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Abstract

Leptogenesis is an attractive mechanism that simultaneously explains the matter-
antimatter asymmetry of the universe as well as the small masses of the standard model
neutrinos. This is performed by naturally extending the standard model with the in-
sertion of right handed neutrinos. Leptogenesis is usually studied via the semi-classical
Boltzmann equations. However, these equations suffer from basic conceptual problems
and they lack to include many quantum phenomena, such as memory effects and co-
herence oscillations. In order to fully describe leptogenesis, a full quantum treatment is
required. In this work we show how to address leptogenesis systematically in a purely
quantum way. We start by studying scalar and fermionic excitations in a plasma by
solving the Kadanoff-Baym equations of motion for Green’s functions, with significant
emphasis on the initial and boundary conditions of the solutions. We compute ana-
lytically the asymmetry generated from the departure of equilibrium of a particle in
a thermal bath. The comparison with the semi-classical Boltzmann approach is also
analysed, leading to a qualitative difference between both methods. The non-locality
of the Kadanoff-Baym equations shows how off-shell effects can have a huge impact on
the generated asymmetry, effects that cannot be studied with the Boltzmann equations.
The insertion of standard model interactions like the decay widths for the particles of
the bath is also discussed. We explain how with a trivial insertion of these widths we
regain locality on the processes, i.e. we regain the Boltzmann equations.



Zusammenfassung

Leptogenese ist ein attraktiver Mechanismus zur gleichzeitigen FErklarung der
Materie- Antimaterie-Asymmetrie des Universums sowie der kleinen Massen der Stan-
dardmodellneutrinos. Er beruht auf der natiirlichen Erweiterung des Standardmod-
ells um rechtshindige Neutrinos. Leptogenese wird iiblicherweise mittels semiklassis-
cher Boltzmanngleichungen studiert, welche jedoch mit prinzipiellen Schwierigkeiten
einhergehen und bei der Beschreibung von Quantenphdnomenen fehlschlagen. Solche
Effekte, wie etwa Gedéachtniseffekte und kohérente Oszillationen, sind wesentlich fiir
die vollstiandige Beschreibung der Leptogenese. In dieser Arbeit zeigen wir wie sich
Leptogenese systematisch durch rein quantenmechanische Methoden untersuchen lasst.
Zunéchst 16sen wir dazu die Kadanoff-Baym-Bewegungsgleichungen fiir Greensfunktio-
nen skalarer und fermionischer Anregungen in einem Plasma, wobei wir besonders die
Bedeutung von Anfangs- und Randbedingungen fiir die Lésungen betonen. Wir berech-
nen die Asymmetrie, welche durch die Entfernung eines Teilchens aus dem Gleichgewicht
in einem thermischen Bad generiert wird, analytisch. Der Vergleich mit der semiklas-
sischen Boltzmannbeschreibung wird ebenfalls durchgefiihrt und zeigt die qualitativen
Unterschiede beider Methoden auf. Die Nichtlokalitdt der Kadanoff-Baym-Gleichungen
belegt den groSen Einflu§ von Off-shell-Effekten auf die generierte Asymmetrie, Effekte,
welche nicht mittels Boltzmanngleichungen studiert werden kénnen. Die Einfithrung von
Standardmodellwechselwirkungen, etwa von Zerfallsbreiten der Teilchen im Bad, wird
ebenfalls diskutiert. Eine triviale Beriicksichtigung dieser Breiten ist gleichbedeutend
mit der Wiedergewinnung der Lokalitdat der Prozesse, fithrt also zuriick zur Beschrei-
bung durch Boltzmanngleichungen.
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Introduction

One of the few parameters from the early universe that we can measure today with high
accuracy, is the Baryon Asymmetry of the Universe (BAU). The baryon asymmetry
density per photon density has been determined from Big-Bang-Nucleosynthesis (BBN)
to be [1]

pBBN =B TB (51— 6.5)x 1071, (0.0.1)

Ty

The same parameter has also been measured with great accuracy by the Wilkinson
Microwave Anisotropy Probe (WMAP) with a very similar result [2]

nWMAP — (6,194 0.15) x 10710 (0.0.2)

In order to explain this asymmetry a variety of different methods have been devel-
oped, like GUT baryogenesis [3-10|, electroweak baryogenesis [11-19], Affleck-Dine
baryogenesis [20-22|, vMSMM mechanism [23] among others. The common aspect
from these models is, that they need to fulfill the Sakharov conditions [24].! The
standard model (SM) can in principle satisfy this conditions and generate an asym-
metry. However, the asymmetry created by the SM is too small to explain the data.
It is necessary to extend the SM and allow for new possible sources to generate
sufficient asymmetry. One of the most simple and natural ways of extending it is
to embed an additional neutrino with right-hand chirality, giving rise to Thermal
Leptogenesis [25-28]. With the help of the see-saw mechanism [29,30], thermal leptoge-
nesis can in principle explain the BAU and also the smallness of the SM neutrino masses.

Thermal leptogenesis has been a very popular model to explain the BAU during
the past couple of decades. This model describes the BAU via a previous asymmetry
on the leptonic sector and then translated to a baryon-asymmetry via processes called
Sphalerons [31,32]. The principal idea of leptogenesis is to create an asymmetry with
the decay of the heavy Majorana neutrinos that appear after the seesaw mechanism
is used. These CP-violating decays become important when the temperature is of the
order of the mass of the decaying particle (~ 10° GeV), below this threshold they
are exponentially suppressed. Such high reheating temperatures can have important
cosmological consequences. In supersymmetric scenarios where the mass of the gravitino
lies below 10 TeV its late decay typically destroys the successful predictions of the

Lsee Sec. 1.2 for more details.
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Standard Big Bang Nucleosynthesis (BBN) scenario [33,34]. However, if the gravitino
is itself the LSP and hence stable, the late decay of the NLSP again causes similar
problems [35-42]. Many ways of circumventing these problems have been proposed,
like the small violation of R-parity [43], the decay of the NLSP into hidden sector
particles [44,45] or the production of entropy before BBN [46].

The dynamics of leptogenesis is commonly described with the Boltzmann equations.
These are first order differential equations that characterise the time evolution of
number particle densities or distribution functions. The Boltzmann equations are well
known to work for describing the creation of light elements such as H and He, and
for the decoupling of the cosmic microwave background (CMB) from the primordial
plasma [47,48|. However, they are semi-classical equations and may fail to describe
strongly coupled systems or quantum phenomena such as coherent oscillations or
quantum interference. Since leptogenesis originates from quantum effects, a full
quantum treatment to leptogenesis is indispensable.

In order to obtain a better understanding of leptogenesis, many authors have
upgraded the Boltzmann equations to the so-called quantum Boltzmann [49-52] or the
full quantum Boltzmann equations [53-58] equations. In this scenario, many properties
have been studied, for example in [59-67] flavour effects are taken into account.
In [68-71] it was also demonstrated, that the CP-violating parameter is resonantly
enhanced if two of the heavy Majorana neutrinos have a difference in mass comparable
to their decay widths. The basic idea behind quantum- or full-quantum Boltzmann
equations is to promote the scattering matrix elements inside the collision term of
the Boltzmann equations to contain matrix elements calculated from quantum field
theory. This type of procedure is valid only when particles in the thermal bath can be
represented as quasi-particles with well defined thermal masses and widths. However,
when the temperature is increased, the quasi-particle or thermal Breit-Wigner repre-
sentation breaks down [72|. This happens when the imaginary part of the self-energy,
i.e. the decay width, becomes non-negligible with respect to the mass scale of the system.

The quantum Boltzmann equations represent a first order approximation to a full
quantum theory [73]. They are only valid when the width of the generated particle
in the plasma is small. However, taking the first order approximation is not well
justified. Because leptogenesis is a purely quantum phenomenon, quantum interference
is a crucial factor where off-shell effects can be important. When only the first order
approximation is taken into account, all off-shell effects in the quantum interference are
neglected, leading to an erroneous result.

The full treatment of non-equilibrium processes in quantum field theory is usually
based either on Kadanoff-Baym equations [74] and the Schwinger-Keldysh formal-
ism |[75-80] or on stochastic Langevin equations [81-84|. The Kadanoff-Baym equations
are the thermal analogs to the Schwinger-Dyson equations [85], and its first order solu-
tion in an expansion around its center of mass coordinate after a Wigner transformation
gives back the normal Boltzmann equations. Again, making this approximation, i.e.
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neglecting higher order solutions in this derivative expansion, is only valid when the
non-equilibrium process is very close to equilibrium. However, leptogenesis is generated
from far from equilibrium process, and quantum effects that come from the interference
between the center of mass of the non-equilibrium field and the thermal bath are very
important.

