√

3

1 −
√

2
√

3

 (2.22)

Nevertheless, these matrices may reveal certain symmetries and deviations from them can

explain effects from the violation of such symmetries.

In this bottom-up approach we should obtain by reconstruction the neutrino mass matrix in

a flavour basis. Here, the mass matrix of the charged leptons is diagonal and therefore the
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neutrino mass is diagonalized by UPMNS = Uν . From equation (2.18) we have

Mν = U∗PMNS Md
νU†

PMNS , (2.23)

whereMν is the flavour basis and

Md
ν = diag

(
m1, m2e−2iφ1 , m3e−2iφ2

)
. (2.24)

2.2.3 Neutrino Oscillations

Measurements of neutrino fluxes coming from different sources revealed a difference be-

tween the expected, with massless neutrinos, and the observed results. This anomaly was

detected in both solar and atmospheric neutrino experiments and constitutes one of the first

evidences of physics beyond the SM. These oscillations are caused by neutrino mixings and

constitute the most precise measurement of light neutrino masses and mixing angles.

The physics behind this process is similar to strangeness oscillations in neutral kaons K0− K̄0.

These particles are produced in strong interactions, with quark composition ds̄ and sd̄ respec-

tively. However, none of the two is a physical particle. Instead they work as superpositions

of the physical states KL and KS, which do not have a defined value of strangeness.

In the SM model, neutrinos only interact through the weak force. They are generated, for

example, in charged lepton decays or leptonic nuclear processes and come out in the flavour

eigenstates , νe, νµ and ντ. The mass eigenstates, νi with i = 1, 2, 3 are related to the flavour

states through an unitary transformation as described in the previous section in equation

(2.15).

The propagation of each neutrino mass eigenstate in vacuum is written as

i
∂

∂t
|νi〉 = Ei |νi〉 (2.25)

with a free particle solution of the form

|νi(t)〉 = eiEit |νi(0)〉 , (2.26)

where |νi(0)〉is the initial state of the neutrino. Making the ultrarelativistic approximation,

due to the very small neutrino masses, we have

Ei =
√

p2
i + m2 ≈ pi +

m2
i

2pi
. (2.27)
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Since the different mass eigenvalues are produced coherently pi = p ≈ E = Ei and so

applying equation (2.26) in (2.25), after a propagation over a distance L we have

|νi(t)〉 = e−iEte−i
m2

νi
L

2E |νi(0)〉 . (2.28)

Using the mixing relation from equation (2.15) we have that the probability of finding a

neutrino flavour β in a flavour α beam is

P
(
να → νβ

)
=
∣∣〈νβ|να(t)

〉∣∣2 =

∣∣∣∣∣e−iEt ∑
i

U∗αie
−i

m2
i L

2E Uβi

∣∣∣∣∣
2

= δαβ − 4 ∑
i<j

Re
(

U∗αiUβiUαjU∗βj

)
sin2

(
∆m2

ijL

4E

)
+ 2 ∑

i<j
Im
(

U∗αiUβiUαjU∗βj

)
cos2

(
∆m2

ijL

4E

)
,

(2.29)

where ∆m2
ij = m2

i −m2
j is the squared mass difference between the two neutrinos.

2.2.4 Experimental Observations

Having described the fundamental parameters and dynamics of massive neutrinos, we can

now explore the basic aspects of the first indicator of such property, the neutrino oscillations

experiments.

Solar Neutrinos Electron neutrinos νe are produced in nuclear reactions close to the core of

the Sun. Their energy is estimated to be around 1− 10 MeV and through SM interactions we

can further calculate the corresponding expected flux. In observations, started in the 1960s

by Ray Davis and John Bahcall in the Homestake [28] experiment, only approximately a third

of the expected flux was detected. In the experiment, the νe flux was measured indirectly by

measuring the 37Ar abundances in a water tank after the νe +37 Cl → 37Ar + e− reaction

induced by the electron neutrinos. This deficit in the νe flux was called the Solar Neutrino

Problem (SNP).

Solutions including neutrino oscillations, neutrino decays and alternatives to the Solar inter-

actions were readily proposed. The Homestake results were confirmed later by SNO [29],

Gallex [30], GNO [31] and the Super-Kamiokande [32], where the flavour neutrino fluxes

can be measured. In the SNO experiment the electron neutrino flux was measured to be less

than half of the total neutrino flux, indicating that, while propagating, neutrinos change their

flavour.
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Atmospheric Neutrinos In the collision of cosmic rays in upper layers of the Earth’s atmo-

sphere, another “type” of neutrinos may be produced. From high energy processes involving

the cosmic rays, pions are generated in the atmosphere. Then, these may decay into muons

and muon neutrinos, π− → µ− + ν̄µ, π+ → µ+ + νµ, with a likely subsequent decay of the

former into electron neutrinos and muon neutrinos, µ− → e−ν̄eνµ, µ+ → e+νeν̄µ, with ener-

gies above the 100 MeV scale. Since the latter decay results in the same number of νe and νµ

a total ratio of 1:2 would be expected when considering all atmospheric neutrino production

channels. Measurements in Super-Kamiokande [33] recorded a ratio smaller than 1:2 from

νe : νµ.

Terrestrial Neutrinos Accelerator experiments, K2K [34], T2K [35], NOνA [36], MIMOS

[37, 38], provide a study with relatively high energy, around 1− 10 GeV, and a relatively

short traveling distance between the source and the detector, L ∼ O(100 m)−O(103 km).

As it can be seen in equation (2.29) the transition amplitude is relevant when ∆m2L ∼ E.

Generally studies are done on the νe ↔ νµ flavour transition, but with higher energies, e.g.

MIMOS and OPERA, ντ ↔ νµ is also possible.

Another terrestrial neutrino study source is at the nuclear reactors CHOOZ [39] and Kam-

LAND [40]. In fission experiments, neutrons are produced, for instance in 235
92 U + n →

94
40Zr +140

58 Ce + 2n. These neutrons decay and generate anti-electron neutrinos ν̄e. These ex-

periments study the disappearance of ν̄e at energies around the 10 MeV scale and traveling

distances of order 1− 250 km.

Cosmic Neutrinos A different source of neutrinos may come from Ultra High Energy Cos-

mic Rays [41]. Energies of ∼ 1011 GeV are expected, but very little is known about their

production and oscillation length. Experiments AMANDA [42], AUGER [43] and ICE CUBE

[44] were designed to study this ”new” source.

Currently, the resulting parameters from neutrino oscillations are well measured, as pre-

sented in Table 2.1
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Parameter
Best Fit ±1σ

Normal hierarchy Inverted hierarchy

∆m2
21 (7.56±0.19)×10.5 eV2

∆m2
32 (2.55± 0.04)× 10−3 eV2 (2.47± 0.04)× 10−3 eV2

sin2 θ12 0.321± 0.015

sin2 θ23 0.430±0.019 0.598±0.016

sin2 θ13 (2.155±0.008)×10−2

TABLE 2.1: Neutrino oscillation data [45].

From neutrino oscillations in vacuum, mass hierarchies cannot be extracted. Nevertheless

matter effects on neutrino oscillations may present a viable way to solve such a question. For

instance, when neutrinos propagate in matter, where almost no muons or taus exist, only the

electron neutrinos will scatter through charged current interactions. This extra potential term

in the electron neutrino Hamiltonian will enhance or suppress the oscillations, thus changing

the transition rates. The effect is called MSW after Mikheyev, Smirnov and Wolfenstein. For

a more complete description see [46, 47]. Terrestrial experiments may be a source to clarify

this open question.

From the above table, a tribimaximal neutrino mixing matrix presents a very good approxi-

mation with θ23 = π
4 , θ13 = 0 and sin2 θ12 = 1

3 . In our study connecting neutrino masses and

the Inflaton Dark Matter model developed in chapter 8 we will proceed using the tribimaxi-

mal ansatz, equation (2.22).



Chapter 3

Standard Cosmology

3.1 Friedmann-Robertson-Walker Universe

The dynamics of the Universe is regulated by Einstein’s equations

Rµν −
1
2

gµνR = 8πGTµν + Λgµν (3.1)

where Rµν is the Ricci tensor, R the Ricci scalar, gµν the metric, Λ is the cosmological con-

stant, G the Newton’s gravitational constant and Tµν is the stress-energy tensor. Assuming

homogeneity and isotropy of space, Einstein’s equations are simplified with the Friedmann-

Robertson-Walker metric, with a line element of the form

ds2 = dt2 − a2
(

dr2

1− kr2 + r2dΩ2
)

, (3.2)

where a(t) is the scale factor, k is the spatial curvature, dΩ2 = dθ2 + sin2 θdφ and (t, r, θ, φ)

are comoving coordinates. With the assumption that the energy content of the Universe is a

perfect fluid we may write the stress energy tensor as

Tµν = −pgµν + (p + ρ) uµuν , (3.3)

where p and ρ are the pressure and energy density of the perfect fluid, uµ denotes the four

velocity of the fluid normalized such that uµuµ = 1.

Working through the computations with the FRW metric in Einstein’s equations [48] we

obtain for the µ = ν = 0 component

H2 +
k
a2 =

8πG
3

ρ +
Λ
3

, (3.4)

15
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known as Friedmann equation, where H, the Hubble parameter, is defined as H ≡ ȧ
a . Due to

the covariant conservation, from Bianchi identities, of the Einstein tensor Gµν = Rµν− 1
2 gµνR

we also have covariant conservation of the stress-energy tensor. We then obtain an energy

momentum conservation equation

ρ̇ + 3H(ρ + p) = 0 . (3.5)

The energy density of different fluids is thus diluted with expansion as:

• Radiation: prad = 1
3 ρrad → ρrad ∝ a−4;

• Matter: pmat = 0→ ρmat ∝ a−3;

• Vacuum energy: pΛ = −ρΛ → ρΛ = constant .

The Friedmann equation (3.4) describes the expansion of the Universe, with the Hubble pa-

rameter telling us how fast it is happening. It will play an important role when discussing

particle interactions during the cosmological evolution.

From strong experimental evidence of a present flat Universe and justified within the infla-

tion theory, see chapter 4, the curvature factor can be set to zero.

3.2 Equilibrium Thermodynamics

From CMB black body radiation analysis we have strong evidence for the existence of ther-

mal equilibrium, in the early Universe, between particles and photons in what is called the

thermal bath. Let us recall the basic features of equilibrium thermodynamics [48].

Species in kinetic equilibrium can be described by the Bose-Einstein or Fermi-Dirac statistics,

whose distribution functions are given by

f (p) =
1

exp
(

E−µ
T

)
± 1

, (3.6)

where E2 = |p|2 + m2 is the energy of the particles, µ is the chemical potential and the (+)

sign corresponds to fermions, while (-) applies to bosons. To achieve local thermal equilib-

rium, besides kinetic equilibrium particles must also be in chemical equilibrium. The later

condition means than in an AB ↔ CD process the equality µA + µB = µC + µD must be

verified.

The equilibrium density of particles of type i with momentum in a range d3 p centered at p is

given by
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gi
d3 pi

(2π)3 f (pi) , (3.7)

where gi is the number of internal degrees of freedom. Thus to obtain the number density n,

energy density ρ and pressure p of a dilute and weak- interacting gas of particles we use

n = g
∫ d3 p

(2π)3 f (p) , (3.8)

ρ = g
∫ d3 pi

(2π)3 E (p) f (p) , (3.9)

p = g
∫ d3 pi

(2π)3
|p|2

3E (p)
f (p) . (3.10)

Let us see how these expressions work in their asymptotic limits, in the limit |µ| � T.

In the relativistic case where T � m:

• Fermions

n f =
3
4

gi
ζ(3)
π2 T3; (3.11)

• Bosons

nb = gi
ζ(3)
π2 T3; (3.12)

where ζ(z) is the Riemann zeta-function. This results in n f =
3
4 nb.

For the energy density

ρb =
π2

30
giT4, (3.13)

ρ f =
7
8

π2

30
giT4. (3.14)

In this limit E ∼ |p| so from, equation (3.10), p = ρ
3 .

In the non-relativistic case, where T � m, where we write E ≈ m + |p|2
2m

n ≈ g
(

mT
2π

) 3
2

e−
m
T , (3.15)

and we recover the Boltzmann distribution for both bosons and fermions. To leading order

we obtain for the energy density

ρ = m n , (3.16)

and for the pressure, using |p|
2

E = |p|2
m , we then get

p = nT . (3.17)
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We have obtained the equation of state of a perfect gas p = nkBT, where the Boltzmann

constant kB = 1 in natural units. Since T � m, we see that p � ρ, showing that non-

relativistic particles behave as pressureless matter.

Because the energy density of a non-relativistic particle is exponentially suppressed when

compared with the relativistic one, the total energy density of a system in equilibrium is

essentially given by its relativistic component

ρrad =
π2

30
g∗(T)T4 , (3.18)

where g∗(T) corresponds to the effective number of relativistic degrees of freedom at tem-

perature T:

g∗(T) = ∑
bosons

gi

(
Ti

T

)4

+
7
8 ∑

f ermions
gi

(
Ti

T

)4

, (3.19)

where Ti denotes the effective temperature for any species. For particles in thermal equilib-

rium Ti = T and for decoupled species Ti 6= T. In the Standard Model of particle physics for

T ≥ 1 TeV all degrees of freedom are in equilibrium, giving g? ≈ 106.75.

We now introduce the entropy density defined as

s =
p + ρ

T
, (3.20)

which can be derived from the First law of Thermodynamics. For relativistic species p = ρ
3 ,

then

s =
4
3

ρ

T
=

2π2

45
g∗S(T)T3 , (3.21)

where g∗S(T) is the effective number of relativistic degrees of freedom contributing to the

entropy

g∗S(T) = ∑
bosons

gi

(
Ti

T

)3

+
7
8 ∑

f ermions
gi

(
Ti

T

)3

. (3.22)

From this we see that for particles in thermal equilibrium g∗S(T) = g∗(T). For decoupled

species, this is no longer true and differences can be seen at low temperatures, in particular

as neutrinos decouple from the photon bath.

Entropy conservation implies that the entropy in a comoving volume remains equal as the

Universe expands, S = a3s,

g∗ST3a3 = const . (3.23)
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Far from mass thresholds, g∗S stays approximately constant and T ∝ a−1. Using s ∝ a−3, we

define the number of particles of a given species in a comoving volume as

Ni = a3ni =
ni

s
, (3.24)

where the scale factor was redefined to absorb the constant factors. In the case where this

number remains constant, for example with no particle creation or annihilation, we have

Ni =


45ζ(3)

2π4
gi

g∗S
f or T � mi

45ζ(3)
4
√

2π

gi
g∗S

(mi
T

) 3
2 e−

mi
T f or T � mi .

(3.25)

As an important consequence, if there is no baryon number production or destruction the

baryon-to-entropy ratio is conserved

ηs =
nB

s
=

nb − nb̄
s

= const . (3.26)

Here b and b̄ denote baryons and anti-baryons.

In an expanding Universe, a given particle species is in equilibrium with the cosmic thermal

bath if it interacts with the latter at a rate Γ & H. With the temperature decrease of the

Universe, interactions may reach a temperature TF, called the freeze out temperature, for

which

Γ(T) . H(T) f or T . TF . (3.27)

At this moment species depart from thermal equilibrium, and their abundance remains con-

stant after decoupling from the thermal bath, n/s = const.





Chapter 4

Inflation

4.1 Problems of the Hot Big Bang Model

Through a model built in a homogeneous and isotropic Friedmann-Robertson-Walker space

time, expanding according to the relative abundances of relativistic, non-relativistic matter

and vacuum energy, we are able to describe most of the Universe as it is observed. However,

when trying to explain and predict its past evolution from the present conditions, the Hot

Big Bang Model presents itself as insufficient. In order to be the complete theory, the Uni-

verse would have to start from very special and fined-tuned initial conditions, making our

presently observed Universe something like an “improbable accident”. Let us now analyze

some of the shortcomings of Standard Cosmology [48–50].

Horizon Problem

From measurements of the cosmic background of microwave radiation we have seen that

the temperature across the sky is around 2.73 K, with very small deviations of the order of

10−5. From the time of last scattering, around 380000 years after the Big Bang, photons have

free streamed throughout the Universe. Thus, we may conclude that all the points in the last

scattering surface would have been at the same temperature as well.

The causal horizon at a conformal time τ is ` = c τ, with c being the speed of light constitut-

ing the maximum distance that can be traveled since the Big Bang at τ = 0.

The proper distance is given by

dH = a (t)
∫ t

0

dt
a (t′)

, (4.1)

where for a radiation dominated Universe a ∝ t
1
2 and so dH = 2t. We then see that more and

more scales may come into causal contact as the Universe evolves. This means that some

21
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regions may only be coming into causal contact at the present day. There are thus many

causally disconnected regions at the last scattering surface, which cannot have thermalized.

Therefore, unless we expect the present homogeneity to be created at the Big Bang, there is

no known physical process capable of such thermalization.

Flatness Problem

From the Friedmann equation

H2 =
ρ

3M2
p
− k

a2 , (4.2)

and using Ω = ρ
ρc

, with ρc = 3H2M2
p, we can write

Ω−1 − 1 = −3M2
P k

ρa2 . (4.3)

For a flat Universe, k = 0 hence Ω = 1. Since in a matter dominated Universe ρ ∝ a−3

with Ω−1 − 1 ∝ a and in a radiation dominated Universe ρ ∝ a−4, Ω−1 − 1 ∝ a2, we see

that any small deviations from unity at any time will grow as the Universe expands. Thus,

Ω = 1 is an unstable fixed point. Therefore, the near flatness observed today, Ω(a0) ∼ 1,

through Standard Big Bang Cosmology, would require extreme fine tuning of Ω in the early

Universe. Deviations from flatness at BBN, GUT and Plank scale would have to follow very

strict conditions:

|Ω(TBBN)− 1| 6 O(10−16) , (4.4)

|Ω(TGUT)− 1| 6 O(10−55) , (4.5)

|Ω(TP)− 1| 6 O(10−60) . (4.6)

Relic Density Problem

In Standard Cosmology the temperature of the Universe, defined as the temperature of the

photon thermal bath, can reach arbitrarily learge values. Temperature can rise well above the

SM scale and go up to the Plank scale, MP ∼ 1018 GeV. In this limit, gravitational interactions

as we describe with General Relativity may no longer work due to quantum effects.

We know that coupling constants in the SM vary with energy as a result of their quantum in-

teractions. There is a strong suggestion that these couplings become comparable at energies

around 1016 GeV, indicating the possibility of a Grand Unified Theory. We then expect one or

more phase transitions to occur in the early Universe, where the higher GUT gauge groups
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are spontaneously broken into the SM gauge group, similarly th the electroweak Higgs mech-

anism. These phase transitions should produce superheavy stable particles, topological de-

fects, such as magnetic monopoles, that would have survived until today. Such scenarios

would have produced a too large relic density that would have dominated the Universe,

Ωmon � 1. The Standard Cosmology has no mechanism to avoid overproduction of these

relics or any process capable of diluting their abundance.