In our work, we solve exactly the Kadanoff-Baym equations for the excitations in a
plasma. We concentrate our analysis on the evolution of correlation functions instead of
particle number densities or distribution functions, with special focus on the boundary
and initial conditions of the correlators. The understanding of the non-equilibrium
dynamics of this excitations is one of the most important aspect of our work in order to
be able to move towards a complete quantum theory of leptogenesis. In this scenario,
a non-equilibrium Majorana neutrino is created in thermal bath, and its quantum
interference with the plasma explains the expected asymmetry.

In order to be able to solve the Kadanoff-Baym equations some important simpli-
fications need to be made: a) the thermal bath is homogenous and isotropic, b) the
temperature of the bath varies much slower than the expansion of the universe, so the
bath remains in equilibrium, c¢) the thermal bath is strongly coupled and its many
degrees of freedom make back-reaction of the out-of-equilibrium particle negligible.
We will show how the time-translation invariance of the self-energy of the bath that
comes from these three conditions, allows us to solve analytically the Kadanoff-Baym
equations. However, for the case of leptogenesis, the self-energy is not time-translational
invariant due to the non-equilibrium decay of the Majorana neutrino within the bath.
Here an expansion around equilibrium can be performed by considering the asymmetry
to be generated close to equilibrium. This, however, does not contradict the fact that
the Majorana neutrino is produced far away from equilibrium.

In this work we are able to stretch the understanding of full quantum leptogenesis by
studying the dynamics of a weakly coupled Majorana neutrino to a thermal bath, which
explains the observed matter-antimatter asymmetry. The Kadanoff-Baym equations give
us all the information of the quantum dynamics of the asymmetry, where now all on-
shell and off-shell effects can be clearly studied. In order to understand the differences
between the semi-classical formalism and a full quantum one, there is no need to perform
a quantitative calculation, but a qualitative comparison is enough to see how important
off-shell effects are, and how quantum interference plays a crucial role.
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Outline

In Chapter 1, we briefly summarise the ingredients to successfully produce a baryon
asymmetry in the universe. We start in Sec. 1.1 by describing different models for
baryogenesis. Through Sec. 1.2 to 1.8, we explain different mechanisms commonly used
for an asymmetry generating model, such as the seesaw mechanism, sphaleron processes,
Boltzmann equations and the introduction of a CP violating parameter. In Sec. 1.9 and
1.10, we discuss the fundamentals of thermal leptogenesis and its limitations to be a
full quantum theory.

In Chapter 2, we describe the non-equilibrium dynamics of particles in a thermal
bath. We show a quantum description via the Kadanoff-Baym equations of the creation
and subsequent thermalization of a particle. In Sec. 2.1 we concentrate on scalar particles
in order to study the special characteristics of this quantum model for a simple system.
In Sec. 2.2 and 2.3, the same procedure is performed for fermionic particles, first for a
general massive fermion, and is afterwards extended to massless leptons and Majorana
fermions. We obtained an analytical solution with well defined boundary and initial con-
ditions for non-equilibrium propagators for a particle which is created in a thermal bath.

In Chapter 3, we apply the previously discussed non-equilibrium dynamics to
thermal leptogenesis. In Sec. 3.1 the Boltzmann procedure is used for coupled
differential equations describing the production of Majorana particle and the lepton
asymmetry. The solution is obtained for a system with neglected wash-out terms. The
full quantum procedure for leptogenesis is described in Sec. 3.2. We start by showing
the coupled Kadanoff-Baym equations, with one of them already solved in Chapter 2.
In Sec. 3.2.4, the generated asymmetry is defined for the full quantum treatment, and
the solution is compared to the Boltzmann solution given in Sec. 3.2.5, pointing out
the qualitative differences between both methods. In Sec. 3.3, we discuss the problem
of introducing standard model correction to the particles inside the thermal bath, and
in Sec. 3.4 we present the possibility of having a flavour structure in the Majorana sector.

In Chapter 4, we summarise the results and discuss the possibility of expanding
the work by including more realistic aspects of leptogenesis, such as flavour structure,
expansion of the universe and non-perturbative standard model corrections. The results
of this work have previously been published in [86] and [87].
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Chapter 1

Thermal leptogenesis

In this chapter we will describe the basic aspects of thermal leptogenesis. An overview
description about its fundamental principles is given. Ingredients such as the seesaw
mechanism, sphaleron processes and Boltzmann equations are described in order to
outline the actual context of the problem.

1.1 Baryon asymmetry in the universe (BAU)

Many different models have been developed to explain the BAU, Although none of
them have been experimentally confirmed, many suffer from theoretical cosmological
problems. As an example for baryogenesis models we can start by looking at the following

GUT baryogenesis [3-10]

GUT baryogenesis is a good start for understanding leptogenesis, since both
approaches are mathematically quite similar. In this scenario, baryogenesis could be
created from the non-equilibrium decay of heavy bosons in Grand Unified Theories.
B violation is also satisfied by the decay and CP violation comes from the complex
Yukawa couplings. This models are today almost ruled out because they requires higher
reheating temperature from inflation than is required. Unwanted relics as monopoles
and heavy gravitinos are generated. The GUT baryogenesis has also difficulties with
the non-observation of proton decay, which puts a lower bound on the mass of the
decaying boson, and therefore on the reheating temperature. Furthermore, in the
simplest GUTs, B + L is violated but B — L is not. Consequently, the B + L violating
SM sphalerons, which are in equilibrium at 7' ~ 10'? GeV, would destroy this asymmetry.

Electroweak baryogenesis [11-19]

Elextroweak baryogenesis is the name for a class of models where the departure
from thermal equilibrium is provided by the electroweak phase transition. In principle,
the SM belongs to this class, but the phase transition is not strongly first order and
the CP violation is too small. Thus, viable models of electroweak baryogenesis need
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a modification of the scalar potential such that the nature of the electroweak phase
transition changes, and new sources of CP violation. One example insertion of two Higgs
doublet, where the Higgs potential has more parameters and, unlike the SM potential,
violates CP. Another interesting example is the MSSM (minimal supersymmetric
SM), where a light stop modifies the Higgs potential in the required way and where
there are new, flavour-diagonal, CP violating phases. Electroweak baryogenesis and, in
particular, MSSM baryogenesis, might soon be subject to experimental tests at the LHC.

The Affleck-Dine mechanism [20-22]

In the Affleck-Dine baryogenesis the asymmetry arises in a classical scalar field,
which later decays to particles. In a SUSY model, this field could be some combination
of squark, Higgs and slepton fields. The field starts with a large expectation value,
and rolls towards the origin in its scalar potential. At the initial large distances from
the origin, there can be contributions to the potential from baryon or lepton number
violating interactions (mediated, for instance, by heavy particles). These impart a net
asymmetry to the rolling field. This generic mechanism could produce an asymmetry
in any combination of B and L.

Thermal leptogenesis [25-27]

Thermal leptogenesis describes the baryon asymmetry via a previous asymmetry
generated in the leptonic sector. Which is later partially converted to a baryon
asymmetry via sphaleron processes. In order to obtain a lepton asymmetry, the SM
needs to be extended by introducing a right-handed neutrino. The use of the seesaw
mechanism will generate heavy Majorana neutrinos which will decay out-of-equilibrium
and violate CP in the process.

In this work we will focus on the mechanics on thermal leptogenesis by describing
the generation of an out-of equilibrium heavy Majorana neutrino. In what follows we
will describe the basics of thermal leptogenesis.

1.2 Sakharov’s conditions

To successfully produce a baryon asymmetry, Andrei Sakharov [24] summorised the three
conditions that must be satisfied:

1. Baryon number violation,
2. C-symmetry and CP-symmetry violation,
3. Out of equilibrium dynamics.

These three conditions can already be found to be satisfied in the SM, although the
generated baryon asymmetry turns out to be small. Each of the three conditions can be
fulfilled separately
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1. Baryon number is violated in the standard model via the triangle anomaly [31],
where a selection rule is obeyed, AB = AL = 43. The amplitude of this
baryon number violating process is proportional, at zero temperature, to e=2%/®
O(1071). For large temperatures (7' ~ 103 GeV) this suppression disappears.