The Origin of Large-Scale Structure in the Universe

Although the Universe is considered homogeneous and isotropic on large scales, we can

clearly detect inhomogeneities on much smaller scales, like stars, clusters, voids and super-

clusters. These structures should arise from the non-linear gravitational growth of density

fluctuations that were small and linear at the time of last scattering, as can be observed in the

fluctuations in CMB temperature. We know that all physical wavelengths λ(t), proportional

to the scale factor a(t), are stretched by expansion. Thus, the presently observed smaller

scale structure corresponds to fluctuations on a much smaller scale that have evolved since

the time of last scattering. However, the existence of a particle horizon in standard matter

or radiation-dominated cosmology implies that they must have been outside the causally al-

lowed region at some point in the past. Within standard Cosmology, there is no mechanism

to generate these fluctuations on super-horizon scales.

4.2 First Approach on Inflation

From the shortcomings of the Hot Big Bang Model, we see that modifications in the early

Universe are needed. They have to respond to the required flatness and smoothness, allow

for the existence of the observed cosmic structure and reduce the abundance of unwanted

relics. Let us start with the two most imperative, the horizon and flatness problems [48, 49].

The comoving horizon distance can be written as

` =
∫ t

0

dt
a(t′)

=
∫ a

ai

da′

a′2H(a′)
. (4.7)

In the radiation era H ∝ a−2, then the ` value converges when we make ai → 0, yielding a

finite particle horizon. If H decreases more slowly than a−1, this integral will diverge when

we take the limit of an initial singularity. Thus, there would not be a finite horizon and all

the scales could be in causal contact. Using

a(t) ∝ tp =⇒ H =
p
t

∝ a−
1
p , (4.8)
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and we would not obtain a finite horizon for p > 1. Since ä ∝ p(p− 1)tp−1, in these condi-

tions we would be in an accelerated expansion phase. So, if the Universe’s expansion were

accelerating at early times, one could have an arbitrarily large particle horizon.

From the analysis of the flatness problem, recalling equation (4.3) we see that if ρ decreases

more slowly than a−2, the deviations from flatness may decrease. Since ρ ∝ a−3(1+w) then

w < − 1
3 , which would be the same condition obtained from the horizon problem, requiring

an accelerated expansion period.

Therefore, an inflationary period, preceding the radiation era, may solve two of most scream-

ing problems of the Standard Cosmology. Although a solution with a cosmological constant

would satisfy these first requirements, it would not redshift away and there would be no

period of matter or radiation domination. Nevertheless, a solution with a temporary Λ be-

havior, that decays away, would, in principle, work well.

Let us find what would be the necessary conditions, on the accelerated expansion period,

such that our needs are satisfied. First, from the horizon problem, we shall impose that all

visible scales at the present moment where once in causal contact before the end of inflation

and the beginning of the Standard Cosmology evolution. In order to satisfy this require-

ment, the size of the comoving horizon at the end of inflation must have been larger than

the comoving distance that light can travel from that moment until today. Making the ori-

gin of conformal time at the end of inflation, then the accelerated expansion period should

have started at a time −τi and as a result τi ≥ τ0. As said before, we want a fluid, that for

a defined period of time behaves like a cosmological constant. In this period the Hubble

parameter will remain approximately constant, thus

τi =
∫ a f

ai

da
a2H

' 1
Hin f ai

, (4.9)

since a f � ai. For a radiation domination period H ∝ a−2, a2H = a2
f Hin f , then

τ0 =
∫ a0

a f

da
a2H

=
1

Hin f a2
f

, (4.10)

since a0 = 1� a f . From the condition

τi ≥ τ0 =⇒ a2
f > ai =⇒

a f

ai
>

a0

a f
=

TR

T0
, (4.11)

where the condition a ∝ T−1 was used and TR is the ”reheating” temperature at the end of

inflation. This result can be represented as

a f

ai
= eNe , (4.12)
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with Ne being the number of e-folds of the accelerated expansion. Using T0 ∼ 10−4 eV and

the reheating temperature around the GUT scale MGUT ∼ 1016 GeV, then Ne ∼ 66 e-folds.

Since we expect the reheating temperature to be less than the GUT scale to avoid monopole

production after inflation, the number of e-folds should be around 50− 60.

This very fast expansion that occurs during inflation, following an exponential behavior in-

stead of the square root law in a radiation period, will also easily redshift and dilute away

any particle species existent in the very early Universe.

4.3 Inflation Dynamics: Introduction of a Scalar Field

As seen previously, a solution like a cosmological constant cannot be applied for inflation and

a different method to obtain an accelerated expansion is necessary. A fluid with negative

pressure that is able to decay away after reproduction of the required expansion must be

included [51–53]. The simplest solution comes with the introduction of a single scalar field,

φ, the inflaton. Recall from Quantum Field Theory that scalar fields describe relativistic

bosons of spin zero. The classical values for the field φ represent the collective behavior of

Bose-Einstein condensates of spin zero particles, which preserve Lorentz invariance, i.e., are

invariant under both boosts and rotations.

This scalar field dynamics, with a minimal coupling to gravity, is described by the action

S =
∫

d4x
√
−g
[

1
2

R− 1
2

∂µφ∂µφ−V(φ)

]
= SEH + Sφ , (4.13)

with SEH =
∫

d4x
√−g 1

2 R being the Einstein-Hilbert action. In Sφ we have described both

the kinetic and gradient energy through 1
2 ∂µφ∂µφ and the field’s self interactions through the

potential V(φ).

The energy-momentum tensor is then given by

Tµν
φ =

2√−g
δSφ

δgµν
= −

(
1
2

∂µφ∂µφ + V(φ)

)
gµν + ∂µφ∂νφ . (4.14)

For a FRW geometry

T00 =
1
2

φ̇2 +
1
2
(∇φ)2

a2 + V(φ) , (4.15)

Tij = ∂iφ∂jφ− a2γij

(
−1

2
φ̇2 +

1
2
(∇φ)2

a2 + V(φ)

)
, (4.16)

where the gradients are taken with respect to comoving coordinates and (∇φ)2 = δij∂iφ∂jφ ,

since k = 0.
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Restricting to the case of a homogeneous field φ(t, x) = φ(t), the scalar field energy momen-

tum tensor simplifies and becomes like a perfect fluid with

ρφ = T00 =
1
2

φ̇2 + V(φ) , (4.17)

pφ = gij Tij

3
=

1
2

φ̇2 −V(φ) . (4.18)

The resulting field equation of state parameter is

wφ ≡
pφ

ρφ
=

1
2 φ̇2 −V(φ)
1
2 φ̇2 + V(φ)

, (4.19)

showing that the field φ may have different equation of state parameters:

• ρφ = pφ, if the kinetic term is dominant and w = 1;

• ρφ = −pφ, if the potential term is dominant and w = −1;

• ρφ = 0, if the kinetic term and potential terms are comparable and w = 0;

• ρφ = 3pφ, while oscillating in a quartic potential and w = 1/3.

It is then desirable to have a dominant potential energy V(φ), such that the inflaton field

reproduces an effective Λ at early times. Considering that the field will adjust itself in or-

der to minimize its energy , we will observe a decrease in the potential energy. As a first

case, the potential may change considerably with φ and as a consequence the field will move

down quickly in the potential curve. Another possibility comes if the potential term remains

approximately constant. Here, the field will slowly roll towards the minimum of the poten-

tial. The latter case, called slow-roll regime, would be desirable for inflation allowing the

required time for the accelerated expansion.

Let us now look at the equations of motion

δSφ

δφ
=

1√−g
∂ν

(√
−ggµν∂µφ

)
−V ′(φ) = 0 . (4.20)

In a flat FRW Universe with an homogeneous field, the inflaton equation of motion is given

by

φ̈ + 3Hφ̇ + V ′(φ) = 0 , (4.21)

with

H2 =
8πG

3
ρφ =

1
3M2

p

(
1
2

φ̇2 + V(φ)

)
. (4.22)

From the equation of motion we see that the time variation of the inflaton field is determined

by the slope of the potential and the Hubble expansion. On the one hand, the slope of the
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potential drives the field towards the minimum of the potential, and on the other hand the

Hubble term works as an effective friction proportional to the field velocity, which damps

the variation of the field.

4.4 Slow-Roll Inflation

For inflation to occur, we need the scalar field to behave like a cosmological constant, and

this was obtained with a negligible kinetic energy when compared with potential V(φ), such

that ρφ ' −pφ. A second requirement is that the potential energy remains approximately

constant, ensuring that the inflaton will roll slowly towards the minimum of the potential.

In this way, we may sustain the first condition for a sufficiently long period.

These two conditions are called the slow-roll conditions, and are represented as

• 1
2 φ̇2 � V(φ);

• φ̈� 3Hφ̇.

With these ensured the inflaton and Friedmann equations have the approximate form

3Hφ̇ ' −V ′(φ) , (4.23)

H2 ' V(φ)

3M2
p

. (4.24)

We can define the slow-roll parameters

εφ =
1
2

M2
p

(
V ′(φ)
V(φ)

)2

, (4.25)

ηφ = M2
p

(
V ′′(φ)
V(φ)

)
. (4.26)

These two parameters will measure the relative slope and curvature of the potential func-

tion. It can be shown that the slow-roll conditions can be expressed in terms of these two

parameters as

εφ � 1;
∣∣ηφ

∣∣� 1 . (4.27)

Inflation begins when the potential energy becomes dominant, and it will last until the slow-

roll conditions are violated. In other words, it will last while the scalar field behaves like

an effective cosmological constant. After this period, the inflaton field rolls towards the

minimum of its potential and may decay into other degrees of freedom in a process called

reheating.
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We can also obtain the number of e-folds before inflation ends

Nφ = log
(

ao

ai

)
=
∫ ae

ai

da
a

=
∫ te

ti

H dt =
∫ φe

φi

H
φ̇

dφ ' − 1
M2

p

∫ φe

φi

V(φ)

V ′(φ)
dφ , (4.28)

where the Friedmann and slow-roll equations were used.

Example : Quadratic Potential

V(φ) =
1
2

m2φ2 (4.29)

Recalling the equation of motion, for this potential we have

φ̈ + 3Hφ̇ + m2φ = 0 , (4.30)

where m represents the mass of the field, and we can see that this corresponds to a damped

harmonic oscillator with two different regimes:

• m2 � H2. Here the field is overdamped and the mass term is negligible, such that, the

field varies slowly, corresponding to the slow-roll regime;

• m2 � H2. Now the field is underdamped, the Hubble friction term is sub-dominant

and the field will oscillate about the origin. This regime will be important for the re-

heating phase.

The slow-roll parameters for this potential are

εφ = ηφ =
2M2

p

φ2 . (4.31)

The inflaton slow-roll conditions require

εφ � 1 =⇒ φ� Mp (4.32)

εφ e = 1 =⇒ φe =
√

2Mp � φi . (4.33)

And so the number of e-folds for this potential is

Ne ' −
1

2M2
p

∫ φe

φi

φdφ '
φ2

i
4M2

p
, (4.34)

and for Ne ' 50− 60 =⇒ φi
Mp
' 14− 15.
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4.5 Reheating

When the slow-roll conditions are violated, the kinetic term increases and might dominate

over the potential. During slow-roll we had w = −1, and in this phase w may go up to 1. In

the latter regime, called kination, the field evolves towards the minimum of the potential and

executes damped oscillations about the minimum, with w = 0 on average for a quadratic

potential. With the increase of field velocity, interactions with other degrees of freedom

become important. These interactions are the mechanism that allows for the transition from

inflation to the Standard Cosmology, with first a radiation and then a matter dominance

epoch.

The leading effect of the interactions with other fields is the decay of the inflaton, which

induces an additional friction term in the equations of motion.

φ̈ + 3Hφ̇ + V ′(φ) = −Γφφ̇ . (4.35)

This new dissipation term can be negligible during the slow-roll regime if Γφ � H, but

at later times with the decrease in H it becomes crucial. We can write the last equation in

terms of the energy density and pressure term, obtaining the standard energy-momentum

conservation law with an extra decay term

ρ̇φ + 3H
(
ρφ + pφ

)
= −Γφφ̇2 . (4.36)

In general, the inflaton field is assumed to decay either directly or indirectly to Standard

Model particles such that its decay products scatter of each other fast enough, Γscatt > H, to

reach a state of thermal equilibrium. Since the dominant contribution to entropy in a thermal

bath corresponds to its relativistic degrees of freedom, the energy from inflation will allow

the formation of a thermal radiation bath. The radiation energy density will behave as

ρ̇r + 3H (ρr + pr) = Γφφ̇2 , (4.37)

which using pr =
ρr
3 simplifies to

ρ̇r + 4Hρr = Γφφ̇2 , (4.38)

where ρr =
π2

30 g?T4.

Close to the minimum of the potential, at φ = φm, V ′(φm) = 0. It is possible to expand V(φ)

as

V(φ) = V(φm) +
1
2

V ′′(φ)(φ− φm)
2 + ... (4.39)
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such that to leading order, the field behaves as a damped harmonic oscillator, whatever the

form of the potential. The Virial theorem for a harmonic oscillator gives, 〈V〉 =
〈

φ̇2

2

〉
=

ρφ

2

and pφ ' 0, such that the inflaton behaves as non-relativistic matter. To describe the inflaton

and radiation interactions we have the following system of equations

ρ̇φ + 3Hρφ = −Γφρφ (4.40)

ρ̇r + 4Hρr = Γφρφ (4.41)

H2 =
ρφ + ρr

3M2
p

. (4.42)

We can further calculate the reheating temperature, at which the inflaton decays and radi-

ation dominates, by equating the Hubble parameter, that for a radiation epoch is given by

H = π√
90

g
1
2
?

T2

Mp
, with the inflaton decay width, to obtain

TR ∼
(

MpΓφ

) 1
2 g−

1
2

? . (4.43)

We see here the dependence on the decay width or on the duration of reheating period

τφ = Γ−1
φ , leading to a relation where a large decay width, short period, leads to a large

reheating temperature. It is desirable that the reheating process is concluded before Big

Bang Nucleosynthesis (BBN), T ∼ 100 MeV, to ensure the successful generation of the light

elements cosmic abundance.

4.6 Quantum Fluctuations during Inflation

Having introduced the dynamics of a homogeneous scalar field and how it may solve the

flatness and horizon problems in the Hot Big Bang model, we now introduce an extra feat of

the inflationary theory. Inflation also gives an explanation for the origin of the cosmological

structure, from CMB anisotropies to the large scale structures, see [48, 49]. This provides a

very useful link between inflationary evolution in the early Universe and current observa-

tions. This connection yields important constraints on current inflation models reflected in

the measured quantities nS, the scalar spectral index, and r, the tensor to scalar ratio [54]. We

present a simple introduction to these quantities.
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4.6.1 Metric and Matter Perturbations

During inflation fluctuations about the homogeneous background solution the inflaton field

φ̄(t) and the metric ḡµν(t) are defined as

φ(t, x) = φ̄(t) + δφ(t, x) (4.44)

gµν(t, x) = ḡµν(t) + δgµν(t, x) , (4.45)

where

ds2 = gµνdxµdxν

= −(1 + 2Φ)dt2 + 2aBidxidt + a2[(1− 2Ψ)δij + Eij]dxidxj . (4.46)

In real space, in a Scalar-Vector-Tensor (SVT) decomposition of the metric perturbations we

have

Bi = ∂iB− S ∂iSi = 0

Eij = 2∂ijE + 2∂(iFj) + hij ∂iFi = 0 hi
i = ∂ihij = 0 . (4.47)

Vector perturbations are not generated by inflation, thus they are ignored here.

The SVT decomposition can be easily described in Fourier space

Xk =
∫

d3x X(t, x)eik.x , X = δφ, δgµν... (4.48)

It can be demonstrated that translation invariance of the linear equations of motion for the

perturbations means that the different Fourier modes are decoupled from each other [49].

During inflation, the correspondent potential energy was the dominant contribution to the

stress-energy tensor of the Universe. Thus, fluctuations in the inflaton field δφ back react on

the space time geometry, as described by Einstein’s equations. We can further decompose,

using SVT decomposition, the stress-energy tensor, and by combining with the metric pertur-

bations we will obtain both gauge invariant quantities, corresponding to tensor fluctuations,

and gauge dependent quantities, the scalar fluctuations.

It is useful to work just with gauge invariant quantities [49], and this can be achieved with

the combination of metric and energy-momentum tensor perturbations:

1. Curvature perturbations on uniform density surfaces

− ζ ≡ Ψ +
H
˙̄ρ

δρ , (4.49)
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where ρ̄ and δρ are the energy density background and fluctuations, respectively. Geo-

metrically ζ measures the spatial curve of constant density hypersurfaces R(3) = 4∇
2Ψ

a2 .

2. Comoving curvature perturbations

R ≡ Ψ− H
p̄ + ρ̄

δq , (4.50)

where δq is the scalar part of the 3-momentum density T0
i = ∂iδq and p̄ is the back-

ground pressure.

These quantities can be shown to be equal and remain constant on super horizon scales [49].

During slow-roll inflation T0
i = −∂i(δφ) ˙̄φ making δq = − ˙̄φδφ and hence

R ' −ζ ' Ψ +
H
˙̄φ

δφ . (4.51)

An important statistical measure for the primordial scalar fluctuations is the power spectrum

ofR
〈RkRk′〉 = (2π)3δ(k + k′)PR(k) , ∆2

s ≡ ∆2
R =

k3

2π2 PR(k) . (4.52)

The scale dependence of the power spectrum is defined by the scalar spectral index

ns − 1 =
d ln ∆2

s
d ln k

, ∆2
s = As(k?)

(
k
k?

)ns−1

(4.53)

where scale invariance corresponds to ns = 1.

Similarly for tensor perturbations, we have the power spectrum for the two polarization

modes of hij, h ≡ h+, h×:

〈hkhk′〉 = (2π)3δ(k + k′)Ph(k) , ∆2
h =

k3

2π2 Ph(k) (4.54)

and ∆2
t = 2∆2

h. The scale dependence here is defined as

nt =
d ln ∆2

t
d ln k

∆2
t = At(k?)

(
k
k?

)nt

. (4.55)

4.6.2 Horizon Entry, Exit and Re-Entry

As we will see shortly, quantum fluctuations during inflation induce a non zero variance

for fluctuations in the inflaton and metric fields. The amplitude of fluctuations scales with

the expansion parameter H during inflation, thus it can be related with the de Sitter horizon

H−1, and quantum fluctuations can be interpreted as thermal fluctuations in de Sitter space.
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These fluctuations are created on all length scales, and wavenumbers k. The cosmologically

relevant ones start inside the horizon, within the Hubble radius, on subhorizon scales

k� aH . (4.56)

However, during inflation, the comoving Hubble radius shrinks and so there is an exit of the

horizon to superhorizon scales

k� aH . (4.57)

As discussed above, cosmological homogeneity is characterized by the quantities R or ζ.

These quantities have the handy property of remaining constant on superhorizon scales.

Hence, without knowing exactly how the end of inflation occurred, how exactly reheating

occurred, we can predict some cosmological observables.