~

2. C-symmetry and CP-symmetry violation occur in the weak interactions of the
SM via the Kobayashi-Maskawa mechanism [88]. Because of the smallness of the
masses involved, the amount of asymmetry that arises with this CP violating
mechanism is not sufficient to explain the asymmetry of the universe.

3. Out of equilibrium dynamics in the SM are present, if the electro-weak phase
transition is of first order [11]. However, this phase transition is not as strong as
required by baryogenesis.

All of this indicates the standard model must be extended with a new source of CP
violating processes and a departure from equilibrium that gives us a successful model
for baryogenesis. The most simple scenario to extend the SM will give rise to thermal
leptogenesis, where the three Sakharov conditions are fulfilled:

1. Lepton number violation occurs due to the Majorana mass that arises from the
see-saw mechanism. Afterwards this lepton number asymmetry will translate to a
baryon asymmetry via sphaleron processes.

2. Flavour interactions of the massive Majorana neutrinos with the SM particles will
give us the right amount of C and CP asymmetry necessary (These interactions
come from the quantum interference between one-loop and tree level diagrams).

3. Expansion rate of the universe is much faster than the reaction rate which generates
the asymmetry, this will guarantee that the processes are out of equilibrium.

1.3 Type I seesaw mechanism

The seesaw mechanism |29, 30] is a renormalizable model that not only explains
the smallest of the neutrino masses but also provides us with all the ingredients for
explaining the baryon asymmetry in the universe.

The basic idea is to include three heavy right-handed neutrino singlets to the SM.
Because these new neutrinos are electro-weak singlets, we can introduce a Majorana
mass term in the Lagrangian without affecting chirality and gauge properties of the SM.
The new Lagrangian that includes the new mass and Yukawa term reads

— Mp—m—
—L = YVELQSVR + TR(I/R)CI/R + h.c. s (131)

where Mp is the mass for the RH neutrino. The coupling to the Dirac neutrinos (V)
will give rise to small Dirac masses. In order to see this, we first notice that the size of
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[ 8
~

vy, ° vy,

Figure 1.1: Diagram representing the type I seesaw realisation of the small Majorana
mass for the LH neutrino with m,, ~ (¢0>2 Y, Mz' YT (up to a multiplicative constant).

MR is arbitrary and we can assume that it is very large. As a quick computation we can
integrate out the heavy RH field, obtaining the effective Lagrangian

2
v

i T pc
S 00 (1.3.2)

Lepy =

In this way we can obtain an effective small mass for the Dirac neutrinos (for Mg > (¢°)
see figure 1.1).

m, = (6% Y, Mz . (1.3.3)

The effective mass of the neutrinos is inverse proportional to the mass of the right
handed neutrinos, hence the name see-saw. To be more precise, one can obtain the above
result by rearranging the mass terms of the Lagrangian (1.3.1) in a matrix form

n

1
—£=3 Y Wilmp)ivir + (Wir)(mp)siviy + (vr) (Mg)ivsr) + he. . (1.34)

0]

where mp =Y, (¢°) and we have used the fact that 7 vr = (vg)¢(vz)¢. Then the above
equation can be factorised as

1 . C
E = —<7L,I/CR)M< VL ) +hC s (135)
2 VR
with
ML mp
M = ( AL ) . (1.3.6)
where v, = (vi7,...,v,)T and vg = (g, ..., Vug)T. Assuming that the eigenvalues

of mp are much less than those of Mg, the neutrino mass matrix in (1.3.6) may be
diagonalized (to first order in M;'m%) by

VMVT ~ ( mpMp'mp, - 0 )

J M (1.3.7)

where

_ I (Mp'mE)f il 0
V= ( M 7 0o 1) (1.3.8)
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The second matrix in the definition of (1.3.8) is included to ensure all mass eigenvalues
are positive. If we let (v, N')T = (v, v%)TVT and define a set of Majorana fields:

(3)=(viih ) 10

then the mass terms of the Lagrangian become

1 _
—L£, = 5(mDM}glmlT))m/ + MgNN + h.c.,

= m,ov+ MrNN + h.c. . (1.3.10)

It is easy to see that this model gives rise to two sets of Majorana neutrinos: the light
ones (v) with mass matrix m, ~ mpMp'mb = (¢°) Y, M;'Y,"| and the heavy ones (N)
with mass My = Mpg. A particularly attractive feature, is that the smallness of m,, is a
direct consequence of the large mass scale of Mg, which may have its origin from higher
unification theories.

1.4 Other seesaw models

Beside Type I seesaw, there exist other extensions to the SM which lead to effective
Majorana masses. These seesaw models provide alternative ways to understand the
smallness of neutrino masses, and hence are of great interest to model builders. We will
briefly review them here despite the fact that they play no direct role in our current
work.

Type II seesaw

Instead of extending the SM by adding heavy singlet fermions, one can make use of the
fact that ¢; ¢S is an SU(2)y triplet and introduce a heavy triplet scalar to the Higgs
sector [89-91], so that a gauge invariant and renormalisable /1, £ -type mass term can
be formed. Specifically, suppose we have a heavy SU(2), triplet scalar field A with
hypercharge Y = —2 and a convenient 2 x 2 matrix parametrization given by

A ( A_A/o\/ﬁ —AA_/_\/§ ) | (1.4.1)

then the Lagrangian
Y _
—Liyport = TA Crimy NS + pn ¢T A+ M2 ATA +hee. | (1.4.2)

will give rise to the process depicted in Fig. 1.2a. This then leads to an effective mass
term

()’
M3’

1T
Megr = fia YA
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(¢°)”
My’

= A YA after setting pua = AaMa . (1.4.3)

In this expression the coupling AaYa plays the role of Y2 in the Type I seesaw. So,
when Ma > (¢°), small neutrino masses can be induced. This mechanism is known as
type II seesaw

(a) (b)

vy, vy, vy, 2 ¢ vy,

Figure 1.2: (a) The process induced by the type II seesaw Lagrangian that will give
rise to small neutrino Majorana masses. (b) The corresponding process in the type 111
seesaw case with heavy triplet fermion ¥ instead.

Type III seesaw

Another possibility is to replace the RH neutrinos with heavy triplet fermions and allow
them to interact with the ordinary lepton doublets via Yukawa couplings [92-94]. In
this scenario, the Higgs sector is unmodified, and a set of self-conjugate SU(2), triplets
of exotic leptons with hypercharge Y = 0 are added:

> = ( 25:/5 202/:/5 ) . (1.4.4)

The corresponding Lagrangian for this model is given by
_Ltype—IH =Ys ZL 1T 2 ¢ + My Tr (§ E) + h.c., (145)

This gives rise to the diagram shown in Fig. 1.2b, and after integrating out the heavy
Y. field, one obtains the desired form for the seesaw neutrino mass

0\ 2
mi ~ Yy %; Yo (1.4.6)

Hence by setting My, > (¢"), one can explain the smallness of neutrino masses, and
as a result, this is often referred to as the type III seesaw mechanism.

1.5 Sphalerons

It is well known that the standard model posses a gauge symmetry group SU(3) X
SU(2) x SU(1), and all of its observables are gauge independent. However, it has two
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other approximate global symmetries that come from the freedom of rotating the phase
of all lepton or quark fields. These symmetries U(1); and U(1)p are associated to the
lepton and baryon conserved currents Jf and Jﬁ . If we define the quark doublets and
singlets as

u s t

u = (u s t),, (1.5.2)
d = (dcb),,

then the baryonic and leptonic currents are given by

1 _ -
Bl = 3@t — s = diyud;) (154)
Jlf = ZZ’)/MZZ - fﬂ;ﬂ“i s (155)

with [; a left chiral lepton doublet and r; a right chiral lepton singlet. These correspond to
the baryon and lepton number. In fact no laboratory experiment has recorded violation
of baryon or lepton number. It was realised later that through the Adler-Bell-Jackiw-
triangle-anomaly these symmetries are nevertheless broken, and as a result the baryonic
and leptonic currents are anomalous. Their derivatives are then given by

N . ~
O = OuJp = 32—;’_2(92 Tr W, W* — g Tr B, B") | (1.5.6)

where N, is the number of fermion generations, W, and B,,, are the field tensors of the
SU(2) and U(1) fields respectively, g and ¢’ are their associated coupling constants and
trace is taken over the group index. We have also defined the dual of a field tensor by