After inflation, in the standard cosmological evolution period, the comoving horizon grows,

so eventually all fluctuations will re-enter the horizon and their amplitudes will unfreeze.

Figure 4.1 illustrates this idea.

FIGURE 4.1: Evolution of a density/curvature perturbation during and after inflation [48]

.

4.6.3 Quantum Fluctuations in de Sitter Space

(a) Scalar Perturbations

Either by working through the equations of motion [48]

�φ = −V ′(φ) (4.58)
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or the inflation action [49]

S =
∫

d4x
√
−g
[

R
2
− 1

2
(∇φ)2 −V(φ)

]
(4.59)

with φ = φ̄ + δφ, we can study the perturbations evolution. After a Fourier transformation,

we obtain the mode equation

χ′′k +

(
k2 − 2

τ2

)
χk = 0 (4.60)

where δφk = χk(t)/a(t) , a′′
a = 2

τ2 and a(τ) = − 1
Hτ with H being constant. This corresponds

to a harmonic oscillator with a time dependent frequency. We now see that the physical

wavelength of the modes is exponentially stretched by expansion during inflation, λphys =
2π
k a, such that at some point

λphys � H−1 ⇔ k� aH (4.61)

as described previously.

After quantizing the field fluctuations in the Bunch Davies vacuum state, we can obtain the

power spectrum of the scalar fluctuations δφk = a−1χk for superhorizon scales (kτ � 1)

〈δφk(t)δφk′(t)〉 = (2π)3δ(k + k′)
H2

2k3 (4.62)

or

∆2
φ =

k3

2π2 Pφ(k) =
(

H
2π

)2

. (4.63)

SinceR ' H
φ̇

δφ and at horizon crossing a?(t)H?(t) = k?

PR(k) =
(

H
φ̇

)2

Pφ(k) =
H2

?

2k3

(
H?

φ̇?

)2

(4.64)

and

∆2
R =

H2
?

(2π)2

(
H?

φ̇?

)2

. (4.65)

SinceR is approximately constant on super-horizon scales the spectrum at horizon crossing

will determine the future spectrum until a given fluctuation re-enters the horizon.

(b) Tensor Perturbations

If we expand the Einstein Hilbert action with the metric perturbations we may obtain the

second-order action for tensor fluctuations

St
(2) =

M2
P

8

∫
dτdx3a2

[(
h′ij
)2
−
(
∂`hij

)2
]

. (4.66)
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After defining the Fourier expansion for hij, considering the two polarizations of the gravi-

tational waves we may obtain a very similar equation of motion to the scalar case, for each

polarization. Each polarization of these waves is therefore just a renormalized massless field

in de Sitter space

hs
k =

2
MP

φs
k (4.67)

Thus the power spectrum for each polarization is

∆2
hs
=

4
M2

P
∆2

φk
=

4
M2

P

(
H
2π

)2

. (4.68)

For the complete tensor perturbations:

∆2
t =

2
π2

(
H

MP

)2

. (4.69)

These tensor fluctuations are often normalized relative to the measured amplitude of scalar

fluctuations ∆2
s ≡ ∆2

R ∼ 10−10, giving the tensor-to-scalar ratio

r ≡ ∆2
t (k)

∆2
s (k)

. (4.70)

Since ∆2
s is fixed by observations and ∆2

t ∝ H2 ' V(φ), the tensor-to-scalar ratio is a direct

measure of the energy scale of inflation

V
1
4 ∼

( r
0.01

) 1
4

1016 GeV , (4.71)

meaning that for r & 0.01 inflation may occur around GUT scale.

Using the slow-roll equations

∆2
s = ∆2

R =
1

24π2
V

M4
P

1
εφ

∣∣∣∣∣
k=aH

(4.72)

∆2
t =

2
3π2

V
M4

P

∣∣∣∣∣
k=aH

. (4.73)

Thus, the tensor-to-scalar ratio is given by

r = 16εφ , (4.74)

the scalar spectral index is

ns − 1 = 2ηφ − 6εφ (4.75)
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and the tensor spectral index is

nt = −2εφ . (4.76)

Notice that we have obtained a simple consistency relation between the tensor-to-scalar ratio

and the tensor spectral index

r = −8nt . (4.77)

Measurements of the scalar and tensor spectra, amplitudes and scale dependence encodes in-

formation about the potential driving the inflation and can be used as a first test that inflaton

models must pass.

4.6.4 Quadratic and Quartic Potentials

Let us now analyze how the quadratic and the quartic potentials fit in this description. In

the previous sub-chapter we have calculated both the scalar spectral index and the tensor-

to-scalar ratio.

Starting with the simplest of these potentials, the quadratic, using the slow-roll description

and equations (4.25),(4.26) and (4.28), εφ = ηφ =
2M2

p

φ2 and the number of e-folds of inflation

after horizon-crossing at φ = φ? is Ne ' φ2
?/4M2

P , then

ns = 1− 2
Ne

(4.78)

r =
8

Ne
. (4.79)

With the expected Ne = 50− 60 we obtain ns ' 0.96− 0.967 and r ' 0.13− 0.16. Although

the Plank data agrees with with ns ' 0.9603± 0.0073 [54], the measured tensor-to-scalar ratio

excludes the simplest potential with a bound r < 0.12 at 95% C.L [54].

As we have just seen, the quadratic potential cannot fit experimental data. Let us now see

how the quartic potential, λφ4, stands.

Using again the slow-roll regime to obtain r and ns, with εφ =
8M2

p

φ2 , ηφ =
12M2

p

φ2 and Ne '
φ2
?/8M2

P

ns = 1− 3
Ne

(4.80)

r =
16
Ne

. (4.81)

This gives for Ne = 50 − 60, ns ' 0.94 − 0.95 and r ' 0.27 − 0.32. Clearly the quartic

potential is also excluded with Planck data. A different kind of potential must be used to

have a viable model, since these simple power law potentials do now work. As we will see,
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the inclusion of a non-minimal coupling of the inflation scalar field to gravity allows keeping

these potentials while agreeing with experimental bounds.





Chapter 5

Dark Matter

There is a large body of evidence supporting the existence of dark matter from sub-galactic

scales up to cosmological scales. In the former, evidence comes from galaxy rotation curves

[55], weak lensing [56] and strong gravitational lensing [57, 58].

Velocity dispersions of stars, in some dwarf galaxies, imply a mass-to-light ratio of the order

103. From observations at the scale of galaxies clusters, we have indication of a total cosmo-

logical matter density of order ΩM ≈ 0.2− 0.3 [59, 60], way higher than the correspondent

baryon density ΩB ≈ 0.022 [61].

On cosmological scales, observations of the CMB anisotropies lead to more precise mea-

surements of the total matter and baryon content of the Universe. Since other SM particles

interact either through electromagnetic or strong force, neutrinos would be the only SM can-

didate. However with their mass lying bellow 1 eV they cannot account for the current DM

abundance.

All these methods that point towards the existence of dark matter only work through gravita-

tional interactions, leaving no concluding information on other non-gravitational processes.

Thus, instead of the existence of dark matter particles, as widely proposed in the literature,

it is possible that these discrepancies could arise from deviations from General Relativity,

leading to modified theories of gravity that may potentially account for the experimental

observations.

5.1 Evidence for Dark matter

Galactic scales

Spiral galaxies are expected to rotate around their centers with radial velocity v(r). This can

be measured by Doppler shift in the 21cm Hydrogen emission line of stars and intergalactic

39
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gas. From Kepler’s 3rd law we have that

v(r) =

√
G M(r)

r
, (5.1)

where G is Newton’s constant and M(r) the mass inside a sphere of radius r. In a simplified

picture the bulge of the galaxy is characterized by a constant density, such that M(r) ∼ r3.

In the outer regions of the spiral arms, the density decreases quickly, such that M(r) is ap-

proximately constant. We would then expect v(r) ∼ 1/
√

r in the spiral arms. However, from

observations we see that the rotation curve becomes flat v(r) ∼ const for large r, indicating

M(r) ∼ r , as seen in figure 5.1. This may be explained if at these large radii we have dark

matter with ρDM ∝ r−2.

FIGURE 5.1: Rotation curve of NGC 6503 [62].

Galaxy Clusters scales

Galaxies are not equally distributed in the Universe. Generally, they concentrate in clus-

ters. Considering that these gravitationally bounded systems have had time to relax, we can

therefore apply the Virial theorem

GM = 2

〈
v2〉
〈r−1〉 (5.2)

to relate the observed velocity and distances to the gravitational mass, as first done by Fritz

Zwicky [63].

As another example, at the Clusters scales, figure 5.2 is the X-ray image of the Bullet Cluster,

where we can see clearly the separation between gravitational, in blue and reconstructed

through gravitational lensing, and luminous mass obtained with X-rays .
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FIGURE 5.2: Image of the Bullet Custer from Chandra Satellite. The green contours are
reconstructions of the gravitational potential inferred by weak gravitational lensing while

luminous matter was obtained through X-ray imaging. [64].

Cosmological scales (CMB anisotropies)

Recalling the Friedmann equation, (3.4),

H2 =
8πG

3
ρ− k

a2 +
Λ
3

(5.3)

and defining the critical density as

ρc =
3H2

0
8πG

, (5.4)

where H2
0 is today’s Hubble expansion rate, we can normalize all components in the Uni-

verse, with Ωi = ρi/ρc, such that

ΩM + Ωrad + ΩΛ + Ωcurv = 1 . (5.5)

Observations of the anisotropies on CMB leads to the determination of the total dark matter

density ΩM = 0.02647± 0.0033 [54]. In contrast, measurements of the baryonic densities give

ΩB = 0.04910± 0.00051 [54], giving around 80− 85% of the total matter in the Universe to

be non-luminous and non-baryonic material, i.e, particles that do not couple with photons.

5.2 Candidates for Dark Matter

There have been many proposals for what constitutes dark matter. From analyses of struc-

ture formation in the Universe we know that most dark matter should be “cold”. This

means that at the time of galaxy formation these dark matter particles should already be
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non-relativistic. In order to be considered a possible DM solution these candidates must be

stable at late times, interact very weakly, or do not interact at all, with electromagnetic radia-

tion and, finally, account for the measured relic density. The most representative candidates

are axions, gravitinos and Weakly Interacting Massive Particles (WIMPs).

Axions Firstly proposed to solve the strong CP problem of QCD [65–68], axions are pseudo

Goldstone bosons associated with the spontaneous breaking of the global “Peccei-Quinn”

(PQ) U(1) symmetry. In many proposals axions are produced through non-thermal coherent

oscillations of the axion field near the QCD phase transition [69]. Since this axion is also

presented as a solution to an independent SM problem it becomes a very attractive DM

candidate. Currently, experiments like the ADMX and CAST are searching for them.

Gravitinos Gravitinos are the supersymmetric partner of the graviton in supersymmetric

theories [70, 71]. Its couplings to ordinary particles are suppressed by a factor O(MW/MP)

which makes its interactions extremely weak. The gravitino can be produced through both

thermal and non-thermal processes.

Weakly Interacting Massive Particles (WIMPs) This class of candidates is characterized,

as in its name, by being massive particles with interactions around the weak scale. Within

Standard Cosmology, their relic density can be calculated if these WIMPs were once in ther-

mal equilibrium after the inflation. Their density would now be Boltzmann suppressed, since

these WIMPs have typically frozen out when they became non-relativistic particles. These

WIMP solutions are testable in laboratory and in satellite experiments [72].

5.3 Thermal Abundance of WIMP’s

As mentioned above these dark matter particles, which have only have been inferred through

gravitational processes, cannot be accounted for by SM particles. Although electroweak and

strong interactions cannot occur, these DM particles may interact through weak processes.

The conventional dark matter candidates are heavy massive particles that can only have

interactions of the order or lower than SM weak interactions. These candidates, the so called

WIMPs, are expected to be produced in the early Universe by several mechanisms. The

simplest and perhaps the most representative is the creation of a thermal abundance via

decoupling and freeze out mechanisms [48].

Consider a single WIMP, χ, with mass mχ and gχ internal degrees of freedom. In the early

Universe, during the radiation dominated era, χ is kept in thermal equilibrium with SM
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particles. This happens through weak processes with a cross section σ. Once the interaction

rate, Γχ, becomes smaller than the Hubble rate, the thermalizing interactions freeze out

Γχ = nχ 〈σv〉 . H . (5.6)

Since we expect χ to be a heavy particle, we can assume that χ is non-relativistic at the time

of freeze out, such that its number density is given by

nχ(TF) = gχ

(
mχTF

2π

) 3
2

e−
mχ
TF , (5.7)

where TF is the thermal bath freeze out temperature. Since this happens in the radiation era,

H ≈ π√
90

√
g? T2

Mp
, we have that the equality Γχ = H gives us

x
1
2
F e−xF =

π√
90

(2π)
2
3

gχ

√
g?F

mχ Mp 〈σv〉 , (5.8)

where xF =
mχ

TF
and g?F is the number of relativistic degrees of freedom at the time of freeze

out.

After the freeze out of interactions, the number of WIMPs in a comoving volume, Nχ = nχ/s,

should be conserved. Using present data from Plank [54] and particle number conservation

we infer the properties after the moment of freeze out. We then have

Ωχ0 =
ρχ0

ρc0
=

mχnχ(TF)s0

3H2
0 M2

psF
(5.9)

where ρC0 was defined in equation (5.4). From Γχ = nχ 〈σv〉 = H(TF)

Ωχ0 =
πg?0

3
√

90

T3
0

M3
p

H−2
0
〈σv〉 g

−1/2
?F xF . (5.10)

If we now solve the last equation for 〈σv〉, apply it in equation (5.8) and introduce the present

values for T0, H0, and g?0 we then get

x3/2
F e−xF ≈ (Ωχ0h2)g?F

6× 109 GeV2

mχ MP
, (5.11)

where we took gχ = 2 for concreteness. This equation can now be solved numerically for

different values of the WIMP mass. Through some work with expected values of g? ∼ 10,

Ωχ0h2 ∼ 0.1 [54] one obtains xF ∼ 20− 30 for mχ = 0.1− 103 GeV.
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Writing now, using dimensional analysis, 〈σv〉 = α2

M2 , where α is an effective coupling and M

is the mass scale of the processes, we then have

Ωχ0h2 ≈ 0.1
(

10
g?F

)1/2 ( xF

25

)(0.2
α

)2 ( M
1 TeV

)2

. (5.12)

Other particle physics processes are expected at the TeV scale, for example in supersym-

metry, in extra-dimensions or in right handed neutrino theories. Therefore this coincidence,

coming from a prediction of TeV scale interactions to explain the WIMPs relic density, presents

a pleasant surprise. This is the so-called “WIMP miracle”. With the LHC now colliding pro-

tons at TeV scale energies, there is thus an expectation to find WIMP dark matter particles.



Chapter 6

Baryogenesis

6.1 Observational Evidence for Baryon Asymmetry

Observations indicate that the number of baryons in the Universe is not the same as the

number of anti-baryons. Until now, all the structures observed in the Universe, from stars

to clusters, consist of matter and we can only detect anti-matter in cosmic rays. In the latter

case, the flux of anti-protons p̄ in comparison to the the flux of protons is

p̄
p
∼ 10−4. (6.1)

Nevertheless, this overabundance of matter over anti-matter could just be local, allowing

other regions of the Universe to have an opposite overabundance, providing then an overall

symmetric Universe. In this scenario, the boundaries between regions with opposite over-

abundances would lead to a huge flux of radiation which has not been detected.

From various considerations, it is then widely accepted that, at least, the observable part of

our Universe must have developed a baryon asymmetry dynamically in a process that is

called Baryogenesis. To justify the dynamical evolution instead of an initial condition solu-

tion two simple reasons can be provided. First, in a initial state scenario, its conditions would

have to be highly fine-tuned. For example, for every 6,000,000 anti-quarks there should exist

6,000,001 quarks [73] quite implausible. Second, based in observable features of CMB radia-

tion, there are strong arguments in favor of inflation, such that any initial baryon asymmetry

would have been exponentially diluted by the accelerated expansion.

We can characterize this asymmetry with the baryon-to-entropy ratio defined in equation

(3.26)

ηS =
nb − nb̄

s
∼ 10−10 , (6.2)

45
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or with the baryon-to-photon ratio

η =
nb − nb̄

nγ
∼ 10−9 , (6.3)

where nγ is the photon number density nγ = 2 ξ(3)
π2 T3. These two ratios are related through

ηS =
1

7.04
η , (6.4)

where this conversion factor is valid from the present time to the epoch where neutrinos

went out of equilibrium.

These values for the baryon asymmetry are inferred from two independent observations.

The first comes from Big Bang Nucleosynthesis (BBN) [74–76]. Abundances of 3He, 4He,

D, 6Li and 7Li are sensitive to the η value. Theoretical predictions and experimental mea-

surements can be seen in figure 6.1 .

FIGURE 6.1: Abundances of 3He, 4He, D, 6Li and 7Li as predicted by the Standard Model of
BBN. The bands show the 95% C.L. range. Boxes indicate the observed light element abun-
dances. The narrow vertical band indicates the CMB measurements of the cosmic baryon
density, while the wider band indicates the BBN concordance range (both at 95% C.L.) [77].

Agreement amongst abundances requires (at 95% CL)

5.8× 10−10 ≤ η ≤ 6.6× 10−10. (6.5)
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A second way to determine the baryon asymmetry comes from the Cosmic Microwave Back-

ground anisotropies [73]. The CMB spectrum corresponds, to a very good approximation,

to that of black body radiation with a nearly constant temperature T ≈ 2.73 K. However,

there are tiny fluctuations that are sensible to the matter density fluctuations at the time of

last scattering. This constrains η. From WMAP results we have a constraint [78, 79]

η = (6.19± 0.14)× 10−10. (6.6)

Through figure 6.1 we observe an impressive consistency between nucleosynthesis and CMB.

These two tests that come from two independent analyses, coming from two different epochs

in the Universe’s history, present a big triumph of the Hot Big Bang Cosmology.

Baryon number is actually an apparent accidental global symmetry of the Standard Model of

particle physics. As for the Lepton number, all perturbative processes conserve this quantity,

although the symmetry is not needed for the theory. In a homogeneous, baryon-symmetric

Universe, since annihilations of baryons and anti-baryons are not completely efficient, we

would still find small freeze-out abundances, nb
s ∼

nb̄
s ∼ 10−21. This is too small for what is

needed for BBN and CMB. We then need a baryogenesis mechanism to explain ηs ∼ 10−10.

A strict requirement is that it must happen before BBN and after inflation to allow the right

production of light nuclear elements and to avoid a dilution of this asymmetry.

6.2 Sakharov Conditions for Baryogenesis

Several distinct models have been proposed to explain this asymmetry. However, they all

must satisfy what are called the Sakharov conditions [2]:

Baryon number violation

It is obvious that B number must be violated to generate the asymmetry. The standard ex-

ample of a B-violating process is the decay of a heavy gauge or Higgs boson that arise in

extensions of the SM . As an example [48], in Grand Unified Theories (GUT), a spontaneous

symmetry breaking process is expected to occur at energies around MGUT ∼ 1016 GeV, which

leads to the generation of the gauge X and Higgs Y boson mass, allowing B-violating inter-

actions, such as

X → qq , X → q̄ ¯̀ . (6.7)

where q and ` denote SM quarks and leptons respectively. The simultaneous existence of

these two interactions implies no consistent assignment of baryon number to X.