. 1
WH = 56#”05%5 : (1.5.7)

The traces of the field tensors on the RHS of the equation (1.5.6) can be written as a
derivative of two quantities,
vo, a a 1 a c
K, = evoP <WWA5 - ggeabcAyAgA5> : (1.5.8)
ky = XoaAj. (1.5.9)

where the one-index tensors A, and A, refer to the vector potentials of the SU(2) and
U(1) fields. Then we could define a new current which would have a vanishing derivative,

Ngg2 Ngg/2
oM (J‘L‘ — s K+ k) =0, (1.5.10)

It would be tempting to define this current as the new baryonic and leptonic number,
understanding the addition as baryon and lepton number carried by the gauge fields.
This is however not possible, since k, and K, are not gauge invariant. As we are
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interested in the time-evolution of the baryon and lepton numbers, we consider their
evolution from an initial time ¢ = 0 to some point of time by defining the change in the
baryon number

AB(t) = Ny[Necs(t) — Nes(0)] (1.5.11)

where we use the Chern-Simons numbers of the SU(2) gauge field
2

g
N, —
O5 7 3952

/ et (WgyAﬁ - %eabcAgAgAg) . (1.5.12)
Even though the definition of K, was not gauge invariant, the change of the divergence
of K, is gauge invariant. The different values of the Chern-Simons number correspond
to different vacuum configurations of the gauge field. The value of the Chern-Simons
number in pure gauge configurations, corresponding to vacuum, is an integer, and thus
the change in the baryon (and lepton) number corresponding to the change of the vacuum
of the gauge field is N, integer: both the baryon and lepton numbers change in multiples
of three. This anomaly induces a 12-fermion operator of the form

3

[T waals) . (1.5.13)

i=1

coupling to all left-handed fermions. Since the divergences of Jf and Jf are the same,
B — L is conserved. In 1976 't Hooft [32]| estimated the rate of these baryon number
violating processes. He considered the instanton solution between two separate vacua
and calculated the action associated with the saddle-point configuration between them.
This field configuration is called the sphaleron, from the Greek word meaning ready to
fall, as the saddle-point configuration is inherently unstable. The probability of tunneling
between the different vacua is approximately

4r

T ~ e—Sinstanton —e a = 0(10_170) X (1514)

This rate is so infintiely small that the sphaleron process is in no contradiction with the
practical observation of the lack of violation of B or L. In 1985 Kuzmin, Rubakov and
Shaposhnikov [20] pointed out that in thermal bath the transition can happen instead
of quantum mechanical tunneling by classical thermal fluctuations over the potential
barrier. If the temperature is above the saddle-point energy between the different vacua
then the exponential Boltzmann suppression disappears completely. The energy of the
saddle-point configuration can be estimated by the sphaleron configurations. Below the
electroweak phase transition temperature (7" < Try ) the transition rate per unit volume
was found to be
1—‘sph My

e (1.5.15)

which is still very much suppressed. In the symmetric phase 7' > Tgy,, however, the
transition rate is no longer suppressed, but rather [95-98]

L's
=P P Ina T (1.5.16)
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Sphaleron processes can be in equilibrium when the sphaleron rate I'y,, exceeds the
expansion rate of the universe H. Comparison of the estimate for I'y,, to H in ra-
diation dominated universe gives as the temperature interval when sphalerons were in
equilibrium as

100GeV < T < 10"GeV . (1.5.17)

Following the terminology of literature, we call the entire B + L-violating process the
sphaleron process, even though the sphaleron specifically refers only to the unstable
saddle-point configuration.

1.6 Boltzmann equations

The Boltzmann equations are classical equations that describe the evolutions of phase
space distribution functions of a given particle by solving the following equation [47,99]

Lifs) = Clfy] (1.6.1)

where L is the Liouville operator and C' is the collision term. The Liouville operator
describes the evolution of the distribution function when there is no interactions, mean-
while the collision term describes the interaction in the system. The non-relativistic
form of the Liouville operator is

. 0 pi o ‘
Inp==+2. Vi +F-V, 1.6.2
NRZ gt et Yy (1.6:2)

~ - ~ S B R )
where p 195 the conjugate ;nomentaum of ghe coordmage T, Vo = T1g5 + Tog + a5 +
. ~—i?xn% apd V, = Digy; T D255 TP35,; - +hng,, NN dimensions. The relativistic
version of this operator takes the form

7 fel d a d
Lr=p ore Pmpﬁpva—pa ) (1.6.3)

here I'G. are the Christoffel symbols. In a free theory, solving the Boltzmann equations

is an easy task, but when interactions are taken into account the operator ¢ must be
introduced. After defining number density as

Ny = (2i>3 / foP)dp (1.6.4)

with g being the total number of internal degrees of freedom, we get that the Boltzmann
equation in a Robertson-Walker universe takes the form

’fl¢ —+ 3Hn¢ = /dH¢é[f¢]

S / AT, dILdIL, - - - dTL,dIT, - - -
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x (26t (pi+ -+ +pj— Py —Pa— b — -+ )IM[?, (1.6.5)

where the subindices i, --- ,j take into account the initial states and a,--- ,b the final
states. The phase space integrals are

g d’p
= — 1.6.
(2m)3 2F 7 (1.6.6)
and the squared scattering amplitude | M|
|-/\/l|2 = ‘M‘?Jr---Jrj%eraJr---erfi e fi(LE fy) (L £ fa) - (L )
- |M|12/1+a+---+bai+---+jf¢fa T fb(l + fz) T (1 + f]) ) (1'6'7)

which depends on the elements of the S-matrix. The bosonic enhancement or fermionic
suppression will give us the right sign for +, positive for bosonic enhancement and
negative for fermionic suppression (Pauli blocking).

The Boltzmann equations suffer severe limitations when promoted to quantum
mechanics. For example, to use these equations one must introduce the S-matrix
elements by hand, elements which can be computed from quantum field theory. For
equilibrium dynamics, the Boltzmann equation are a good approximation, because all
the scattering elements can are computed from the vacuum, but for non-equilibrium
processes, these equations lack the properties that comes from the plasma, changes that
include non-Markovian effects which can lead to big discrepancies. Secondly, in order
to use the Boltzmann equations, a number density quantity must be defined, this is not
clear in non-equilibrium quantum mechanics, where quantities as number densities are
not observables that can be easily defined.

To promote the Boltzmann equations from a classical or semi-classical to a full
quantum treatment of the evolution of particle states, one needs to start from a pure
quantum formalism that can describe out-of-equilibrium dynamics. In order to do
so, the Keldysh formalism using the Kadanoff-Baym equations can be applied, the
self-energies of the particles involved will give us the S-matrix elements (via the optical
theorem).

1.7 CP asymmetry

The Standard Model contains only two ways to break CP symmetry. The first of these
is in the QCD Lagrangian, and has not been found experimentally; but one would
expect this to lead to either no CP violation or a CP violation that is many orders of
magnitude too large [100]. The second of these, involving the weak force, has been
experimentally verified, but can account for only a small portion of CP violation [101].
It is predicted to be sufficient for a net mass of normal matter equivalent to only a
single galaxy.
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The issue of CP-violating decays of a heavy Majorana neutrino at 7' = 0 was already
investigated in [102-105]. Here, the amount of CP violation is given from the interaction
between tree-level and one loop Feynman graphs. These interactions involve flavour
mixing between the heavy Majorana neutrinos via their Yukawa couplings, and is given

by

Iy — FN[

, 1.7.1
Ini+Tagp ( )

€1

where Ty = 35, s T(N — 1°HP) and Ty = 3, 4 T(N — 1“HP) are the CP violating
processes, with a result given by (for hierarchy masses M; < M,, Mj)

31 a2 My
b ~ E(MT)H'ZE I | ()] i (1.7.2)

=23

with A being the complex Yukawa coupling. As we will see, the effect of temperature
is crucial, giving a non-trivial T dependence of the CP violation. The effect of thermal
masses was taken into account in [106] using the one-loop finite temperature resumed
propagators. We will also see, that this CP-violation parameter will appear naturally
when a pure quantum treatment is used, where the CP-asymmetry will come from the
two-loop self-energy of the heavy Majorana neutrinos. One can verify via the optical
theorem, that interference effects used in [106] are included in the two-loop self energy.