48 IDM WITH NEUTRINOS

In the SM, B number is violated due to the triangle anomaly, which violates conservations of

the left handed baryons/ lepton current [73, 80],

∂µ Jµ
BL+LL

=
3g2

32π2 εαβγδWαβ
a Wγδ

a , (6.8)

where Wαβ
a is the SU(2)L field strength. This leads to non-perturbative sphaleron processes.

From its construction it involves nine left handed (SU(2)L doublets) quarks, 3 of each genera-

tion, and the left handed leptons, one from each generation. This process violates B and L by

3 units each. At zero temperature, the amplitude of the baryon number violating processes

is proportional to e
− 8π²

g2 [81], being to small too be observed. However, at high temperatures

these transitions become unsuppressed [82].

Departure from thermal equilibrium

This second condition is also clear to understand in a cosmological context. Consider a

generic decay X → Y + B, where X represents some initial state with vanishing baryon

number, Y denotes all particles in the final state also with vanishing baryonic charge and B

corresponds to the excess of baryons produced.

If the process is in thermal equilibrium, by definition, the rates for the decay and inverse

decay must be equal

Γ[X → Y + B] = Γ[Y + B→ X] . (6.9)

Thus, no net baryon number can be produced, since the inverse process destroys B as fast as

it is produced.

In the GUT example, departure from thermal equilibrium occurs when the X boson is non-

relativistic, mX & T at the time of decay t ∼ 1/Γ. In this case, the energy of the final state is

of order T, thus there will not be enough energy for the inverse decay to occur. The rate for

qq→ X or q̄ ¯̀ → X is Boltzmann suppressed Γ[qq→ X] ∼ e−
mx
T .

In the SM, departure from thermal equilibrium occurs at the electroweak phase transition [83,

84]. With the known Higgs mass, this transition is not as strong as required for a successful

baryogenesis.

C and CP violation

The last Sakharov condition is the most technical. Lets consider again the process X → Y+ B.

If charge conjugation C is a symmetry of the interactions, then we expect the rate of the direct

process to be the same as of the charge conjugated process
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Γ[X → Y + B] = Γ[X̄ → Ȳ + B̄] . (6.10)

This means that a baryon excess B is produced at the same rate as -B, canceling as baryon

number changes. Although C number violation is a necessary condition, it is not sufficient.

CP symmetry must also be violated. For instance, take the X boson decay to left handed or

right handed quarks

X → qLqL , X → qRqR .

Under C qL → q̄L, while under CP qL → q̄R is the antiparticle of qR, which is left handed. In

a C violation case

Γ[X → qLqL] 6= Γ[X̄ → q̄Lq̄L] , (6.11)

but if CP is conserved

Γ[X → qLqL] =Γ[X̄ → q̄Rq̄R] (6.12)

Γ[X → qRqR] =Γ[X̄ → q̄Lq̄L] . (6.13)

This would lead to

Γ[X → qLqL] + Γ[X → qRqR] = Γ[X̄ → q̄Rq̄R] + Γ[X̄ → q̄Lq̄L] . (6.14)

Thus, as long as we start with equal number of X particles and X̄ anti-particles, no asymme-

try in baryon number will arise, even though a chiral symmetry may be created. Therefore

CP violation must occur.

The weak interactions in the SM violate C maximally and CP via the Kobayashi-Maskawa

mechanism [85]. This can be parametrized via the Jarlskog invariant [86]. Nevertheless, it is

impossible to generate ηs ∼ 10−10 with just these mechanisms.

6.3 Models of Baryogenesis

As we have seen all these ingredients are present in the SM. However, there are no mecha-

nisms that could generate a large enough baryon asymmetry. Therefore, baryogenesis im-

poses new physics that extends the SM. It must introduce new sources of CP violation and

either provide a departure from thermal equilibrium in addition to the electroweak phase

transition or modify the existing one. Here we present some ideas of possible mechanisms

for baryogenesis.
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GUT Baryogenesis [48, 80] The baryon asymmetry is generated in the out-of-equilibrium

decays of the heavy bosons. The scenario is actually disfavored due to non-observation of

proton decay, imposing a high lower bound in the mass of the decaying boson and, as a

consequence, on the reheating temperature.

Leptogenesis [73] Proposed by Fukugita and Yanagida [87]. Singlets under the SM gauge

group, identified as right handed neutrinos, are introduced justifying the observed neutrino

masses through the seesaw mechanism. Their coupling to the SM model particles, with

Yukawa interactions, gives a new source for CP violation. If the rate of these Yukawa inter-

actions is slower than H, the Hubble parameter, at the time the asymmetry is generated, the

out of equilibrium condition is verified. Since no consistent assignment of lepton number is

possible with the Majorana mass terms, a lepton asymmetry will be generated and the SM

sphaleron processes may convert it to a baryon asymmetry. To produce these right handed

neutrinos several mechanism are possible. A case with thermal production will be discussed

later in this work.

Electroweak Baryogenesis [80, 83] In these models the out-of-equilibrium condition is pro-

vided in the electroweak phase transition. Some changes to the SM proposal must occur. For

example, modifications of the scalar potential such that the phase transition changes, and

extra sources of CP violation. Models like the two Higgs doublet model (2HDM), where the

Higgs potential violates CP, or the minimal supersymmetric standard model (MSSM), where

new flavour-diagonal CP violating phase appear, may generate a successful and verifiable

baryogenesis.

The Affleck-Dine mechanism [88] The asymmetry is generated in a classical scalar field

which will later decay to baryonic particles. This field starts with a large expectation value

and will roll towards the origin of its potential. When this field is far from the origin, there

can be contributions to the potential from baryon and lepton number violating interactions.

The rolling field will then acquire the asymmetry.

CPT violation [89] Baryogenesis may be generated from spontaneous CPT breaking arising

in a string-based framework. Under the right circumstances, certain CPT-violating terms

can produce a large baryon asymmetry at the GUT scale. If the interactions preserve B− L

number, the subsequent sphaleron dilution reproduces the observed value of the baryon

asymmetry.
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An Inflaton Dark Matter Model [1]

As already mentioned, dark matter particles behave like a non-relativistic, non-luminous

fluid and we are only sure that they have gravitational interactions. They must account for

the observed galaxy rotation curves and for the large scale structure seen in the Universe.

The inflaton presents itself also as a neutral and weakly interacting field. Another common

feature comes from the Standard Model (SM) of particle physics being unable to solve both

these problems. A possible solution might come from the hypothesis that the same scalar

field accounts for both inflation and dark matter at different epochs.

As seen in the inflation section, a scalar field can reproduce different equation of state. We

saw that during the slow-roll dynamics w = −1 and in kination w = 1. On the other hand,

while oscillating close to the minimum the inflaton field has a potential term of the form

V(φ) ≈ 1
2 m2φ2, that makes 〈V(φ)〉 ≈

〈
φ̇2

2

〉
, i.e., ρφ � pφ, as a nonrelativistic fluid.

After understanding that the scalar field can describe both inflation and dark matter we must

worry about the transition. After the inflation period, by the Standard Big Bang Cosmology,

we must have a radiation dominated epoch, in which production of light nuclei occurs in

what is called Big Bang Nucleosynthesis, and then the matter domination phase.

Therefore, the reheating process assumes a crucial role in the theory. There is also the possi-

bility of a transition due to non perturbative effects, mostly in the so called preheating phase.

Nevertheless, such processes are not sufficient to reheat the Universe and we will leave them

out of this discussion [1]. An efficient reheating must be required, obtaining the needed

temperatures for Standard Cosmology evolution. However, this does not imply a complete

decay of the inflaton field, leaving an open door to a unification theory. The remnant inflaton

field could account for dark matter under certain conditions.

A possible solution for the reheating transition could come from an incomplete decay, through

an Yukawa interaction with fermion pairs, while the field oscillates about the minimum, but

51
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only for a sufficiently large amplitude. With the imposition of the appropriate discrete sym-

metry the decay is blocked at late times ensuring the full stability of the remaining scalar

particles. To ensure the needed reheating, the fermions produced in the decay scatter off the

inflaton particles in the oscillating scalar field and lead to its evaporation. These thermal-

ized scalar particles may eventually decouple from the thermal bath and, similarly to other

WIMPs, freeze out their abundance.

7.1 Minimal Model: Symmetries and Dynamics

Consider a single real scalar field, the inflaton field φ, with a potential energy V(φ) that

originates the slow-roll dynamics. Add two new Yukawa interaction terms between the

inflaton and two fermion fields, N1 and N2, with an imposed discrete symmetry C2 ⊂ Z2×S2

on this restricted Lagrangian. Under this interchange symmetry both the scalar field and the

fermion fields transform as

φ↔ −φ (7.1)

N1 ↔ N2 .

This will impose restrictions on the Lagrangian, which may be written as:

LIDM =
1
2

∂µφ∂µφ−V(φ) + N̄1(iγµ∂µ −M1)N1 + N̄2(iγµ∂µ −M2)N2 − hφN̄1N1 + hφN̄2N2 ,

(7.2)

namely, both fermions have equal tree-level mass, M1 = M2, but opposite sign coupling

to φ. Following the assumption that the minimum of the potential lies at φ = 0, such that

the Z2 symmetry remains unbroken, and that these, besides self-interaction terms, are the

only inflaton couplings to other particles, we see that when M1 > mφ/2 the inflaton decay

is not kinematically allowed. Note the importance of the imposed symmetry for blocking

off-shell fermion decay modes allowing a stable inflaton bellow the kinematic threshold. For

example, no other linear terms in φ besides those involving N1 and N2 are allowed and, as

represented in figure 7.1, the decays into lighter fields cancel out when we consider both N1

and N2 contributions. Thus, this mechanism allows us to consider the late times inflaton as

part of the present dark matter abundance.

FIGURE 7.1: Examples of the inflaton’s forbidden decays due to the imposed symmetry. We
represent the light scalar, gauge and fermion fields in blue for a clean understanding.
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Far from the origin of the potential the discrete symmetry is broken leading to a mass split-

ting of the fermions

M± = |M1 ± hφ| . (7.3)

Thus, for large values of φ the inflaton may decay to the two fermions while it oscillates

about the minimum after the slow-roll period, namely for field values

|M1 ± hφ| <
mφ

2
=⇒ |φ| & M1

h
. (7.4)

For Dirac fermions the decay width is given by

Γ± =
h2

8π
mφ

(
1− 4M2

±
m2

φ

) 3
2

, (7.5)

with Γφ = Γ+ + Γ−. Due to the opposite sign of the couplings, the inflaton field will decay

alternately into the two fermion particles. Assuming, for now, that the scalar field follows a

purely quadratic potential, allowed by the imposed symmetry, its equation of motion is

φ̈ + 3Hφ̇ + m2
φφ = −Γφφ̇ , (7.6)

that in terms of the energy density becomes equation (4.36).

If the fermions thermalize quickly, as seen in the reheating discussion,they will form a ra-

diation bath at temperature T, and with energy density ρr = π2

30 g?(T)T4, where g? are the

relativistic degrees of freedom. Having a φ dependence on the fermions mass, these par-

ticles may oscillate between relativistic and non-relativistic states. As a side effect, the g?
function may also vary with φ. For simplicity we proceed considering g? as a constant and,

as we will see, it works as a good approximation.

The radiation bath will follow the relation (4.38). The complete set of differential equa-

tions is given by equations (4.36) and (4.38), which can be solved for the given parameters

(M , mφ , h ) and initial conditions, with

H2 =
1
2 φ̇2 + 1

2 m2
φφ2 + ρr

3M2
p

. (7.7)

A numerical solution is presented in the following figures.
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FIGURE 7.2: Numerical integration of the inflaton-radiation dynamical system of equations
for mφ = 10−3MP, M1 = 0.55 mφ and h = 1. Time evolution (A) of the inflaton and radia-
tion energy density. In the green dashed line the radiation constancy regime is represented.
Comparison (B) between Hubble parameter and the inflaton decay width, with the dashed
line representing the maximum value of the decay width. Results are given in Plank units,

MP = 1 [1]

From figure 7.2 we see that the inflaton field begins to oscillate about the origin with fre-

quency mφ and behaves, after the slow-roll, as cold dark matter, ρφ ∝ a−3, dominating the

energy density of the Universe, such that a ∝ t2/3 and H = 2
3t .

Before the start of the oscillations, the decay is forbidden since M± ∼ h |φ| � mφ, but it be-

comes allowed after the field goes through the origin. Since the fermion mass, at this phase

with high φ largely exceeds the tree-level masses, the decay only occurs in short bursts on

both sides of the origin. The decay width, in the beginning, corresponds to the narrow peaks

represented in figure 7.2 with Γmax =
h2mφ

8π . Although initially Γφ � 3H, these will become

comparable and the inflaton energy density will change from a regime where it is only be-

ing redshifted, being the dominant component in the Universe’s energy density, to a phase

where the inflaton effectively decays reducing drastically its energy density. Meanwhile, the

radiation energy density will jump and after remaining approximately constant, in a period

where it redshifts and increases through the decays, it will equalize and surpass the inflaton

energy density. In this latter regime, the maximum decay width will progressively decrease

until the decay gets blocked. This leads to a radiation dominated Universe and a stable

residual component of the scalar field that can account for dark matter.

Although this analysis was done with numerical simulation support, a semi-analytical take

can be made on the constancy regime of the radiation energy density. Let us reproduce the

results in [1] with a slightly different approach that will be useful in the next chapter.

In this regime, ρr is oscillating due to the Hubble redshift and the increase from the decay

processes. Before the effect of the decay becomes significant, changing drastically ρφ, the
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inflaton behaves as a damped harmonic oscillator with

φ(t) ≈ Φ(t) sin(mφt + α), Φ(t) =

√
8
3

Mp

mφt
, (7.8)

where α is a phase depending on the initial conditions. Let us now reconsider the radiation

density equation

ρ̇r + 4Hρr = Γφφ̇2 . (7.9)

For each oscillation period τφ, the condition for the decay |M1 ± hφ| = mφ

2 is valid in two

occasions for each fermion during a time ∆t and the decay amplitude on average is given by
Γmax

2 . The right-hand side of the equation, can be written as

Γφφ̇2 ' 2
Γmax

2
2 ∆t τ−1

φ φ̇2 , (7.10)

For hφ � M1, the decay into each fermion is allowed during a short period ∆t ' (hΦ)−1,

the total oscillation period τφ = 2π
mφ

and the field velocity φ̇ ' mφΦ. We then have

Γφφ̇2 ' h
8π2 m4

φΦ . (7.11)

On the other hand, the damping term can be written as

4H ρr =
8
3t

ρr , (7.12)

and we can now solve the differential equation for ρr:

ρ̇r +
8
3t

ρr =
h√

24π2
m3

φ

MP

t
(7.13)

ρr =

√
6h

32π2 Mpm3
φ . (7.14)

This yields, in fact, a constant value for the radiation energy density, as already estimated

with the numerical simulations. Using this result and the necessity of a reheating period,

with ρr > ρφ = 1
2 m2

φΦ2 we get that

√
6

16π2 Mph mφ & Φ2 . (7.15)

combining with the condition that the decay is only kinematically allowed for field ampli-

tudes |Φ| > M1
h , a new bound on the fermion mass is obtained:

M1 .
6

1
4 h

3
2
√

mφ Mp

4π
. (7.16)
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As a final result, we obtain an estimate for the reheating temperature from equation (7.14):

TR '
(

15
√

6
16π4

) 1
4

g−
1
4

? h
1
4

(
mφ

Mp

) 3
4

Mp . (7.17)

We have mentioned before that the inflaton could account for the DM abundance. We will

develop this calculation after introducing a more complete model in the next chapter.



Chapter 8

Inflaton Dark Model with Neutrinos

8.1 Right Handed Neutrinos as the Fermions in the Inflaton Dark

Matter Model

The previous analysis, with a quadratic potential, gave us a very good insight on how the

oscillations around a minimum could launch the inflaton decay into the fermions and how,

after the incomplete decay, the scalar field could mimic non-relativistic matter. In order to

further develop the Inflaton Dark Matter (IDM) model we must, since the quadratic poten-

tial does not agree with experimental bounds, present a realistic inflation description and

also ensure the transition to the Standard Model degrees of freedom from our symmetric

fermions.

The former point can be solved with the introduction of a non-minimal coupling between

gravity and the inflaton field, and a potential with both quartic and quadratic terms. As we

will see, the quartic term will be dominant during inflation and reheating, and the quadratic

potential will take control for low values of φ, mimicking the dark matter fluid.

A possible solution to the second question may come from the identification of N1 and N2

with two right-handed neutrinos and the introduction of interactions between these fermions

and the SM particles. This new interaction term, a Yukawa coupling with the Higgs boson,

has the property, together with the right-handed neutrino mass term, to generate a light

neutrino mass through the seesaw mechanism. This feature may account for the detected

neutrino masses, instead of the massless case in the SM, as we have seen in chapter 2.

The IDM model was introduced considering that the fermions were Dirac fermions. With

right-handed neutrinos we adapt the model to Weyl fermions, changing from the four-

component spinor fermions to two-component ones. This only modifies the already de-

scribed dynamics in the inflaton decay into these fermions, the right-handed neutrinos. In

particular, the decay value presented in Eq. (7.5) must be divided by a factor of 2. This will

57
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induce some changes in the results of equations (7.14) to (7.17). In the following sections, we

will change the form of the inflaton potential in the reheating phase to a quartic potential,

which will modify the dynamics of reheating.

The Lagrangian for our model of IDM coupled with right-handed neutrinos is the following:

L = LIn f + LN Kin + LSM + LN Mass + LSM↔N . (8.1)

The inflation sector, as mentioned before, describes the scalar field evolution. As we have

seen at the end of the inflation chapter, both quadratic and quartic potentials are in disagree-

ment with Planck bounds [54] for r and ns. With the non-minimal coupling, that will impose

a relation between ξ, the gravity coupling term, and λ, the quartic self interaction term, this

problem may be solved. The inflation sector is then described by

LIn f =
M2 + ξφ2

2
R− 1

2
∂µφ∂µφ−V(φ) , (8.2)

where M is a mass parameter, R is the Ricci scalar and ξ is an dimensionless coupling. Notice

that if ξ = 0 we have the common minimal coupling to gravity and M = MP. The parameter

ξ turns the effective Planck mass into a dynamical quantity.

The potential is given by

V(φ) =
1
2

m2
φφ2 + λφ4 . (8.3)

The quartic term is expected to be dominant during inflation since λ & 10−10 and m2
φ .

1 TeV, as will see with the development of the model, and φ at the end of inflation is of the

order of the Planck mass, such that

λφ4 � 1
2

m2
φφ2 . (8.4)

However, with just a quartic term the model would be incomplete, in particular the field

would be massless at the minimum and could not behave as cold dark matter. Notice that

all these new terms in the Lagrangian are allowed by the Z2 symmetry of the IDM model,

making (8.3) the most general renormalizable potential compatible with the symmetry.