1.8 Semi-classical leptogenesis

Leptogenesis is an elegant theory that involves every aspect explained above (for
complete review see [26,27]). Normally leptogenesis is calculated using the classical
Boltzmann equations with quantum processes for the S-matrix elements, and the
asymmetry is obtained thanks to the inclusion of three heavy Majorana neutrinos. The
Sakharov conditions are well satisfied:

1) The lepton number is broken by the Majorana mass term and then is translated
into baryon number via sphalerons processes.

2) The right amount of CP violation is satisfied from the mixing of the Majorana
neutrinos in the Yukawa sector.

3) Out-of-equilibrium is obtained because the rate of decays is shorter than the
expansion of the universe.

With these three conditions satisfied, one can start by putting everything together.
The normal picture is to take a hierarchy in the heavy neutrino masses M; < M, Msj,
and temperatures in the beginning of order T' > M, in this regime the lightest of the
Majorana neutrinos is created in a thermal bath of leptons and Higgs, the Majorana
will reach an equilibrium within the bath at temperatures of T > M;. Because of the
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expansion of the Universe, the temperature will drop, and when T ~ M; the inverse
decay channel of the Majorana neutrino will be blocked, and the neutrinos will decay
out-of-equilibrium producing the asymmetry in the leptonic sector. This mechanism is
described via a set of two coupled Boltzmann equations, for the number density of the
Majorana neutrino, and for the asymmetry in B — L

AN

= —(D+8)(Ny —NY) (1.8.1)
z

dNp_

;L:—ﬂMMrWW—W%%, (1.8.2)

where z = M;/T. These equations involve decays (D) and scattering (S) processes
calculated via Feynman graphs. The CP violating parameter €; corresponds to the
asymmetry produced by M;. In the above equation one can see that there is a race
between the decay of the heavy neutrino and the washout term W, that comes from the
expansion of the universe. The solution of the above equation considering only decays
and inverse decays is given by

e wen 3 ) )
Np_r(z) = Np_;e i #WED 161/{(2 sy, Mym?) (1.8.3)

with x a efficiency factor that does not depend on the CP asymmetry. The masses
involved are the effective neutrino mass m; and the sum of the light neutrino masses m

- (mEmD)n
= — 1.84
m? = mi+ms+m;. (1.8.5)

The efficiency factor comes from the solution of the first of the Boltzmann equations

4 z R ! 2!

k(z) = §/ dz’D(Nn, — Nyl )e J 4= W) (1.8.6)
4 (7 D dNn, = d2W (')

= — dy —— =N . 1.8.7

3L “DyS dr © (18.7)

Two regimes can be noticed, first the strong wash-out regime, where the solution will
not depend on the initial conditions (N%_ ;) that might be generated by the decay of
the two heavy Majorana neutrinos or another mechanism. And the weak wash-out
regime, where a great dependence on the initial condition exists.

Our goal is to find quantum version of these equations, a method that will give raise
to quantum corrections and to a better understanding of a theory of leptogenesis. The
approach will be also satisfied with a comparison between a new set of equations and
the Boltzmann equations, in order to really understand the regime of validity of taking
quantum effects into consideration.
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1.9 Effective model

The scenario which we will consider is referred to in the literature as vanilla leptogenesis,
where a hierarchy on the masses of the three Majorana neutrinos after the see-saw
mechanism exists (i.e. M; < My, M3). The lepton asymmetry will be created by the
interaction of the lightest of the heavy neutrinos with the thermal bath. Because of the
hierarchy of the masses, we can integrate out Ms and Mj3 obtaining an effective model
for M, with a Lagrangian given by (cf. [73])

. 1 1 1 5 = op

here C' is the charge conjugation matrix, ¢ = t02¢, and the coupling
L \r

The effective Lagrangian, which is valid for momenta up to p < M,, M3, has the
advantage that flavour structure is trivial and given by the effective coupling n. We
shall consider the case of small Yukawa couplings, \;; < 1, such that the decay width
of N is much smaller than its mass.

From this effective Lagrangian we can obtain the following Feynman rules’:

eMajorana
N .
. o : iGop(T1,72)
fL‘Q,ﬁ X1«
eLepton
{ )
® > ® zéijéabSag(SCl,@)
fL‘Q,ﬁ,b,j CCl,oc,a,i
eScalar
10} )
- ——————— ——————— -9 Z(SabA(xlaxQ)
Top T1,a

IThe exact shape of the propagators will be given in Appendix D
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For the rest of this thesis we rename M; — M for simplicity, unless otherwise stated.



Chapter 2

Non-equilibrium thermal field theory

A full quantum treatment for the dynamics for different types of particles is presented.
First we will consider a system composed only by scalar particles. This first discussion
will give us a qualitative idea of the important issues of the general problem of
thermalization of a weakly coupled particle in a thermal bath. These concepts will be
then applied to more complicated model composed by fermions.

By definition, the Green’s functions are the average of the time ordered product of
Heisenberg field operators over some state, i.e.,

Gt ts) = —i <T(A(t1)5>(t2))> . (2.0.1)
By going to the interaction picture, we can rewrite the above equation as
G(ti, ts) = —i<STT(A(t1)§(t2)S)> , (2.0.2)

where the S-matrix is defined by

S =U(co,—00) = Texp (-i /Z H{m(t)dt) : (2.0.3)

with the interacting Hamiltonian in the interaction picture. If the renormalized ground
state is considered we regain the normal many-body theory at zero temperature. This
case change when the system is in thermo-equilibrium at different from zero temperature.
Here the quantum state is not pure and it is now described by the density matrix operator

p=exp[B(F —H)|, (2.0.4)

where [ is the inverse of the temperature and F is the free energy. The thermal average
will then be given by

(0) = Tr(50) . (2.0.5)

If we relate § with an imaginary time ¢, the density matrix will behave like an evolution
operator exp(—iHt). This is the case for the Matsubara formalism [107]. However, the
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term ST is not easy to handle when a non-equilibrium state is considered. To solve this
problem, Schwinger proposed in [75]| a time contour C' that goes from —oo to co and
back (see figure 2.1). So that we can generalize the S-matrix as

Sc = Teexp (-i / %{nt(t)dt) : (2.0.6)
C

where Ty is the time-ordering operator along the path C. In the positive path T is
identical to the standard T" operator, but in the negative branch represents an anti-time-
ordering operator. Also, times in the negative branch are always later as times in the
positive one. With this countour, a new set of propagators can be defined

Golty ts) = —i <TC(A(t1)B(t2))> . (2.0.7)

Notice that the physical observables will always lay on the positive branch of the contour,
but the intermediate steps can be taken to be anywhere. Up to this point the propagator
can be chosen to be bosonic or fermionic, we will se how it behaves for different type of
particles

2.1 Keldysh-Schwinger formalism for scalars

2.1.1 Kadanoff-Baym equations for scalars

0

Let us define the scalar propagator A¢ of a field ®(z) in a z’-contour (figure 2.1) as

Ac(zy, 19) = Oc(29, 29) A (21, 22) + 0o (25, 2 A= (21, 25) . (2.1.1)

The O-functions enforce path ordering along the contour C, and A~ and A< are the
correlation functions

A7 (1, 12) = (O(21)P(22)) = Tr(pP(21)P(22))
AS(z1,m9) = (P(z2)®(21)) = Tr(p® () P(21)) ,

where p is the density matrix of the system at some initial time ¢;.

The field ® is coupled to a thermal bath described by a self-energy II. The Green’s
function A¢ then satisfies the Schwinger-Dyson equation !

(01 + m*)Ac(y, 72) + z/ d*2'Te(zy, 2)Ac(2, 20) = —idc (v — 29) | (2.1.4)
c

where (J; = (9%/0x?). Like the Green’s function, also the self-energy can be decomposed
defined in the contour

e (1, 29) = Oc(2), DT (21, 22) + O (25, 2T (21, 72) (2.1.5)

'For a consistent definition of the propagators see appendix A.
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tf—>OO

) Ret

Figure 2.1: Path in the complex time plane for nonequilibrium Green’s functions.

Notice that the self energy Il is the sum of all 1PI self energies. This type of definition
differs from those in [79], but agrees with [80]. However it will be very convenient for
the rest of the calculations.

In the Schwinger-Dyson equation the time coordinates of Ax and IIo can be on the
upper or lower branch of the contour C', which we denote by the subscripts ‘4+ and ‘—’
respectively. Rewriting

A_+($1,$2) == A>($1,$2) 3 A+_($1,$2) - A<($1,$2) )
H_+($1,$2) == H>(x17x2) 3 H—l——(xlal‘Q) :H<(ZL'1,[L'2) )
whereas Ay, II,, and A__, II__ are causal and anti-causal Green functions, respec-

tively. From the Schwinger-Dyson equation (2.1.4) one obtains for the correlation func-
tions A< and A~

(O; + m?) A< (21, 29) :i/d4:p’(—H++(x1, NAS(2! x9) + TS (2, 2 ) A__ (2, x9))
(2.1.8)
(O +m*)A7 (21, 22) /d4 (I (21, 2") A (2, 22) + T (21, 27) A7 (2, 22))
(2.1.9)

where the relative sign in the integrands is due to the anti-causal time ordering on the
lower branch of C.

It is convenient to also introduce retarded and advanced Green functions,

ARz, 20) = 0ty — t2) (A (21, 79) — A (21, 22)) (2.1.10)
= 0t — t2)([o(x ) ¢(x2)])
= A++(9€1a$2) +— (21, 22)
= (1, 29) — ——($1>$2)

AMNzy, 20) = —G(tg—tl)(A (1, m9) — AS(x1,29)) (2.1.11)
= —9(t2—t1)<[¢( 1), o(z2)])
= A++(551, T2) — A_y (21, 22)
= Ay _(z1,22) — —7(5517562) )

HR(xl,xg) = 9(t1—t2)(H (z1,29) — II= (21, 22))

I (21, w2) — (21, 22)
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= I (21,29) —I__(21,22) , (2.1.12)
I (2, 20) = —H(tg—tl)(H>(x1,x2) 1< (2, x2))

= H++(901a w2) — I (21, 22)

= I (21,22) — ,,(:L’l,xQ) (2.1.13)

From Egs. (2.1.8) and (2.1.9) one obtains the Kadanoff-Baym equations for the correla-
tion functions A~ and A<,

(01 + m*)A™ (21, 19) = —i/d%’ (I1” (21, 2 ) A (@, 22) + T (21, 2) A (2, 22))
(2.1.14)
(01 + M)A~ (21, 19) = —i/d4x' (1= (21, 2 ) A (2, 22) + 1 (21, 2") AN (2, 20))
(2.1.15)

We now define the real symmetric and antisymmetric correlation functions

At (xy,29) = %({(I)(xl), O(z9)}) (2.1.16)

A7 (zq, x9) = i{[P(x1), P(x9)]) , (2.1.17)
and self-energies

It (21, 29) = %(H>(:c1,x2) + 115 (21, 22)) (2.1.18)

I (21, 22) = (117 (21, 22) — 1% (21, 22)) (2.1.19)

which also determine the retarded and advanced self-energies,
HR(ZL'l,l‘Q) = 9(t1 — tQ)H_(ZL'l, IL‘Q) s HA(.I‘l, IL‘Q) == —9(752 — tl)H_(ZL'l,I‘Q) . (2120)

Adding and subtracting the Kadanoff-Baym equations (2.1.14) and (2.1.15), one obtains
from Egs. (2.1.10)-(2.1.13) and (2.1.16)-(2.1.19) an homogeneous equation for A~ and
an inhomogeneous equation for AT,

t1
(O +m*)A™ (21, 72) = —/d3x’/ dt' T (zy, 2" )A™ (2, x9) | (2.1.21)
to
t1
(O + M)A (2, 25) = —/d3x’/ dt'TT (21, 2" ) AT (2, 29)
t;
to
+/d3x’/ dt'TT (zy, 2" )A™ (2!, 22) . (2.1.22)
t;

We shall refer to these as equations as the first and second Kadanoff-Baym equation. A~
and AT are known as spectral function and statistical propagator (cf. [80]). Together
they determine the path ordered Green’s function,

(N _
Ac(zy, 1) = At (21, 29) — 581gnc(:c(1] — 2NA" (21, 29) . (2.1.23)
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Figure 2.2: Path in the complex time plane for thermal Green’s functions.

A~ carries information about the spectrum of the system and A™ is related to occupation
numbers of different modes.

Using micro-causality and the canonical quantization condition for a real scalar field,

[q)(x1)7 (I)(xQ)Htl:tQ = [(I)(xl)v ¢(x2)]|t1:t2 =0, (2'1'24)
[@(21), D(2)]|e—to = 16(x1 — Xa2) (2.1.25)

one obtains from the definitions (2.1.16) and (2.1.17)

A_($1,$2)|t1:t2 - 0 ) (2126)
atlAi(xh x2)|t1:t2 = _atQAi(x17x2)|t1:t2 = 5(X1 - XZ) ) (2127)
O 0, A (21, 2) 1=, = 0 . (2.1.28)

In the following we shall restrict ourselves to systems with spatial translational in-
variance. In this case all two-point functions only depend on the difference of spatial
coordinates, X; — X5, and it is convenient to perform a Fourier transformation. The
Green’s functions Aflc(tl, to) satisfy the two Kadanoff-Baym equations

t1
(8?1 +w§1)A;(t1,t2) +/ dt’H;(tl,t’)A;(t’,tg) =0, (2.1.29)

to
t1 t2
(8§1+w§)A;(t1,t2)+/ﬂ dt’H;(tl,t’)A;(t’,tg):[ AT (8, )ALt 1)
(2.1.30)

where w2 = q* + m?. The initial conditions (2.1.26)-(2.1.28) for the spectral function
become

A;(t1,t2)|t1:t2 == O 3 (2131)
8251 A:l <t17 t2)‘t1=t2 = _8t2 A:l <t17 t2)‘t1=t2 =1 ) (2132)
8t18t2A;(t1,t2)|t1:t2 - O . (2133)

For Green’s functions in thermal equilibrium the density matrix in Eqs. (2.1.2),
(2.1.3) is peq = exp (—BH), where H is the Hamiltonian of the system, and 8 = T"! is
the inverse temperature. Time coordinates of Green functions now lie on the contour
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shown in Figure 2.2, and one has invariance under time translations so that two-point
functions only depend on the time difference t; —t,. After a Fourier transformation, one
obtains the KMS relations |[79] for Green’s functions and self-energies,

A;@):—écmh<%$)Aq@), (2.1.34)
Hggﬂ):-—%coul<é$)11q@g. (2.1.35)

The Kadanoff-Baym equations describe the dynamics of a arbitrary non-equilibrium
system. Depending on the self-energy and the initial conditions, the solutions will gen-
erally be complicated. An enormous simplification is achieved for a large medium such
that the back-reaction of the field ® can be neglected. Furthermore, we assume that the
medium is in thermal equilibrium and, therefore, the self energy of ® is time-translation
invariant,

My (ty, t2) = gt — t2) . (2.1.36)

In this case also the spectral function is time-translation invariant, as shown in
Appendix B.3. With these simplifications, the Kadanoff-Baym equations become

t1
(67 +wi)AL(tr —t2) = —/ dt'TI (t, — )AL (' —ta) | (2.1.37)

to

to
(07, +wg)Aq (tr, t2) =/ dt'TIE (8 — ) A (' — to)

ti
t1
—/t. dt'TIg (ty — )AL (', t2) (2.1.38)

2.1.2 Solutions for the KB equations

Solution for the spectral function

As proven in Appendix B.3, the spectral function is time translation invariant, i.e., it
only depends on the time difference y = t; —t5. Hence, the first Kadanoff-Baym equation
(2.2.18) takes the form

(95 +wq) Aq (v) + /0 Ly (- )5 () = 0. (2.1.39)

This equation can be solved by performing a Laplace transformation,

AL (s) = /OOO dye™ Ay (y) (2.1.40)

for which one obtains after a straightforward calculation
- 0,A5(0) + sAZ(0
5% + w2 + IE(s)

, (2.1.41)
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with
TR - —syTTR - —SYTT— T—
I (s) = /0 el (y)dy = /0 e I (y)dy =T (s) . (2.1.42)

According to (2.1.41), the general solution of (2.1.39) depends on two parameters, the
values of Ay and d,A at y = 0. Using the inverse Laplace transform one finds

ds ey

s 2i 2 +w§+ﬁ§(5) '

A (y) = (8,45(0) + A5 (0)d,) (2.1.43)

q

Here Cp is the Bromwich contour (see Figure 3): The part parallel to the imaginary axis
is chosen such that all singularities of the integrand are to its left; the second part is
the semicircle at infinity which closes the contour at Re(s) < 0. Since the integrand of
(2.1.43) has singularities only on the imaginary axis, the second part can be deformed