The second term on the right-hand side of the Lagrangian includes the kinetic terms of the

three right-handed neutrinos. Only two of the right-handed neutrinos are coupled to the

inflaton as in the IDM model (7.2) and the third one is introduced for consistency with the

number of left-handed neutrinos in the Standard Model. Later on, this third right-handed

neutrino will be crucial in a thermal Leptogenesis construction. In the third term we include

the entire SM Lagrangian.
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The fourth term describes the Majorana mass terms for the right-handed neutrinos

LN Mass = −
1
2
(M1 + hφ)N1Nc

1 −
1
2
(M2 − hφ)N2Nc

2 −
1
2

M3N3Nc
3 (8.5)

with M1 = M2 imposed by the model’s symmetry. In the light neutrino mass generation

with the seesaw mechanism, which occurs after the spontaneous symmetry breaking of the

electroweak gauge group, the inflaton field value will lie close to the minimum at the origin

leaving only the bare masses for the Majorana mass matrix, MR.

Finally, there are the Yukawa interactions

LSM↔N = yi`Nc
i H L + h.c. , (8.6)

involving the three Ni’s, the Higgs boson and the SM left-handed fermions. In the Higgs

mechanism, a vacuum expectation value, 〈H〉 = v√
2

 0

1

, will be attributed to the Higgs

boson, producing a Dirac mass term, mD, for the neutrinos.

Restrictions coming from experiments in neutrino masses will then constrain our model and

limit its range of parameters. A more complete analysis of the neutrino masses will be given

in the following sections. For now we will focus first on the cosmological evolution of the

inflaton field and the neutrinos.

8.2 Inflation with a non-minimal Coupling to Gravity

As mentioned earlier, the simple quadratic and quartic potentials cannot give a realistic de-

scription of the inflation period. The solution might come with the introduction of a non-

minimal coupling to gravity. Let us now explore how this non-minimal coupling affects the

scalar field evolution.

Writing the action with the already presented inflation Lagrangian, Eq. (8.2)

SJ =
∫

d4x
√
−g
[

M2 + ξφ2

2
R− 1

2
∂µφ∂µφ−V(φ)

]
, (8.7)

we see that ξ turns the effective Planck mass into a dynamical quantity. The present Planck

mass is equal to the mass parameter M, since 〈φ〉 = 0 at late times.

It becomes very difficult to analyze inflation with this type of action, though by performing a

conformal transformation we may get rid of the non-minimal coupling terms. Here, we will

work in two different frames and this might result in differences between our observables.

However, at least to leading order these observables do not change [90].
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We may then change from the Jordan frame to the Einstein frame with

ĝµν = Ω2gµν, Ω2 = 1 +
ξφ2

M2
P

. (8.8)

The transformation of the Ricci scalar can be calculated and is given by

R = Ω2
[

R̂− 6
(
∇2 ln Ω + (∇ ln Ω)2

)]
. (8.9)

This transformation leads to a non-minimal kinetic term for the inflaton field. To obtain the

canonical form it is convenient to perform a field redefinition φ→ χ by

dχ

dφ
=

√
Ω2 + 6ξ2φ2/M2

P
Ω4 . (8.10)

After all these redefinitions, the action in the Einstein frame becomes

SE =
∫

d4x
√
−ĝ
[

M2
P

2
R̂− 1

2
∂µχ∂µχ−U(χ)

]
, (8.11)

where U(χ) is just a rescaling of the Jordan frame potential

U(χ) = Ω−4V(φ) . (8.12)

Having written the action in the canonical Einstein-Hilbert form allows to study inflation

with the standard slow-roll approach. In analogy to what we presented in the inflation sec-

tion, chapter 4, the slow-roll parameters are given by

εχ =
1
2

M2
p

(
U′(χ)
U(χ)

)2

, ηχ = M2
p

(
U′′(χ)
U(χ)

)
, N =

1
M2

P

∫ χi

χe

U(χ)

U′(χ)
dχ. (8.13)

We know that during inflation the quartic term will be dominant in the potential, therefore

we can neglect the quadratic term in the inflation discussion.

Using the results in Eq. (8.13) we then find

εφ =
8M4

P
φ2
[
M2

P + ξ(1 + 6ξ)φ2
] (8.14)

ηφ =
12M6

P + 4M4
Pξ(1 + 12ξ)φ2 − 8M2

Pξ2(1 + 6ξ)φ4[
M2

Pφ + ξ(1 + 6ξ)φ3
]2 (8.15)

N =
1
8

[
(1 + 6ξ)φ2

M2
P

− 6 ln
[
M2

P + ξφ2]] ∣∣∣∣∣
φi

φe

'
(1 + 6ξ)φ2

i
8M2

P
(8.16)

To generate the correct value of scalar perturbations ∆2
R = 2.2×10−9, using Eq. (4.72), we
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obtain the condition U/εχ = (0.0269MP)
4. This yields a relation between the non-minimal

coupling and the inflation self interaction coupling term;

ξ ' 48000
√

λ . (8.17)

The scalar to tensor ratio, r, and the scalar spectral index ns can be calculated, with equations

(4.74) and (4.75) giving

r =
16(1 + 6ξ)

Ne + 8N2
e ξ
' 12

N2
e

(8.18)

ns =
−3 + Ne − 18ξ − 40Neξ + 16N2

e ξ − 192Neξ
2 − 128N2

e ξ2 + 64N3
e ξ2

Ne + 16N2
e ξ + 64N3

e ξ2 ' 1− 2
Ne

, (8.19)

where in the last expressions we present the leading results for large ξ . From figure 8.1 we

can see how these parameters evolve in terms of the parameter ξ for Ne = 50− 60.

Ne=50
Ne=60

ξ = 0

ξ = 0.001

ξ = 0.01

ξ = 10

0.94 0.95 0.96 0.97 0.98
0.00

0.05

0.10

0.15

0.20

0.25

0.30

0.35

ns

r

FIGURE 8.1: Observational predictions for an inflaton non-minimal coupling to gravity with
a quartic potential for 50-60 e-folds of inflation. The red contours correspond to the 68% and

95% C.L. results from Planck [54]

The Planck data imposes restrictions on the gravity coupling with the inflaton, and from

Eq. (8.17) we get a lower bound on λ. The 1-σ bound, for Ne = 60, gives ξ & 0.008 and

λ ' 2.8× 10−14. For ξ = 10, a value that will be considered in the following chapters, we

have λ ' 4.3× 10−8.

We can ask whether the non-minimal coupling will have any effect for low φ values, i.e. in

the quadratic potential regime. However, if we take a look at the non-minimal coupling term,

M2
P(1 + ξφ2

M2
P
), for a small φ, an effect very close to the minimal coupling is observed, having

no impact on the dynamics. Indeed solving the system of equations εφ = 1 and ηφ = 1 we



62 IDM WITH NEUTRINOS

find φend ' MP/
√

ξ at the end of inflation, such that the effects of the non-minimal coupling

become negligible shortly after inflation has ended.

8.3 Reheating in the Quartic Potential, λφ4

The previous analysis, in the quadratic potential, gave us a very good insight on how the

oscillations around a minimum could trigger the decay into the fermions and how, after

the incomplete decay, the scalar field could mimic non-relativistic matter. However, during

the slow-roll period field values are expected to be high, turning relevant the inflaton self-

interactions. The discrete symmetry of the model allows a quartic self-interaction term such

that

V(φ) =
1
2

m2
φφ2 + λφ4 . (8.20)

Thus, while field values are high, for example during the slow roll regime and the beginning

of the reheating period, the quartic potential will be dominant, producing some changes

to the previous analysis. The introduction of the right-handed neutrinos as the symmetry

fermions of the model also imposes some changes in the results as discussed in the previous

section.

After having discussed how inflation proceeds with the non-minimal coupling description,

we turn to the transition to Standard Cosmology, i.e. the reheating period. As we have seen

the quartic term regulates this period and some changes to the IDM model [1] with just a

quadratic potential have to be introduced .

We may start from the inflaton mass. While the quartic potential is dominant, there is no

longer a constant mass term, an effective mass dictates how the oscillations evolve. From the

second derivative of the potential we now have

me f f =
√

12λφ2, (8.21)

which depends on the field value. The inflaton equation of motion is now given by

φ̈ + 3Hφ̇ + Γφφ̇ + 4λφ3 = 0 , (8.22)

and the complete system is described by equations (4.36) and (4.38), with

H2 =
1
2 φ̇2 + λφ4 + ρr

3M2
P

. (8.23)
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The decay width now depends on the effective mass

Γ± =
h2

16π

√
12λφ2

(
1− 4 (M1 ± hφ) 2

12λφ2

) 3
2

, (8.24)

where the extra 1/2 factor comes from the introduction of Weyl rather than Dirac fermions.

In a similar way we can solve the system of equations numerically. The following figures

illustrate an example of the numerical solution:
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FIGURE 8.2: Numerical integration of the inflaton-radiation dynamical system of equations
for M1 = 5× 10−5, h = 1 and λ = 10−3. In (A) we show the time evolution of the infla-
ton and radiation energy density. In the green dashed line the radiation-damped-oscillator
regime is represented. In (B) we give the comparison between Hubble parameter and the
inflaton decay width and in the dashed line we represent the maximum value of the decay

width. Results are given in Plank units, MP = 1.

The dynamics is very similar to the quadratic case, but as can be observed in figure 8.2, after

the first oscillations, the radiation energy density decreases following a t−
1
2 curve instead

of being constant. This is a consequence of the fact that when the inflaton field begins to

oscillate, due to the quartic potential, it will behave as radiation, with H = (2t)−1. Indeed

in a radiation dominated Universe the Ricci scalar is zero, thus eliminating the mass term in

equation (8.7) due to the non-minimal coupling to gravity. In this region the inflaton decays

in short bursts in each oscillation and redshifts with the Hubble expansion.

Taking an analogy with the quadratic potential, where the system was described by a damped

harmonic oscillator, we write the equation of motion as

φ̈ + 3Hφ̇ + ω2φ = 0 , (8.25)

where ω2 = 4Aλ
〈
φ2〉 and A is a O(1) factor. From numerical simulations, in a system with-

out the damping term, leaving a constant amplitude, a solution of the form φ ' Φ sin(ωt)

with ω '
√

3λΦ2 provides a very good approximation.
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Thus, we obtain for equation (8.25):

φ(t) ' Φ(t) sin(ωt + α), Φ(t) =
(

3
λ

) 1
4
√

Mp

2t
, (8.26)

where α is a phase depending on the initial conditions and ω varies in time as the field’s

amplitude decreases with expansion.

We now consider the radiation energy density equation

ρ̇r + 4Hρr = Γφφ̇2 . (8.27)

Similarly to what we have done for the quadratic potential,

Γφφ̇2 = 2
Γmax

2
2 ∆t

ω

2π
φ̇2 , (8.28)

where 2π/ω is the oscillation period. Now Γmax is obtained for field values φ = M1/h,

giving

Γmax =
M1
√

12λh2

16π
. (8.29)

The field velocity is φ̇ ' ωΦ and ∆t is obtained by working with the condition

|M1 ± φh| =
√

12λφ2

2
, (8.30)

applying Eq. (8.26), expanding the sin(ωt) function and then using ∆t = |t+ − t−| . Then,

we get

∆t =
M1

ωh2Φ

√
12λ . (8.31)

Thus, we have

Γφφ̇2 ' 9
4π2h

λ2M2Φ3 ' 3
11
4

2
7
2 π2h

λ
5
4 M2

1 M
3
2
p t−

3
2 . (8.32)

The damping term in (8.27) can be written as

4H ρr =
2
t

ρr . (8.33)

Now we can solve (8.27) and obtain

ρr =
3

7
4

2
5
2 π2h

λ
5
4 M2

1 M
3
2
p t−

1
2 =

3
√

3λ
3
2 M2

1 Mp

4π2h
Φ , (8.34)

which provides a good approximation to the numerical solution as can be seen in the plots.

In this calculation we assumed the decay products, i.e. N1 and N2, to redshift as radiation,
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but this is no trivial assumption. When produced, the right-handed neutrinos are approxi-

mately massless, but their mass quickly increases with the oscillations of φ, M± = M1 ± hφ,

becoming non-relativistic particles. In this picture, the radiation bath may be composed

of the relativistic right-handed neutrinos or their decay products coming from the interac-

tions with the SM, thus leading to a transition to these degrees of freedom even before the

right-handed neutrino’s freeze-out temperature. It is also possible to have non-relativistic

right-handed neutrinos, if their decay is not yet allowed. Nevertheless, an analysis with

H = 3
8 (1 + w), with w being the equation state parameter, would just result in a 6

4+6w factor

in the energy density which would not change very much this analysis. Besides being the

result that better reproduces the simulation data, the path followed presents a more conser-

vative bound for the reheating temperature as we will see below.

Using the last result and the need for a reheating period, achieving ρr > ρφ = λΦ4 we get

that

3
√

3λ
1
2 M2

1 Mp

4π2h
> Φ3 , (8.35)

combining with the condition that the decay is only kinematically allowed for field ampli-

tudes |Φ| > M
h , we obtain an upper bound on the right-handed neutrino mass

M1 <
3
√

3λ
1
2 h2Mp

4π2 . (8.36)

We can also obtain the reheating temperature for this potential. However, first we must

estimate ρr at the point of equality with ρφ. Using equations (8.34) and (8.35) at equality we

obtain

ρr R =

(
3
√

3M2
1 Mp

4π2h

)4/3

λ5/3 , (8.37)

equating to ρr =
π2

30 g?T4, we finally get

TR ' 284
(

100
g?R

)−1/4 ( M1

GeV

)2/3 ( λ

10−8

)5/12 (0.1
h

)1/3

GeV . (8.38)

8.4 Condensate Evaporation ΩCDM and Right-Handed Neutrino De-

cay

We have seen that the inflaton scalar field becomes stable at late times, since the decays are

blocked kinematically and off-shell decay modes are forbidden through the Z2 symmetry.

Since the scalar field exhibits a non-relativistic behavior while oscillating around the mini-

mum, the inflaton becomes a stable dark matter candidate. However, this first analysis is
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still incomplete, since we have not yet taken into account the scattering interactions between

the produced fermions and these scalar particles .

The classical idea of the homogeneous inflaton field, a scalar field, is essentially a collec-

tion of zero-momentum bosons, a Bose-Einstein condensate. However, once the condensate

starts decaying these bosons can interact with their decay products through scattering pro-

cesses. In these processes the bosons can be excited and promoted to higher-momentum

states, eventually thermalizing with the cosmic radiation bath, for example N1,2 〈φ〉 ↔ N1,2 φ

and H 〈φ〉 ↔ Hφ, where 〈φ〉 denotes the condensate state and H the Higgs boson. These

scatterings are allowed right after the fermions are produced, and lead to a potential evap-

oration of the inflaton particle number, transferring it to the thermal bath. The second and

third examples arise after the right-handed fermion decay, as we will see in this section.

N1,2

〈φ〉

N1,2

N1,2

φ 〈φ〉 φN1,2

H H
ν`

N1,2 N1,2

〈φ〉 φN1,2

ν` ν`
H

N1,2 N1,2

FIGURE 8.3: Dominant Feynman diagrams for evaporation processes

There is a possibility that the evaporation process occurs while the inflaton field is still the

dominant component in the energy density of the the Universe. In this scenario, the scatter-

ings would, nevertheless, excite the condensate and turn its degrees into the radiation bath.

As a consequence, reheating would happen earlier and at higher temperatures. However,

no apparent problems appear in this scenario, making us study the low energy limit of the

evaporation dynamics.

First, we will discuss the right-handed neutrinos decays and the transition to the Standard

Cosmology evolution. In order to ensure the correct generation of light elements at Nu-

cleosynthesis, quarks, leptons and gauge bosons must be produced before the temperature

drops bellow 100 MeV. The connection between the inflation description and the SM parti-

cles lies in the right-handed neutrinos interactions.

Through the interaction term in Eq. (8.6), that after spontaneous symmetry breaking gen-

erates the Dirac neutrino mass, the right handed neutrinos may decay into the Higgs and
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lepton doublets. All the possible decays and their respective rates are given by

Γ (N1,2 → h ν) = Γ (N1,2 → h ν̄) = y2
e f f

M1

64π

(
1−

m2
h

M2
1

)2

(8.39)

Γ
(

N1,2 → `−W+
)
= Γ

(
N1,2 → `+W−

)
= y2

e f f
M1

32π

(
1−

m2
W

M2
1

)2 (
1 + 2

m2
W

M2
1

)
(8.40)

Γ (N1,2 → Z ν) = Γ (N1,2 → Z ν̄) = y2
e f f

M1

64π

(
1− m2

Z
M2

1

)2 (
1 + 2

m2
Z

M2
1

)
. (8.41)

where W±, Z are the weak interactions gauge bosons and h is the Higgs boson with masses

much higher that the correspondent leptons. The effective coupling, y2
e f f , represents the sum

of the squares of the individual lepton Yukawa couplings, i.e. y2
e f f = y2

1e + y2
1µ + y2

1τ, with

y1` = y2` due to the N1 ↔ N2 symmetry.

Before electroweak symmetry breaking, mZ = mh = mW = 0 , leaving the total decay rate as

ΓD = Γ (N1,2 → H L) + Γ (N1,2 → H̄ L̄) = y2
e f f

M1

8π
. (8.42)

It is important to note that the physical right-handed neutrino, meaning the heavy neutrino,

as referred in the introduction, is a Majorana fermion, therefore being its own antiparticle,

N1 = N̄1. This will be an important detail when we study CP violation in Leptogenesis.

For a significant part of the right-handed neutrino’s energy density to be transfered into the

SM degrees of freedom we must ensure that

ΓD

H
=

√
90

8π2 g−1/2
? y2

e f f
M1MP

T2 > 1 . (8.43)

Using the relation between the effective Yukawa coupling and the light neutrino masses that

we will discuss in the next section:

y2
e f f = k

mν

v2 M1 =
k

1.2× 1015
M1

GeV
, (8.44)

where k ∼ 1− 10, the ratio becomes

ΓD

H
=

√
90

8π2 g−1/2
? k

MPmν

v2

(
M1

T

)2

∼ 102g−1/2
?

(
M1

T

)2

. (8.45)

Since we expect M1 above the TeV scale, the condition for a successful synthesis of light

elements ΓD
H

∣∣∣
T=1 MeV

> 1 is easily verified.

Nonetheless, the moment when these decays into the SM degrees of freedom occur is of great
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importance to our evaporation discussion. Let us check this ratio at the reheating tempera-

ture
ΓD

H

∣∣∣
T=TR
∼ 102g−1/2

?

(
M1

TR

)2

. (8.46)

If TR > M1, an effective decay will only happen after reheating. Here, the right-handed neu-

trinos belong to the thermal bath and will play an important role on the evaporation dynam-

ics. On the other hand, if M1 > TR, the decay already happened before the inflaton-radiation

equality, during the inflaton oscillations around the minimum. In the latter scenario, only

the SM particles participate in the evaporation process.