100+€ —100—€

to run parallel to the imaginary axis as well: Cp — [ +

—i00+€ 100—€

The spectral function A7 (y) satisfies the boundary conditions (2.1.31) and (2.1.32),
which implies

ds esy

n %s2+wg+ﬁ;(8) '

A7 (y) = (2.1.44)

This result can be further simplified by making use of the analytic properties of the
self-energy I17(s). On the real axis II(s) is real, while on the parts of the contour
which are parallel to the imaginary axis one has

IT" (iw £ €) = Rell (w) £ dmll (w) , (2.1.45)
with
1
Il (w) = o= (Hg(w +ie) = Ig(w —ie)) - (2.1.46)

Hence, the expression (2.1.44) takes the form

AL (y) = z'/oo d—we_iwypq(w) : (2.1.47)

oo 27T

where the spectral function pq(w) is given in terms of real and imaginary part of the
self-energy I15(w),

() = —2Imllg (w) + 2we Aot .
Al = L R+ [T T e~ a4 1

Note that ImITf(w) and ReII(w) are odd and even functions, respectively, which im-
plies that Aq(y) is real. Further properties of this solution are discussed in Appendix A.
Let us recall that the expression (2.1.48) is obtained after neglecting the backreaction
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Figure 2.3: Bromwich contour

of the field ® on the thermal bath. This is the reason why the self-energy and the
spectral function are time translation invariant.

The self-energy IIf(w), and consequently the spectral function pg(w), are divergent
and have to be renormalized. This can be done by the usual mass and wave function
renormalization at zero temperature. In (2.1.48) wé is replaced by wi(o) = m? + g,
where my is the bare mass of the field ®. The difference between bare and renormalized
mass squared is determined by requiring that at zero temperature the spectral function
has a pole at wj = m* + ¢,

wé — Wé(o) — Reﬂg(wq)kp:o =0. (2.1.49)

Expanding the self-energy around around wg, a further divergence can be absorbed in a
wave function renormalization constant,

Rerf(w) = Reﬂg(wq)kp:o + (1 — Z_l) (w2 — wi) + Ref[g(w) , (2.1.50)
where Ref[g(w) is the finite part and

| ORellf(w)

Zh=1- 2.1.51

Ytq 0w lwmwgT0 (2.1.51)
The spectral function (2.1.48) now takes the form
—2ZImITE (w) + 2we

pqlw) =2 a*) (2.1.52)

N P
(w2 —wi— ZReHﬁf(w)) + (ZImITE(w) + we)2

Introducing the renormalized field operator ®, = v/Z®, one obtains the renormalized
spectral function pj(w) = Zpg(w) in terms of the renormalized self-energy ITF"(w) =

R
ZHq ((,U),
—2ImITE" (w) + 2we

R 2 R 2
(w2 —w?i-— Rqu’r(w)) + (Iqu’r(w) + we)

ph(w) = (2.1.53)
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The divergencies of spectral function and statistical propagator can be removed in the
same way by mass and wave function renormalization at zero temperature. In the
following we shall drop the superscript ‘r’ to keep the notation simple.

The spectral function describes a quasi-particle resonance at finite temperature with
energy {1,

Q7 — wi — RellZ(Qq) = 0, quadQ? |r—o = wy, (2.1.54)

and decay width

1
~ ——ImlI%(Qy) - (2.1.55)

Iy O
a

For simplicity, we have neglected the effect of ImHgz on the quasi-particle energy.

In a free theory Im ITf(w) = 0, and (2.1.53) is a representation of the d-function. The
spectral function (2.1.47) then oscillates without damping, i.e., there are no dissipative
effects. Dissipation arises either from ® decays and inverse decays or, similar to Landau
damping, from scattering processes with particles in the plasma. Which of these mech-
anisms dominates the dissipative effects and therefore the equilibration process depends
on the position of the quasi-particle pole relative to the masses of particles in the thermal
bath. A specific example will be discussed in Section 2.1.4. For small width the spectral
function is well approximated by the Breit-Wigner function. The relevant formulae are
collected in Appendix D.

Solution for the statistical propagator

We are now ready to solve the second Kadanoff-Baym equation (2.2.24) for the statistical
propagator, which for initial time ¢; = 0 is given by

t1
(831 + Wi)A;r(tl,tQ) +/0 dt' T (ty — t/)AZ(tlatQ) = ((t1,t2) , (2.1.56)
with
to
Cltot) = /0 AETLE (8 — )AL (E — ) - (2.1.57)
One easily verifies that the solution can be expressed as
A~ t
A (ty,ta) = A (t1,t2) +/ dt' Ag (ty —t")((t' t2) (2.1.58)
0
where Ag(tl, to) satisfies the homogeneous equation

t1 .
(02 + w2)AL (b ta) + /0 QT (1 — )AL (' 1) = 0 . (2.1.59)
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The homogeneous equation is identical to (2.1.39), with ¢, playing the role of a
parameter. We can therefore read off the general solution from (2.1.43),

Al(tr,t2) = Aq(t2) Ag (1) + Bqa(t2) Aq (1) - (2.1.60)

Using the symmetry Ag(tl, ty) = A:lr (t2,t1), one obtains

Aq(ta)Aq (t1) + Be(ta) Aq (t1) = Aq(t1)Aq (t2) + Bq(t1)Aq (t2) - (2.1.61)

Together with the boundary conditions (2.1.31)-(2.1.33), A;(0) = AZ(0) = 0 and

q
A4 (0) = 1, this implies

Aq(t) = Aq(0)AS () +Bq(0)AL(t) . Bq(t) = Aq(0)Ag (£)+B4(0)AL (t) .(2.1.62)

Inserting Aq(t) and Bq(t) in (2.1.61) and using the symmetry of A;r(tl,tQ), one finds
Bq(0) = Aq(0). The initial state of the system is therefore characterized by three
constants, which can be chosen as

Agin = Aq(ti,ta)l==0 = Aq(0) , (2.1.63)
A;in = atlAzl_(tl’ t2)|t1:t2:0 = 8t2A:1_(t17 t2)|t1:t2:O = Bq(O) = Aq(O) R (2164)
Adin = 000,05t t2)|—ra=0 = Bq(0) . (2.1.65)

From Egs. (2.1.58), (2.1.60), (2.1.62) and the initial conditions (2.1.98)-(2.1.100) we
now obtain the full solution for the statistical propagator,

Af(tit) = AL AL ()AS () + ALLAL ()AL ()

q,in q,in
+ Mg (A (A5 (1) + A5 ()AS (1)
+ A;r,mem(tlth)v (2166)
where
t1 to
AY pem(t1,t2) :/0 dt’/o dt"Ag (ty — tIIE (' — ") Ag (1" — 1) . (2.1.67)

This contribution to the statistical propagator, which is independent of the initial con-
ditions, is often referred to as memory integral. It can be expressed in the form

> dw —tw(t1—t2 *
Ajmenltta) == [ SE I (0,0 Hota, )T ) (2169
where [84]
t .
Hqy(t,w) :/ dre”™™TAL(T) . (2.1.69)
0

The expression (2.1.68) will be the basis of our numerical analysis in Section 2.1.4.



2.1 Keldysh-Schwinger formalism for scalars 31

2.1.3 Thermalization

Let us now verify that the solution (2.1.66) for the statistical propagator approaches
thermal equilibrium at late times. This means that the quantity

2t
+ — wy A+ y _y
Al (tw) /Qtdye Al <t+2,t 2), (2.1.70)

which becomes a Fourier transform for ¢ — oo, satisfies the KMS condition asymptoti-
cally,

At (o0,w) = —% coth <%‘”) A7 (w) . (2.1.71)

For late times only the memory integral is relevant, since Ag(f) and A; (t) fall off
exponentially for ¢ > 1/T". One then obtains

Al (o0, w) = A} Lem (00, w) = —|Hq(o0,w)|*TIE (w) (2.1.72)

q,mem

The quantity Hq(00,w) is the Laplace transform of the spectral function,

/ z(w—ie)TA; (7_)

= A (iw +¢€)
B 1
B s% + wg —+ ﬁq(s) s=iw+e
1

= — 2.1.

w? — w? — Rell#(w) — dImITZ(w) (2.1.73)

which yields
[Ha(o0,0)* = :
e  (w? — w2 — RellZ(w))? + (ImII1%(w))?
Pal@) (2.1.74)

2Im 1T} (w)
Inserting this expression into (2.1.72), using the KMS condition for the self-energy,

I (w) = 2iImIf(w) , (2.1.75)

one obtains (cf. (2.1.47),(2.1.48)),

ﬁw) ImIIf(w)
(w? — w2 — RellZ(w))? + (ImI1E(w))?