Now we may turn again to the evaporation discussion. As discussed when we introduced

the IDM model [1], as soon as the fermions start being produced, the temperature of the ra-

diation bath will quickly increase, flattening out when it reaches the value for the radiation-

inflaton energy density equality, corresponding to the reheating temperature that was esti-

mated for both quadratic and quartic potentials.

Let us now compute the evaporation rate. Starting with the case where the reheating temper-

ature is larger than mφ and M1, all the particles in the thermal bath are in thermal equilibrium

and we may consider the relativistic Bose-Einstein, for the inflaton and SM bosons, and the

Fermi-Dirac distributions, for right-handed neutrinos and SM fermions, respectively. The

net condensate evaporation rate, where we include also the inverse processes, is given by

Γevap =
1

nφ

∫ 4

∏
i=1

d3pi

(2π)3 2Ei
(2π)4 δ4 (p1 + p2 − p3 − p4) |M|2

× [ f1 f2 (1 + f3) (1− f4)− f3 f4 (1 + f1) (1− f2)] , (8.47)

whereM is the scattering amplitude for the processes and fi are the phase space distribu-

tion factors. Considering first the right-handed neutrino scattering, figure 8.3, with large

abundance of the inflaton in the condensate we expect fi � 1, thus, to leading order for

T � mφ, M±

Γevap '
h4

12π3

(
1 + log

(
T

mφ

))
T. (8.48)

In the radiation era the evaporation rate is thus expected to catch the Hubble expansion rate,

thus leading to an efficient evaporation. However, if the fermions become non-relativistic

the interaction rate becomes Boltzmann suppressed. Thus, the evaporation must happen for

T & M1 since
Γevap

H

∣∣∣∣∣
T=M1

' 1013h4g−1/2
?

(
1 TeV

M1

)
& 1. (8.49)

This evaporation rate is similar to the rate of other four body interactions, as inflaton and

fermion annihilation. We therefore expect that, for a sufficiently large Yukawa coupling h,
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the condensate degrees of freedom are converted into the thermal bath, therefore destroying

the boson condensate. This conversion will increase the radiation energy density and its

temperature leading to a maximum value of the order

Tmax
R =

(
90
π2

)1/4

g−1/4
?

√
MP M1 = 8.5× 1010g−1/4

?

(
M1

1 TeV

)1/2

GeV. (8.50)

This corresponds to the limiting case where the evaporation occurs right after the beginning

of the inflaton oscillations as discussed previously.

Having the inflaton particles in the thermal bath, following the procedure described in the

WIMP abundance calculation section, the inflaton is now a suitable dark matter candidate.

After the annihilation and elastic scattering processes become inefficient, the inflaton will

decouple from the thermal bath and its abundance will freeze out. We expect, at this mo-

ment, both the right-handed neutrinos and the scalar particle to be non-relativistic, giving

an annihilation cross section, for the fermion t-channel, given by

σφφ '
h4

8πm2
φ

. (8.51)

If we follow the calculation for the thermal relic abundance for a decoupled species, de-

scribed before, we obtain

mφ ' 1.4h2

(
Ωφ0h2

0

0.1

)1/2 ( g?F

10

)1/4 (xF

25

)−3/4
TeV . (8.52)

where g?F corresponds to the number of relativistic degrees of freedom at freeze-out and

xF = mφ/TF, with TF being the freeze out temperature.

We can now relate equations (8.49) and (8.52) to obtain a restriction on the right-handed

neutrino mass in order no obtain the correct dark matter relic abundance

mφ & 4.9× 10−5

(
Ωφ0h2

0

0.1

)1/2 ( g?F

10

)1/2 ( xF

25

)−3/4
(

M1

1 GeV

)1/2

GeV . (8.53)

Let us now consider the evaporation through the SM degrees of freedom, having as a repre-

sentative the scattering with the Higgs boson, represented in figure 8.3. The corresponding

loop diagram can be roughly estimated as yielding an effective four point interaction with

coupling g′ ∼ hye f f√
16π2 up to O(1) factors. The resulting cross section, with a thermal center of

mass energy, corresponds to

σφH '
h2y2

e f f

256π3T2 (8.54)
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Using the number density of relativistic Higgs bosons, nH = 2
π2 ζ(3)T3, and that Γevap '

nH 〈σv〉, the scattering rate can be estimated as

Γevap '
ζ(3)

128π5 h2y2
e f f T . (8.55)

At one-loop order, scattering with the left-handed neutrinos, present in the thermal bath,

could also be contribute as an evaporation process, see figure 8.3. However, the effective

interaction term, φ2ν2
` , is a dimension-5 operator, meaning that the effective coupling must

have a M−1
1 suppression factor. In comparison to the Higgs scattering cross section, equation

(8.54), a factor (T/M1)
2 appears, coming from the effective coupling and the fermion lines,

leading to Γevap ∝ T3/M2
1. As a result, the evaporation rate drops faster than the Hubble rate

having no impact on the evaporation process.

In order to have an effective evaporation before electroweak symmetry breaking we then

find
Γevap

H

∣∣∣
T=0.1 TeV

=
ζ(3)

128
√

90π6
g−1/2
?

MP

T
h2y2

e f f ' 1011g−1/2
? h2y2

e f f > 1 . (8.56)

In the case TR > M1, evaporation of the inflaton condensate may proceed through scatterings

with both the right-handed neutrinos and the Higgs boson, such that eqs (8.49) and (8.56)

must be taken into account.

As already said, if M1 > TR, at reheating right-handed neutrinos are no longer relativistic.

The interactions with these particles become Boltzmann suppressed and are no longer rele-

vant. Since the SM particles have already been produced, the evaporation dynamics follows

only through the scattering rate given in eq. (8.55) and the condition in (8.56) binds our

parameters.

A still missing piece in this model dynamics is related to what was introduced in the second

chapter of this thesis. Low energy neutrino phenomenology yields important constrains on

the right-handed neutrino masses and Yukawa couplings. We then turn to this discussion in

the next section.

8.5 Connection with Low Energy Phenomena: Neutrino Masses

We start from the IDM model with the decay into right-handed neutrinos, N1 and N2, with

an imposed symmetry φ ↔ −φ, N1 ↔ N2. Assuming the existence of an extra right-handed

neutrino, N3, and if we then add an interaction between the right-handed neutrinos with

the SM neutrinos and the Higgs boson, through Yukawa couplings, we obtain the following
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Lagrangian density :

Lmass = −
1
2
(M1 + hφ)N1Nc

1 −
1
2
(M2 − hφ)N2Nc

2 −
1
2

M3N3Nc
3

+yi`Nc
i H ν` + h.c. (8.57)

with ` = e, µ, τ and i = 1, 2, 3. We see that when φ ' 0 the fermions masses become equal.

Let us look at the resulting mass matrices. Since we have the freedom to consider a diagonal

Majorana mass matrix, then

MR =


M1 0 0

0 M1 0

0 0 M3

 . (8.58)

As a result of the N1 ↔ N2 symmetry we get some restrictions on the Dirac mass matrix. We

write the Dirac mass elements with as:

a =
v√
2

y1e =
v√
2

y2e; b =
v√
2

y1µ =
v√
2

y2µ; c =
v√
2

y1τ =
v√
2

y2τ;

d =
v√
2

y3e; e =
v√
2

y3µ; f =
v√
2

y3τ; (8.59)

The Dirac mass matrix can be written as

mD =


m1e m1µ m1τ

m2e m2µ m2τ

m3e m3µ m3τ

 =


a b c

a b c

d e f

 (8.60)

Applying the Seesaw mechanism (type I) result for the light neutrinos, Eq. (2.13), we get

Mν = −mT
D M−1

R mD = −


d2

M3
+ 2a2

M1

de
M3

+ 2ab
M1

d f
M3

+ 2ac
M1

de
M3

+ 2ab
M1

e2

M3
+ 2b2

M1

e f
M3

+ 2bc
M1

d f
M3

+ 2ac
M1

e f
M3

+ 2bc
M1

f 2

M3
+ 2c2

M1

 . (8.61)

As a result of this symmetry, detMν = 0. Thus, at least one eigenvalue is zero, i.e. one of the

light neutrinos must be massless.

On the other hand, since the flavour basis charged lepton mass matrix is diagonal, the mass

matrix of the light neutrinos, in the same basis, is diagonalized by UPMNS through

Md
ν = UT

PMNSMνUPMNS. (8.62)
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Thus we obtain

Mν = U∗PMNS Md
νU†

PMNS (8.63)

where

Md
ν =


m1 0 0

0 m2e−2iφ1 0

0 0 m3e−2iφ2

 . (8.64)

As a first approximation we will not consider the Majorana phases and using the experimen-

tal data on ∆m2
12 =

∣∣m2
1 −m2

2

∣∣ ∼ 10−5 eV2 � ∆m2
23, it is possible to assume m1 ' m2 to

leading order. As we have seen, the tribimaximal mixing matrix yields a very good approxi-

mation to the experimental data on mixing angles:

UPMNS ' UTBM =
1√
6


2

√
2 0

−1
√

2
√

3

1 −
√

2
√

3

 (8.65)

Thus, we have

Mν =


m2 0 0

0 m2+m3
2 −m2−m3

2

0 −m2−m3
2

m2+m3
2

 (8.66)

By matching the two light neutrino mass matrices we may then obtain conditions on the

parameters of the model.

Using equations (8.61) and (8.66) we obtain a system with two distinct solutions.

The first gives

m2 = − v2

M3

(
y2

3e
2

+ y2
3µ

)
; m3 = 0; y1e = ±y3µγ

1
2 ; y1µ = ∓y3e

2
γ

1
2 ;

y1τ = ±y3e

2
γ

1
2 ; yiτ = −yiµ (8.67)

with i = 1, 2, 3 and where γ = M1
M3

. The resulting Dirac mass matrix is

mD =
v√
2


y1e(y3µ, γ) y1µ(y3e, γ) −y1µ(y3e, γ)

y1e(y3µ, γ) y1µ(y3e, γ) −y1µ(y3e, γ)

y3e y3µ −y3µ

 (8.68)

Through these results we clearly see a µ ↔ τ symmetry. Interactions with νµ have an oppo-

site sign to ντ’s and with m3 = 0 we have a resulting inverted neutrino mass hierarchy.

The N3 right-handed neutrino does not have a connection with the inflation model, thus it

would be interesting to write the mass relation in terms of the N1,2 parameters. Through
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the relations specified in (8.67) we can write the m2 expression in terms of M1 and ye f f as

defined in the previous section. Recall that y2
e f f = y2

1e + y2
1µ + y2

1τ, together with the condition

y2
1µ = y2

1τ we then have

m2 =
2v2y2

1µ + v2y2
1e

M1
=

v2y2
e f f

M1
.

If we now apply the experimental values for m2, coming from ∆m2
23 = (2.44 ± 0.06) ×

10−3eV2 and m3 = 0 we then have

M1 = 1.21× 1015 y2
e f f GeV, (8.69)

witch gives an important relation between the parameters of our problem.

We now turn to the second case, where the solution is

m3 = −v2

(
2y2

1µ

M1
+

y2
3µ

M3

)
; m2 = 0; y1e = 0; y3e = 0; yiτ = yiµ; (8.70)

with i = 1, 2, 3. The resulting Dirac mass matrix is

mD =
v√
2


0 y1µ y1µ

0 y1µ y1µ

0 y3µ y3µ

 . (8.71)

We again have a µ ↔ τ symmetry, that is in fact a feature of the tribimaximal mixing. Due

to UPMNS = UTBM and since m1 ' m2 = 0 there is no interaction with νe resulting in null

Yukawa couplings. In this case we have a normal neutrino mass hierarchy.

In the second scenario we cannot fully convert the mass relation to just N1,2 parameters.

Since y1e = 0, we write

m3 =
v2

M1

(
y2

e f f + y2
3µγ
)

. (8.72)

Here, after using the experimental value for ∆m2
23 we still have three unknown parameters,

since N3 interactions and masses are unknown. In order to simplify this study, we look at

the possibility of y2
e f f and y2

3µγ being of the same order. Then

M1 = 1.21× 1015k y2
e f f GeV , (8.73)

where k ∼ 1− 10. We will see in the next chapter that the properties of the third right-handed

neutrinos becoming important for embedding a thermal leptogenesis scenario within our

model.
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Since the determinant of the light neutrino mass matrix, obtained through the seesaw mech-

anism, is zero, at least one of the neutrinos is massless. Through the imposition of tribimax-

imal mixing, N1 ↔ N2 symmetry and experimental values of the neutrino mass squared

differences we have reduced our problem’s independent parameters, obtaining relations be-

tween the right-handed neutrino masses and the Yukawa couplings.

Finally, the combination of all bounds, coming from inflation, evaporation, reheating and

measured neutrino masses, will be analyzed in the next section.

8.6 Resulting parameter space

While describing, chronologically, the dynamics of our Inflaton Dark Matter model with

right-handed neutrinos, we have determined several relations and restrictions on the model

parameters. In this section we will put together all these bounds and study the allowed

parameter space. Later on, we will test this model while trying to generate the observed

baryon asymmetry in the Universe through thermal Leptogenesis.

First we have described inflation and the slow-roll evolution with the help of a non-minimal

coupling to gravity, equation (8.2). As we have seen, Planck data on scalar perturbations ∆2
R

resulted in a relation between ξ and λ

ξ ' 48000
√

λ . (8.74)

In this description we saw why no relation between mφ, the inflaton mass, and ξ appeared.

Experimental data on r and ns, figure 8.1, bounded ξ around ξ & 0.008. As described, this

results in bounds on the 4-point self interaction of the inflaton.

Following the arrow of time, the next step is the reheating period. Developed within a quartic

potential dominance, an estimate of the reheating temperature was obtained:

TR ' 284
(

100
g?R

)−1/4 ( M1

GeV

)2/3 ( λ

10−8

)5/12 (0.1
h

)1/3

GeV . (8.75)

Also, coming from the decay blocking condition and the need of a radiation dominance

period together with the incomplete decay condition, we have obtained a lower and an upper

bound, respectively, on the two right-handed neutrino masses

mφ

2
< M1 <

3
√

3λ
1
2 h2Mp

4π2 . (8.76)
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Stepping into the right-handed neutrino decays into SM particles, we saw that the necessary

conditions for a successful reheating, leading to the Standard Cosmology, are ensured. How-

ever, two different scenarios might have happened. It was possible to have the right-handed

neutrino masses both heavier or lighter than the reheating temperature. As a consequence,

two different evaporation mechanisms may have occurred.

If TR > M1, the right-handed neutrinos would still be on the thermal bath, playing an im-

portant role on the evaporation process. In this picture a bound on the neutrino coupling to

the inflaton arises

h4 & 1.25× 10−13g1/2
?

(
M1

TeV

)
. (8.77)

On the other hand, if M1 > TR, the right-handed neutrinos are no longer in the thermal

bath having already decayed into SM degrees of freedom. In this situation, only the SM

particles participate in the evaporation. One representative interaction could be the Higgs

boson scattering with the condensate inflaton particles. Imposing an efficient evaporation

before the electroweak scale results in

h2y2
e f f & g1/2

? 10−11 . (8.78)

After evaporation occurs, the inflaton follows the common WIMP description. Using the

standard calculation for the thermal relic abundance of a decoupled relativistic species, a

relation between the inflaton mass and its coupling to the right-handed neutrinos was ob-

tained

mφ = 1.4h2

(
Ωφ0h2

0

0.1

)2 ( g?F

10

) 1
4
( xF

25

)− 3
5

TeV. (8.79)

Finally, in the last section, the neutrino masses and mixings resulted in two independent

solutions. In the first case a simple relation between y2
e f f and M1 was obtained

M1 = 1.21× 1015y2
e f f GeV. (8.80)

The second case provides a more complex relation since it also includes the third right-

handed neutrino mass and Yukawa couplings. However, in order to simplify the analysis

we assumed y2
3µγ to be of the same order of y2

e f f :

M1 = 1.21× 1015
(

y2
e f f + y2

3µγ
)

GeV ' 1.21× 1015k y2
e f f GeV , (8.81)

with k ∼ 1− 10.

To summarize we have six parameters (seven in the second case) that describe our model

dynamics. Namely ξ, λ, mφ, h, M1 and ye f f (plus y2
3µγ for the second case). However, three
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relations,

ξ ' 48000
√

λ , (8.82)

mφ ' 1.4h2 TeV , (8.83)

M1 ' 1.21× 1015 y2
e f f GeV (8.84)

reduce the number of independent parameters to three (four in the second light neutrino

mass scenario). These relations simplify equations (8.76), (8.77) and (8.78) in terms of M1, mφ

and λ, the chosen parameters to represent the model.

mφ

2
< M1 <

3
√

3 λ
1
2 Mpmφ

4π2 TeV
, (8.85)

mφ &4.9× 10−5
(

M1

GeV

)1/2

GeV , (8.86)

mφ &1.7× 108
(

GeV
M1

)
GeV . (8.87)

Taking into account that both h and ye f f follow from perturbative effects we represent our

analysis in figure 8.4 for fixed values of λ (ξ).

In the orange lines different reheating temperatures were introduced using Eq. (8.38). Since

the model’s natural range of values is at much higher scales, conditions like TR > 0.1 GeV,

the minimum allowed reheating temperature to generate the proper synthesis of light ele-

ments, are not relevant when studying this parameter space.

While satisfying all the bounds, a broad parameter space was obtained, having room for

both small neutrino and inflaton masses, and large mass scenarios. The upper limits on our

parameters come from the need to keep small couplings ye f f , h < 1 since the theory is based

on a perturbative analysis. Large mass, M1 & 1010 GeV, mφ & 103 GeV, or high couplings,

ye f f & 0.01, h & 1 and small mass solutions, M1 . 1 GeV, mφ . 10−3 GeV, or equivalently

ye f f . 10−7, h . 10−3 are available within our unified model description.



8. INFLATON DARK MODEL WITH NEUTRINOS 77

No

reheating

TR=M1

C
o
m

p
le

te

d
e
c
a
y

1
0

1
2

G
e
V

1
0

9
G

e
V

1
0

6
G

e
V

No

evaporation

10 105 1010 1015
10-3

0.1

10

103

10-7 10-5 10-3 0.1 1

10-3

10-2

0.1

1

M1(GeV)

m
ϕ
(G

e
V
)

yeff

h

ξ=10 (λ = 4×10-8)

No

reheating

C
o
m

p
le

te

d
e
c
a
y

1
0

6
G

e
V

1
0

9
G

e
V

1
0

1
2

G
e

V

TR=M1

No

evaporation

10 105 1010 1015
10-3

0.1

10

103

10-7 10-5 10-3 0.1 1

10-3

10-2

0.1

1

M1(GeV)

m
ϕ
(G

e
V
)

yeff

h

ξ=1 (λ = 4×10-10)

1
0

3
G

e
V

1
0

6
G

e
V

1
0

9
G

e
V

TR=M1

C
o
m

p
le

te

d
e
c
a
y

No reheating
No

evaporation

10 105 1010 1015
10-3

0.1

10

103

10-7 10-5 10-3 0.1 1

10-3

10-2

0.1

1

M1(GeV)

m
ϕ
(G

e
V
)

yeff

h

ξ=0.1 (λ = 4×10-12)

FIGURE 8.4: Resulting parameter space for ξ = 0.1, 1, and 10 for g? = 100. Orange lines
represent reheating temperatures and the dashed line, M1 = TR, limits evaporation condi-
tions. Condition (8.85) defines the complete decay and no reheating regions, and conditions

(8.86),(8.87) limit the no-evaporation region.
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The evaporation conditions and the M1 = TR equality, in the dashed line, play an important

role in this analysis. For ξ < 10, regions without an efficient evaporation appear in the center

of the parameter space. As already mentioned, scattering with neutrinos is suppressed when

compared with the Higgs interactions, being negligible for these processes. In this scenario,

the inflaton particles may survive as a Bose condensate.

As we have discussed and is numerically verified in figure 8.2, the inflaton decays until it

becomes kinematically blocked at

φDR =
M1

h
. (8.88)

If the evaporation processes are not sufficient to excite the condensate into the thermal bath,

while the quartic term dominates the inflaton potential, the condensate will stay in a Dark

Radiation (DR) regime, since the scalar field is stable and behaves as a radiation fluid. Once

the quadratic term becomes dominant at

φCDM =

√
1
2

m2
φ

λ
, (8.89)

the inflaton field will behave as Cold Dark Matter (CDM). Since the n
s ratio becomes constant

until today, we can relate it to the current data on the dark matter relic density.

Ωφ0 =
ρφ0

ρc0
=

mφnφ0

3H2
0 M2

P
=

mφs0

3H2
0 M2

P

(nφ

s

)
CDM

. (8.90)

Using that between φDR and φCDM the inflaton field behaves as a radiation fluid and TDR '
TR

φDR

φCDM
' TR

TCDM
. (8.91)

Now, the inflaton number density entropy ratio is given by

(nφ

s

)
CDM

=

(
ρφ

mφs

)
CDM

=
1
2 mφφ2

CDM
2π2

45 g?CDMT3
CDM

(8.92)

Using equations (8.38), (8.91), (8.92), and s0 = 2π2

45 g?0T3
0 in equation (8.90) we obtain

Ωφ0 =

( 2
5

)3/4
π7/2

27× 31/4

(
g3/4
?R g?0

g?CDM

)
T3

0 mφ M1

λ3/4h2H2
0 M3

P
. (8.93)

With H0 = 10−42h0 GeV, g?0 = 3.91, T0 = 2.4× 10−13 GeV and MP ' 2.4× 1018 GeV

Ωφ0h2
0 = 2.9× 10−9

(
g3/4
?R

g?CDM

)
1

λ3/4h2

(
mφ M1

GeV2

)
(8.94)
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which finally results in

mφ = 0.343

(
g?CDM

g3/4
?R

)(
h

0.1

)2 ( λ

10−8

)3/4
(

Ωφ0h2
0

0.1

)(
GeV
M1

)
GeV. (8.95)

Similarly to the evaporation analysis we can study the allowed parameter space using the

relations (8.82), (8.84) and (8.95) with the bounds (8.76), (8.77) and (8.78), having on the last

two the inverse relation. We then find

mφ

2
< M1 <

7.7× 1010 M1mφ

λ1/4 GeV
, (8.96)

mφ . 0.14
(

GeV
M1

)1/2

λ3/4 GeV, (8.97)

mφ . 4.9× 1011
(

GeV
M1

)2

λ3/4 GeV. (8.98)

Since the theory was developed from an perturbative analysis, the parameter h has to be

kept small, h < 1. As additional bounds we must impose TCDM > Teq and TR > TBBN ,

where Teq = 0.79 eV is the temperature at the matter-radiation energy density equality and

TBBN ' 10 MeV. We represent such analysis in figure 8.5.

Although the figures in the evaporation scenario and in the condensate evolution are repre-

sented with different scales due to the different mφ/h relation, the allowed regimes seem to

be complementary, having no overlap between regions. In the regime with larger masses we

have the WIMP solution whereas the condensate hypothesis rests at the regime with smaller

masses, very close to the BBN and the matter-radiation equality temperature bounds.

As we can see in figure 8.4, solutions with h ' 1 are possible. Having the inflation-right-

handed neutrino’s coupling at this order may result high radiative corrections to the inflaton

potential. Allowing the introduction of superpartners, in a supersymmetry context, to the

inflaton and to the right-handed neutrinos with the same coupling h in the equivalent inter-

actions we may cancel out these radiative corrections. This cancellation is only exact in a case

of an exact supersymmetry, due to the opposite sign in the loops for fermions and bosons.

However, since supersymmetry is broken, during inflation, the cancellation is only partial

though being sufficient in this scenario. Nevertheless, such an analysis is beyond the scope

of this thesis.

As a final step on this work, we will try to reproduce the generation of the observed baryon

asymmetry in the Universe through Leptogenesis.
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FIGURE 8.5: Resulting parameter space for ξ = 0.1, 1, and 10 for g? = 100 with no evapo-
ration. Orange lines represent reheating temperatures and the blue dashed line, M1 = TR,
limits the evaporation conditions. The h = 1, TR < TBBN and TCDM < Teq limits are also
represented with the dashed lines. Condition (8.96) defines the complete decay and no re-

heating regions and conditions (8.97) and (8.98) limit the evaporation region.



Chapter 9

Leptogenesis in the Inflaton Dark

Matter Model

As was briefly discussed in chapter 6, the observed baryon asymmetry in the Universe could

be generated from a lepton number violation. We may recall that, as described in chapter 2,

one of the most important consequences of the seesaw mechanism, introduced to account for

the observed lightness of neutrino masses, was precisely a lepton number violation. At the

same time, this generation of a neutrino mass generally requires new CP violating phases

in Yukawa interactions and new heavy singlet neutrino which may decay out of equilib-

rium. Thus, all three Sakharov conditions seem to be satisfied within such a mechanism.

The challenge is then to assess whether such a scenario can actually account for the observed

asymmetry.

In this chapter, we will try to embed a Leptogenesis scenario within the Inflaton Dark Matter

Model, with a thermal production of the third right-handed neutrino, N3, lighter than the

ones produced by the inflaton decay, M3 � M1. Only in the evaporation scenario will we

embed the thermal Leptogenesis due to the required high reheating temperatures, as we will

see later in this chapter. Here we will describe the basic features of such a Leptogenesis sce-

nario within our construction, and the reader is referred to the literature for a more complete

description [73, 91].

A lower bound, coming from the required CP violation, will be imposed on M3 and, as a

consequence, on the reheating temperature. We will see that, within the IDM model param-

eter’s space, with a non-minimal coupling ξ & 2, the necessary baryon asymmetry can be

produced. Different leptogenesis scenarios may also be possible, for example with only non-

thermal production of the two right-handed neutrinos coupled to the inflaton [92, 93], but

this is beyond the scope of this work

81
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9.1 A model of Thermal Leptogenesis

The existence of a seesaw mechanism, introduced to generate the observed light neutrino

masses, has as a direct consequence the generation of a lepton asymmetry. In the light-

est right-handed neutrino (N3) decay to the SM particles we expect to generate this lepton

asymmetry, which is later converted into a baryon asymmetry by the B + L violating pro-

cesses existent in the SM [83, 91]. A simple description of these non-perturbative effects will

be given further in this section.

Following the Sakharov conditions, we can write the baryon asymmetry as

Y∆B '
(

nN3

sT�M3

)
× Csphal × η × ε =

(
135ζ(3)
4π4g?

)
× Csphal × η × ε . (9.1)

The first term is the equilibrium number density for a thermal production of N3. The second

factor, Csphal represents a dilution of the asymmetry due to some processes that redistribute

the lepton asymmetry among other particle species. In this we may include Yukawa, gauge

and B+ L violating non-perturbative effects. The η factor represents an efficiency parameter.

Thermal equilibrium dynamics includes some interactions, such as inverse decays, that may

“washout” the lepton asymmetry produced in the decays of N3. Such processes result in 0 <

η < 1 , with a limiting case of η = 0 for perfect equilibrium and no asymmetry production.

Finally, the ε factor represents the CP asymmetry in the N3 decays. For every 1/ε N3 decays,

there is one more lepton than anti-leptons.

Next, we will further develop this first estimate of the baryon asymmetry by detailing a little

more about these suppression factors.

CP Violation (ε)

The CP asymmetry produced in N3 decays is defined as

ε ≡ Γ (N3 → HL)− Γ (N3 → H̄L̄)
Γ (N3 → HL) + Γ (N3 → H̄L̄)

(9.2)

where L and H represent the lepton and Higgs doublets and N3 = N̄3, since the heavy

neutrino is a Majorana particle.

This asymmetry arises from the interference of tree-level and one-loop amplitudes [73] cor-

responding to the following Feynman diagrams:
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FIGURE 9.1: Diagrams contributing to the CP asymmetry ε.

We can separate both tree and loop matrix elements into a coupling constant and an ampli-

tude Ai

M =M0 +M1 = c0A0 + c1A1 . (9.3)

In the simplest case, for the tree-level decay represented in the Feynman diagrams above

c0 = y3`, A0 (N → HL`) = vL`
PRuN . (9.4)

where PR is right chiral projector. The CP conjugated process matrix element can be written

as

M = c∗0Ā0 + c∗1Ā1 , (9.5)

where in the CP conjugate amplitude, Ā, the vL`
spinors are replaced by uL`

spinors. Using

the relations uL`
(p)uL`

(p) = /p = vL`
(p)vL`

(p), the amplitudes are the same
∣∣Āi
∣∣2 = |Ai|2.

The CP asymmetry can then be written as

ε =

∫
|c0A0 + c1A1|2 δ̃dΠL,H −

∫ ∣∣c∗0Ā0 + c∗1Ā1
∣∣2 δ̃dΠL,H

2
∫
|c0A0|2 δ̃dΠL,H

=
Im (coc∗1)

|c0|2
2
∫
Im(A0A∗1)δ̃dΠL,H∫
|A0|2 δ̃dΠL,H

(9.6)

where δ̃ = (2π)4 δ4 (Pi − Pf
)
, dΠL`,H = d3 pL`

2EL(2π)3
d3 pH

2EH(2π)3 and Pi, Pf are the incoming and

outgoing four momenta, respectively.

The first order loop amplitude A1 has an imaginary part when there are branch cuts corre-

sponding to intermediate on-shell particles, recall Cutkosky rules [94], which may be created

when, in the loops represented in the Feynman diagrams, the Higgs and the Leptons dou-

blets elements are on-shell, thus

2
∫
Im(A0A∗1) = A0 (N → HL)

∫
A∗0
(

N → L̄′H̄′
)

δ̃′dΠL′,H′A0
(

L̄′H̄′ → HL
)

(9.7)

where the X′ notation was used to distinguish the intermediate, and assumed massless, on-

shell states.
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We can now study the limit in which M3 � M1. In this scenario the effects of N1,2 may

be represented by an effective theory with a dimension-5 operator, corresponding to a point

interaction instead of a N1,2 propagator.

In our ε calculation, as a Feynman rule for this operator, we can use ∝ 2Mν/v2 [73], where

Mν is the light neutrino mass matrix, first defined in chapter 2. This comes quite naturally

when we look into the seesaw dynamics. Even though there is also a contribution to Mν

coming from N3 which we did not integrate out, its contribution to the light neutrino mass

matrix does not contribute to the imaginary part, present in ε.

In this approximation we have

c0 = y3`, c1 =
3

v2/2 ∑
`′

y∗3`′ [M∗
ν]`′` (9.8)

where the factor 3 comes from the counting of SU(2)L indices.

Using A0 (L̄′H̄′ → HL) = v̄LPLuL we get

ε =
3M3

16π

2
v2 [y ˚ y†

ν]33
Im

[
∑
`,`′

y3`y3`′ [Mν]`′`

]
. (9.9)

Having in mind that we wish to obtain a bound on the CP parameter, we will further simplify

this expression [91].

Defining the unit three-vector

ŷ` =
y3`√

[y ˚ y†
ν]33

, (9.10)

and using that UT
PMNSMνUPMNS = Md

ν, where the UPMNS is the neutrino mixing matrix

introduced in chapter 2, we have

Im
[
ŷTMνŷ

]
= Im

[
ŷTU∗UTMνUU†ŷ

]
= Im

[
ŷ,T Md

ν ŷ,
]
= Im

[
∑
`

ŷ,2
` m`

]
≤ mmax (9.11)

due to the unitarity of UPMNS, ŷ, is also an unit vector and mmax is the heaviest light neutrino

mass.

As a consequence, we attribute an upper bound to ε, called the Davidson-Ibarra bound [92],

|ε| ≤ 3M3mmax

8πv2 . (9.12)

From here it is possible to obtain a lower bound on M3 and consequently on the required

reheating temperature. However, we can first try to refine this analysis by incorporating

the other two right-handed neutrinos as dynamical degrees of freedom and obtain a better

expression to apply in our IDM model.
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For a not-too degenerate spectrum [73, 92], for instance if Mi −Mj � ΓD, one can write

εi =
1

8π

1
[y ˚ y†

ν]ii
∑

j
Im

{[
yνy†

ν

]2

ij

}
g (xi) (9.13)

where xi ≡ M2
j /M2

i and

g(x) =
√

x
[

1
1− x

+ 1− (1 + x) ln
(

1 + x
x

)]
x�1→ − 3

2
√

x
+ ... . (9.14)

If we assume again that the masses of the right-handed neutrinos are hierarchical, with

M3 � M1 the lepton asymmetry is mostly generated by M3 resulting in

ε ' 3
16π

1
[y ˚ y†

ν]33
∑

j
Im

{[
yνy†

ν

]2

3j

}(
M3

Mj

)
. (9.15)

Using the seesaw result

Mν = −mT
D M−1

R mD = −yT
ν M−1yν

v2

2
(9.16)

we may write

ε ' 3
8π

M3

v2
1

[y ˚ y†
ν]33
Im

{[
yνM†

νyT
ν

]
33

}
, (9.17)

that will have as upper bound equation (9.12). The observed value of the baryon asymmetry

combined with the other suppression factors results in ε & 10−6.

Out-of-equilibrium Dynamics (η)

The non-equilibrium condition necessary for Leptogenesis is ensured by the expansion of

the Universe. With the decrease of the Hubble parameter, after reheating and while in a

radiation dominated Universe, interactions rates will change from faster to slower than H

[73].

As we have seen above, after inflation the Universe is reheated into a thermal bath at TR.

The radiation bath may be composed of the SM particles, if evaporation of the inflaton has

already occurred, or the N1,2 right-handed neutrinos, if M1 < TR.

If the reheating temperature is higher than the mass of the third and lightest right-handed

neutrino, M3 < TR and if the production time scale for such particles is smaller that the age

of the Universe, Γprod > H, a thermal number density of N3 particles may be produced. Since

there is no direct decay from the inflaton into the third right handed neutrino, its production

channels are through inverse decays and in 2-2 scatterings involving the electroweak gauge
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bosons and the top quark. We can estimate such a rate as [73]

Γprod ∼∑
`

y2
t |y3`|2

4π
T . (9.18)

If we assume that Γprod > H, since yt ∼ 1 the N3 decay ΓD, defined in the previous sections,

ΓD =

[
yνy†

ν

]
33 M3

8π
, (9.19)

is also in equilibrium, ΓD > H.

In the above discussion we had to assume Γprod > H, so let us see what consequences it

brings to the IDM parameters. After defining

y2
3 e f f = ∑

`

|y3`|2 (9.20)

we can write
ΓD

H
' 0.2 g−1/2

? y2
3 e f f

MP

T
> 1 . (9.21)

Assuming that for a thermal production of the third right-handed neutrino we need T ∼ 10 M3

we then obtain a relation between this effective coupling and the neutrino mass

y2
3 e f f & 1.7× 10−16 M3

GeV
(9.22)

If we recover the light neutrino mass solutions from chapter 8, equations (8.67) and (8.70),

and use the experimental values for the masses, we see that in the first case

y2
3 e f f ' 1.6× 10−15 M3

GeV
, (9.23)

thus fitting the restrictions. In the second solution, if Eq. (9.22) holds we verify that y2
e f f /M1

and y2
3 e f f /M3 are of the same order confirming the utility of the parameter k ∼ 1− 10. We

thus see that the thermal production assumption is satisfied within the IDM model and no

extra restrictions have to be imposed.

Interactions that are faster than H impose chemical and kinetic equilibrium conditions on

the involved particles and in this scenario the total lepton asymmetry YL ' 0. Although a

lepton asymmetry may arise in N3 decays, any asymmetry is washed out by processes like

the inverse decay or scatterings between the leptons and the Higgs or the leptons and the

N3.
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FIGURE 9.2: Washout processes: Inverse decay, 2↔2 processes ∆L = 2 and ∆L = 1.

An asymmetry will only arise once, for instance, the partial inverse decay width becomes

out of equilibrium

ΓID(HL→ N3) ' ΓDe−M3/T∗ < H . (9.24)

At T∗ the inverse decay rate becomes smaller than H, blocking the production of N3, and the

remaining N3 density becomes Boltzmann suppressed, making these right-handed neutrinos

decay out-of-equilibrium.

The efficiency factor can be estimated as

η ' nN3(T∗)
nN3(T � M)

' e−M3/T∗ ' H(T = M3)

ΓD
. (9.25)

Lepton and B + L violation (Csphal)

The N3 decay violates lepton number, since no consistent attribution of a lepton number can

be assigned to the right-handed neutrinos with the presence of both Majorana and Yukawa

mass terms. The heavy neutrino mass eigenstate, being a Majorana particle, meaning it is its

own anti-particle, can decay into both LH and L̄H̄. With an asymmetry in the decay rates, a

net lepton asymmetry will be generated. The conversion to a baryon asymmetry is obtained

through (B + L)-violating non-perturbative processes existent in the SM.

The renormalizable SM Lagrangian conserves baryon number and the tree lepton flavour

numbers L`. However, due to the chiral anomaly, there are non-perturbative processes that

violate the total lepton number summed with the baryon number, B + L. These configu-

rations, called sphalerons, occurred in the early Universe at temperatures above the elec-

troweak phase transition producing very fast B + L violations. Let us now take a look at

these chiral anomalies.

Chiral Anomalies and B + L violation rates

Let us start from the Lagrangian for a massless Dirac fermion ψ with a U(1) gauge interac-

tions
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L = ψ̄γµ
(
∂µ − iAµ

)
ψ− 1

4e2 FµνFµν . (9.26)

In this Lagrangian there is an invariance under the U(1) symmetry with,

ψ(x)→ eiθ(x)ψ(x), Aµ(x)→ Aµ(x) + ∂µθ(x) , (9.27)

and under a global “chiral” symmetry

ψ(x)→ eiγ5κψ(x). (9.28)

However in the latter case, the associated current

jµ
5 = ψ̄γ5γµψ (9.29)

is only conserved at tree-level and not at loop level. This can be attributed to the loop reg-

ularization, that by introducing a scale, will break chiral symmetry, similarly to a fermion

mass [94]. At one loop order the total divergence involving the gauge fields gives

∂µ jµ
5 =

ερσµν

16π2 FρσFµν . (9.30)

The space-time integral of (9.30) in the case of an Abelian theory is zero, however in the

non-Abelian case, where
[

Aa
µ, Ab

ν

]
6= 0, we obtain a non zero result.

In regards to leptogenesis, the anomalies appearing in SU(2)L, with chiral and non-Abelian

gauge interactions, are of great importance. The participating fermions are the three gen-

erations of quark and lepton left-handed SU(2)L doublets
{

ψi
L
}

= {qa,α
L , `α

L} where a and

α represent, respectively, the color and the generation index. We can write the Lagrangian

representing the SU(2)L interactions as

L = ψ̄i
L

(
∂µ − i

g
2

σAWA
µ

)
ψi

L, (9.31)

where A is an SU(2)L generator index.

Having twelve fields participating in such interactions, 3 lepton and 9 quark fields, we have

one global U(1) symmetry for each field. The chiral currents associated with these transfor-

mations , as before, are conserved at tree-level, but anomalies appear in loop corrections

∂µ ji
µ =

1
64π2 FA

µν F̃µνA . (9.32)
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Defining the charge associated with this current as Qi(t) =
∫

ji
0d3x, and using ∆Q = Qi(+∞)−

Qi(−∞), we see that it is possible to have a field configuration such that

∆Qi =
1

64π2

∫
d4xFA

µν F̃µνA , (9.33)

which is a non-zero integer. This has a consequence, without perturbative processes, of

fermion production [73].

At zero temperature such gauge field configurations are called instantons and have highly

suppressed rates, resulting in negligible B+ L violations [73, 95]. In the Leptogenesis picture,

where temperatures are well above the electroweak phase transition, the dominant (B + L)-

violating processes are called sphalerons and have an approximate rate [96]

ΓB+L violation ' 250α5
W T . (9.34)

Between the temperatures of the electroweak phase transition and 1012 GeV this rate is faster

than the Hubble expansion, H. Thus, the lepton asymmetry produced in the N3 decay, or the

B− L asymmetry, will be converted into a final baryon asymmetry following

Y∆B '
12
37

Y∆(B−L) , (9.35)

where Y∆(B−L) is the B− L asymmetry divided by the entropy density.

9.2 Thermal Leptogenesis and the Inflaton Dark Matter model

Putting all together, with equations (9.1) and (9.35), we have

Y∆B ' 10−3εη . (9.36)

After some work with the Boltzmann equations we expect 0.01 . η . 0.1, thus to account

for the observed Y∆B ∼ 10−10 we need |ε| & 10−5 − 10−6 .

We have obtained a lower bound on the required CP violation to reproduce a successful

leptogenesis and in (9.12) we saw an important relation between the right-handed neutrino

mass M3 and the CP factor, the Davidson-Ibarra bound. Such a result could be explored in

the IDM model in order to obtain a constraint on the lightest right-handed neutrino mass.

After a more rigorous analysis equation (9.17), which is model dependent, can be obtained.

Having our Yukawa and mass matrices defined for the IDM model in chapter 8, it is possible

to further develop such a result for each case obtained in section 8.5.
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When studying the neutrino mass matrices, with a goal of extracting their mass squared, we

have neglected both Majorana and Dirac CP phases existent in the neutrino mixing matrices.

Now, since we are interested in CP violation, such phases are crucial and we will reintroduce

them in our parametrization.

In the first case where

m2 = − v2

M3

(
y2

3e
2

+ y2
3µ

)
, m3 = 0, (9.37)

the Yukawa matrix can be written as

yν =


±y3µγ1/2 ± y3e

2 γ1/2 y1τ

±y3µγ1/2 ± y3e
2 γ1/2 y1τ

y3e y3µ −y3µ

 , (9.38)

and the light neutrino mass matrix

Mν =
m2

3


2 + e−2iφ1 −1 + e−2iφ1 1 + e−2iφ1

−1 + e−2iφ1 1
2 + e−2iφ1 − 1

2 + e−2iφ1

1− e−2iφ1 − 1
2 + e−2iφ1 1

2 + e−2iφ1

 , (9.39)

where γ = M1/M3 and φ1 is the Majorana CP parameter associated with m2 in (2.24). De-

veloping equation (9.17) we obtain

[
yνM†

νyT
ν

]
33

=
m2

3

{
2(y3µ − y3µ)

2 +
(
y3e + 2y3µ

)2 e2iφ1
}

, (9.40)[
y ˚ y†

ν

]
33

= |y3e|2 + 2
∣∣y3µ

∣∣2 . (9.41)

If we write yi` = |yi`| eiψ1` and further develop equation (9.40)

ε ' 3
8π

M3

v2
1

[y ˚ y†
ν]33
Im

{[
yνM†

νyT
ν

]
33

}
(9.42)

we obtain

ε ' 3
8π

M3m2

v2
1

|y3e|2 + 2
∣∣y3µ

∣∣2 .

×
{
|y3e|2

3
[2 sin (2ψ3e) + sin (2ψ3e + 2φ1)] +

4 |y3e|
∣∣y3µ

∣∣
3

[
sin
(
ψ3e + ψ3µ + 2φ1

)
− sin

(
ψ3e + ψ3µ

)]
+

2
∣∣y3µ

∣∣2
3

[
sin
(
2ψ3µ

)
+ 2 sin

(
2ψ3µ + 2φ1

)]}
. (9.43)
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As an upper limit, the ratio
Im{[yνM†

νyT
ν ]33}

m2[y ˚ y†
ν]33

≤ 1 resulting in an upper bound

|ε| . 3M3m2

8πv2 . (9.44)

In the second case

m3 = −v2

(
2y2

1µ

M1
+

y2
3µ

M3

)
, m2 = 0, (9.45)

by performing a similar analysis with

yν =


0 y1µ y1µ

0 y1µ y1µ

0 y3µ y3µ

 , (9.46)

and

Mν =
m3e−2iφ2

2


0 0 0

0 1 1

0 1 1

 , (9.47)

we obtain

ε ' 3
8π

m3M3

v2

2
∣∣y3µ

∣∣2 sin
(
2ψ3µ + 2φ2

)
2
∣∣y3µ

∣∣2 =
3

8π

m3M3

v2 sin
(
2ψ3µ + 2φ2

)
. (9.48)

In both scenarios the model independent bound on ε was recovered with mmax = m2,3.

Finally, we can obtain the lower bound on M3 and apply it to the IDM model. From equation

(9.12) we have

M3 &
8π

3
v2

mmax
|ε| ' 109 GeV. (9.49)

Since the only mean of N3 production is through thermal interactions the condition TR > M3

is required. Imposing TR & 10 M3, we arrive at a lower bound on the reheating temperature

TR & 1010 GeV. (9.50)

Unlike the M3 value, we can apply the bound on the reheating temperature on the IDM

model with evaporation parameter space and observe its restrictions as shown in figure 9.3.

As we can see, thermal leptogenesis is only realizable for ξ & 2 and in the region where

TR < M1, due to the very high required reheating temperature . Moreover, thermal Lepto-

genesis can only occur in the upper limit of the parameters h, mφ and ye f f , excluding the

parameter space of the no-evaporation regime, as seen in chapter 8. The allowed values stay

around h ∼ 1 or mφ ∼ 103 GeV and ye f f ∼ 0.1.
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FIGURE 9.3: Resulting parameter space for ξ = 2, 10. Thermal leptogenesis region starts to
appear for ξ = 2 due to the high required reheating temperatures.

Other means of generating a lepton asymmetry could be realizable, for instance, with only

non-thermal production of the right-handed neutrinos during inflation, but this is outside

the scope of this work.



Chapter 10

Conclusions

In this work, we have developed an unification model where we describe, using the same

field, an inflationary evolution and the dark matter content of the Universe, due to an incom-

plete decay of the inflaton. At the same time, this incomplete decay introduces right-handed

neutrinos that allow the generation of light neutrino masses and also the generation of the

observed baryon asymmetry in the Universe through a thermal Leptogenesis evolution.

We started with a review of the introductory topics for this thesis. First, we gave a descrip-

tion of the basic features of neutrino physics including the seesaw mechanism, a description

of neutrino mass and mixing matrices and neutrino oscillations. Moving to cosmology, we

introduced the Standard Cosmological paradigm and then the inflationary evolution. In the

latter, after describing the basic dynamics, we have detailed how the experimental observ-

ables can be related to the metric and matter fluctuations and to the slow-roll parameters. We

then discussed Dark Matter basic notions and reproduced the standard WIMP’s abundance

calculation. Finally, we discussed the three Sakharov Conditions [2] to then introduce some

models of Baryogenesis.

After setting the ground, we then moved to the model’s description. We began by reviewing

the incomplete decay features of the Inflaton Dark Matter model [1]. We described a system

composed of the inflaton, following the inflationary slow-roll description, and two fermions,

later to be identified with two right-handed neutrinos. The imposition of a discrete symme-

try resulted in a coupling between the two fermions and the inflaton with the same modulus

but opposite sign, and the same bare mass for the two fermions. The symmetry also forbids

all inflaton decay channels except into the two fermions, even in decays through off-shell

fermion modes. Thus, if the fermion tree-level mass M1 > mφ/2, where mφ is the inflaton

mass, the inflaton may be stable at late times leaving room for it to account for dark matter.

From the coupling with the inflaton the two fermions acquire an effective mass, dependent

on the scalar field values, M± = |M1 ± hφ|, which unlocks the inflaton decay while the field

93
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is oscillating with large amplitudes. We then verified that an effective reheating is possible

within the described dynamics, while using a quadratic term in the inflaton potential.

As a next step, since no real description of the transition to the Standard Model (SM) particles

was given and inflation with a quadratic potential does not agree with experimental results,

we provided a more realistic construction of the IDM dynamics. To solve the first problem we

have introduced right-handed neutrinos as the model’s fermions and allowed the interaction

with the SM degrees of freedom through an Yukawa coupling with the Higgs and the lepton

doublets. To answer the second issue a non-minimal coupling to gravity and an extra quartic

potential term were introduced.

The non-minimal coupling between gravity and the inflaton field and the complete potential

resulted in a relation between the non-minimal coupling, ξ, and quartic potential couping

constant, λ. This relation was fixed by Planck’s data [54] on scalar perturbations. The exper-

imental values of the scalar to tensor ration and the scalar spectral index imposed a lower

bound on the ξ value and consequently on the 4-point self interaction of the inflaton.

Since inflation occurs for high φ values the quartic potential dominates and describes the

reheating period. Similarly to the quadratic case we verified that is possible to generate a

successful reheating. Such requirement resulted in an upper bound on the right-handed

neutrino mass. Then, we have described how the transition to both standard cosmology and

particle physics may have occurred.

We described the right-handed neutrinos decay into the SM degrees of freedom and we con-

cluded that there are two different regimes for the right-handed neutrino mass, with impor-

tant implications to the evolution of the remnant inflaton particles. The incomplete decay

of the inflaton produces a thermal bath of right-handed neutrinos and possibly of the SM

particles, if their decay is already allowed. These particles present in the radiation bath will

in turn scatter off the inflaton bosons in the condensate state leading to its evaporation.

In the regime where the reheating temperature TR > M1 the right-handed neutrinos will still

be in the thermal bath, thus participating in the evaporation process together with the other

SM particles. However if TR < M1 , the right-handed neutrinos would already have decayed

leaving only its decay products for the evaporation process. Naturally, this resulted in two

different evaporation conditions for each regime. Having evaporated, the inflaton becomes a

part of the thermal bath and will follow the common WIMP evolution, allowing us to relate

our parameters to the dark matter measured abundance.

A different path may occur, since the inflaton may not evaporate. In this scenario the inflaton

may evolve as a Bose condensate. After the inflaton decays become kinematically blocked,

the inflaton becomes stable and the condensate enters a Dark Radiation regime while the

field oscillates in the quartic potential. When the quadratic potential term becomes dominant
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the condensate will mimic a stable non-relativistic fluid, thus behaving as Cold Dark Matter.

Using the fact that the ratio of nφ/s becomes constant, with nφ being the inflaton number

density and s the entropy density of the Universe, we can again relate our parameters to the

measured dark matter abundance.

We have then studied the low energy implications of the introduction of the right-handed

neutrinos. The Majorana mass term, coming from the masses of N1, N2 and N3, and the

Dirac mass term, from the Yukawa interactions with the Higgs boson and the left-handed

neutrinos, through the seesaw mechanism generate masses for the light neutrino states. The

IDM imposed symmetry resulted in a massless and two other massive light neutrinos. Us-

ing a tribimaximal mixing matrix we obtained two independent solutions for the neutrino

masses and with the experimental values coming from neutrino oscillations [45] we have

obtained a relation between our parameters.

Putting everything together we have obtained the results in figures 8.4 and 8.5 for both the

evaporation and no-evaporation hypothesis. In the former we saw a broad parameter space

including high mass, M1 & 1010 GeV, mφ & 103 GeV, or high couplings and low energy

solutions, M1 . 1 GeV, mφ . 10−3 GeV. The M1 = TR equality plays a very important role

since it limits the allowed evaporation processes. In the no-evaporation case, the possible

solutions rest in the low energy limit, M1 ∼ 10−5 GeV, mφ ∼ 1 eV, with the reheating

temperatures very close to the required temperatures for the synthesis of light elements.

Finally, we embedded a thermal Leptogenesis description within our model. We described

the thermal production of a third right handed-neutrino, N3, lighter than the other two,

recalling that the inflaton can only decay to the other two right handed neutrinos. The lep-

ton asymmetry is produced in the N3 out-of-equilibrium decay to the SM lepton and Higgs

doublets that later is converted to a baryon asymmetry through non-perturbative sphaleron

processes existent in the SM. Studying the CP violation in these lepton number violating

processes we recovered the Davidson-Ibarra bound [92]. Applying it to our model and us-

ing the values of the measured baryon asymmetry we have obtained a bound on M3. Since

for a thermal production of the third right-handed neutrino TR & 10 M3, we derived a con-

dition for the IDM parameters. As described in figure 9.3, only solutions with ξ & 2 and at

very large masses for both the inflaton and the N1, N2 neutrinos are possible.

In summary, our results reveal that we have conceived a consistent model that may connect

some of the current and most important problems in particle physics and cosmology, namely

the inflationary dynamics, the mass nature of light neutrinos, the unknown structure of dark

matter and the observed baryon asymmetry in the Universe.

As paths for further development of our model we may for instance, look for possible LHC

interaction signatures for direct or indirect detection of our model particles. However, their
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detection seems to be difficult, since its particles stay either in a very high energy regime,

with M1 well above the TeV scale, making impossible in a near future to detect them, or

at very low couplings, ye f f ∼ 10−7, turning the interactions very hard to detect. Another

possibility to expand our model is through a supersymmetric extension, addressing the ra-

diative corrections problem. A different path also left to explore is through a non-thermal

production of the right-handed neutrinos responsible for the lepton asymmetry generation.



Bibliography

[1] M. Bastero-Gil, R. Cerezo and J. G. Rosa, Inflaton dark matter from incomplete decay, Phys.

Rev. D93, 103531 (2016), arXiv:1501.05539 [hep-ph] .

[2] A. D. Sakharov, Violation of CP Invariance, C asymmetry, and baryon asymmetry of the uni-

verse, Pisma Zh. Eksp. Teor. Fiz. 5, 32 (1967), [Usp. Fiz. Nauk161,no.5,61(1991)].

[3] A. E. Bernardini and O. Bertolami, Perturbative approach for mass varying neutrinos coupled

to the dark sector in the generalized Chaplygin gas scenario, Phys. Rev. D77, 083506 (2008),

arXiv:0712.1534 [astro-ph] .

[4] A. E. Bernardini and O. Bertolami, Stationary condition in a perturbative approach for mass

varying neutrinos, Phys. Lett. B662, 97 (2008), arXiv:0802.4449 [hep-ph] .

[5] A. T. Manso and J. G. Rosa, ν-Inflaton Dark Matter, (2018), arXiv:1811.02302 [hep-ph] .

[6] H. Fritzsch, M. Gell-Mann and H. Leutwyler, Advantages of the color octet gluon picture,

Physics Letters B 47, 365 (1973).

[7] D. J. Gross and F. Wilczek, Ultraviolet Behavior of Non-Abelian Gauge Theories, Phys. Rev.

Lett. 30, 1343 (1973).

[8] S. Weinberg, Non-Abelian Gauge Theories of the Strong Interactions, Phys. Rev. Lett. 31, 494

(1973).

[9] S. L. Glashow, Partial-symmetries of weak interactions, Nuclear Physics 22, 579 (1961).

[10] S. Weinberg, A Model of Leptons, Phys. Rev. Lett. 19, 1264 (1967).

[11] A. Salam, Weak and Electromagnetic Interactions, 8th Nobel Symposium Lerum, Sweden, May

19-25, 1968, Conf. Proc. C680519, 367 (1968).

[12] P. Higgs, Broken symmetries, massless particles and gauge fields, Physics Letters 12, 132

(1964).

[13] F. Englert and R. Brout, Broken Symmetry and the Mass of Gauge Vector Mesons, Phys. Rev.

Lett. 13, 321 (1964).

97

http://dx.doi.org/ 10.1103/PhysRevD.93.103531
http://dx.doi.org/ 10.1103/PhysRevD.93.103531
http://arxiv.org/abs/1501.05539
http://dx.doi.org/10.1070/PU1991v034n05ABEH002497
http://dx.doi.org/10.1103/PhysRevD.77.083506
http://arxiv.org/abs/0712.1534
http://dx.doi.org/10.1016/j.physletb.2008.02.066
http://arxiv.org/abs/0802.4449
http://arxiv.org/abs/1811.02302
http://dx.doi.org/ https://doi.org/10.1016/0370-2693(73)90625-4
http://dx.doi.org/10.1103/PhysRevLett.30.1343
http://dx.doi.org/10.1103/PhysRevLett.30.1343
http://dx.doi.org/10.1103/PhysRevLett.31.494
http://dx.doi.org/10.1103/PhysRevLett.31.494
http://dx.doi.org/https://doi.org/10.1016/0029-5582(61)90469-2
http://dx.doi.org/ 10.1103/PhysRevLett.19.1264
http://dx.doi.org/https://doi.org/10.1016/0031-9163(64)91136-9
http://dx.doi.org/https://doi.org/10.1016/0031-9163(64)91136-9
http://dx.doi.org/10.1103/PhysRevLett.13.321
http://dx.doi.org/10.1103/PhysRevLett.13.321


98 IDM WITH NEUTRINOS

[14] J. Goldstone, A. Salam and S. Weinberg, Broken Symmetries, Phys. Rev. 127, 965 (1962).

[15] R. N. Mohapatra and A. Y. Smirnov, Neutrino Mass and New Physics, Elementary particle

physics. Proceedings, Corfu Summer Institute, CORFU2005, Corfu, Greece, September 4-26,

2005, Ann. Rev. Nucl. Part. Sci. 56, 569 (2006), arXiv:hep-ph/0603118 [hep-ph] .
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