— — coth (%’J) Ag(w) . (2.1.76)
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Hence, our solution for the statistical propagator indeed fulfills the KMS condition
(2.1.34) in the limit ¢ — oo, which proves that the system reaches thermal equilibrium.
For a specific example the approach to equilibrium will be studied numerically in

Section 2.1.4.

It is instructive to evaluate the statistical propagator in thermal equilibrium at equal
times, i.e., y =t —ty =0,

1 [ dw Bw
+ —— — —
Aq‘y:(] ot /_OO o coth( i ) Pq(w) . (2.1.77)

For a free field one has

pq(w) = 2msign(w)d(w? — wi) , (2.1.78)

which yields the well know result

1 /1
A;Hyzo = (,u_ (5 + nB(wq)) s (2179)

q
with the temperature dependent Bose-Einstein distribution function

1

_ 2.1.80
eﬁwq _ 1 ( )

np (Wq) =

Generically, the interaction with the thermal bath changes the energy wq of a free
particle to a temperature dependent complex energy Qq which appears as a pole of the
spectral function pq(w) and the integrand of (2.1.77). The spectral function then has
two poles in the upper plane, Qq and —Q:;, which are determined by the condition

O — (w2 + 117 (Qq»l/z -0, (2.1.81)

Assuming that the integral can be closed in the upper half-plane, one obtains for the
statistical propagator in equilibrium,?

Ally=0 = Re ({21 G + nB(Qq))> . (2.1.82)

q

Compared to (2.1.78), the Bose-Einstein distribution function has been replaced by the

~

complex distribution function ng(£2q).

At high temperatures, where fwq < 1, the Bose-Einstein distribution has a well-
known infrared divergence,

1
q

2Here we restrict ourselves to the case where there are no additional poles.
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~

For quasi-particles, where wq is replaced by Q4 = Qg + i['q/2, this divergence is cut off
by the finite width,

1 2
: < ,
16(€2 + 5Ta)l — Alg

Ins(Qq)] =~ (2.1.84)

which remains finite even if the real part {1, vanishes.

Comparison of equations (2.1.79) and (2.1.82) suggests that in thermal equilibrium
the ® particles may form a gas of quasi-particles. This question can be clarified by
evaluating energy density and pressure of the ® particles. Since the expectation value
of ® vanishes, one obtains from the energy momentum tensor3

Ty = 0,80, — 1, L (2.1.85)

for the contribution of a mode with momentum q to energy density and pressure,

ta = {Tun)la = 5 (8 + (VO)? + m?8) (2.1.86)
pa = (Tl = (5(VO) + (&7 — (Vo) — m?e)] (2187

This yields for the energy density

(8151 O, + wi) Ailr(tl’ t2)’t1=t2=oo
1
Qq

(% + nB(Qq)) : (2.1.88)

€q(00) =

(2 +wq)

N~ N~

and for the pressure

1 1
pQ(OO) = <§q2 + 5 (8t18t2 - w?l)) At—;(tlah)}tl:tgzoo
1 1 1 /1
= <§q2 +5 (Q2 - wi)) 0 (5 + nB(Qq)) : (2.1.89)

where, for simplicity, we have neglected the quasi-particle width.

In summary, the energy momentum tensor in thermal equilibrium can be expressed

as sum of a quasi-particle gas contribution and a temperature dependent ‘vacuum’ term,
AC

(To)la =, (€37 +p3") = nuwpd + nu k™S . (2.1.90)

Here u” = (1,0) is the 4-velocity of the thermal bath, and

1
el = (5 + nB(Qq)) : (2.1.91)

3We use the convention diag (7,,) = (1,—1,—1,-1).
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Figure 2.4: Spectral function pq(w) for g = 0; case (a) with masses m; = my = 0.2m
and temperatures T} = 0.1m, T, = 0.2m, T3 = 0.5m.
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Figure 2.5: Spectral function pq(w) for q = 0; case (b) with masses my; = m, mg = 5m
and temperatures T} = m, Ty = 2m, T3 = bm.

1q% /1
P = o (5 + nB(Qq)) , (2.1.92)
q
w2 —0% /1
g ¢ = % (5 - nB(Qq)) : (2.1.93)
q

Energy density and pressure of the quasi-particle gas agree with the corresponding ex-
pressions for a free gas, with the energy wq of a free particle replaced by the quasi-particle
energy {1q. The ‘vacuum contribution’ HXAC vanishes for {0y = wq. For large thermal
effects, i.e. (0q > wq or 24 < wq, the equation of state differs significantly from the one

of a free gas. Note that for Q?l < wé, the pressure can even become negative!

2.1.4 Model example

So far we have performed a very general analysis, and the only approximation has
been to neglect the backreaction of the field ® on the thermal bath. Furthermore, we
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Figure 2.6: Spectral function A (y) for q = 0; case (b) with masses m; = m, my = 5m
and 7' = 10m.

have restricted our discussion to the case that ® is linearly coupled to the bath via
an interaction term g®O(y). In general, x represents an arbitrary number of bosonic
or fermionic fields with arbitrary couplings including gauge interactions. In order to
illustrate the results of the previous sections, we now consider a toy model (cf. [84,108]),
where the quanta of two massive scalar fields represent the thermal bath. The full
Lagrangian is given by

2
1 1 1 1
=1

Note that the coupling g has the dimension of mass. In the following we shall neglect
self-interaction of the y fields and use free thermal propagators for simplicity.

We consider two cases: (a) m > my,me and (b) my > m,my. In the first case,
dissipation is dominated by ® decays and inverse decays, ® <+ x1x2, whereas in the
second one Yo decays and inverse decays, 2 <> ®x1, are most important.

In both cases the imaginary part of the self-energy is known analytically [84], the
calculation can be seen in Appendix B.1. For m > my, ms, the decay width of ® at zero
temperature is given by

r— 1 (i)zm . (2.1.95)

~ 167 \m

To illustrate thermal effects we shall use a rather large coupling which corresponds to
I'/m=0.1.
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Figure 2.7: Real part of the self-energy Hf(w) for q = 0; case (a) with masses m; =
my = 0.2m and temperatures 77 = 0.5m (solid) and 75 = m (dashed).

The spectral function pq(w) (cf. (2.1.53)) is shown in Figures 2.4 and 2.5 for the two
mass patterns (a) and (b), respectively. In case (a), I has an imaginary part at zero
temperature. The width is large, and already at small temperatures the quasi-particle
profile becomes broad. On the contrary, in case (b) the zero-temperature width is zero
and the finite-temperature width is small. Hence, the quasi-particle profile becomes
broad only at much larger temperatures. The spectral function Ag(y) is the Fourier
transform of ipq(w). As Fig. 2.6 illustrates, it approximately represents a damped
oscillation with frequency €} and damping rate I'.

It is interesting that thermal corrections can increase or decrease the particle mass m.
Whether the quasi-particle peak moves to the right or to the left depends on the position
of the zero-temperature pole relative to the branch cuts, and it also depends on the
temperature. This can be seen by considering the real part of the self-energy, which is
displayed for two different temperatures in Fig. 2.7 for case (a). For the smaller tempera-
ture one has Re ITf_(m) > 0, whereas Re ITf_,(m) < 0 holds for the larger temperature,
which corresponds to a shift of the particle mass to the right and to the left, respectively.

The statistical propagator AQ; (t1,t2) depends on the initial conditions. The most
general gaussian initial density matrix has five free parameters (cf. [80]). We consider
the simplest case of a free field density matrix and vanishing mean values ® and @,
which implies for each momentum mode,

Boin =0, (2.1.96)
Poin =0, (2.1.97)
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Figure 2.8: Statistical propagator Af(t1,t2) for q = 0; case (b) with masses m; = m,
mo = bm and T = 10m.

1 /1
A<J:1r7in = A:I(tl, )|t =ts=0 = w_q (5 + nq) , (2.1.98)
A;;in = 8t1A:1r(tla t2)|ty=ta=0 = 6t2A;r(t1,t2)|t1:t2:0 =0, (2.1.99)
Al = 0,0, AL (t1,12)|6—t,—0 = wq <§ + nq) . (2.1.100)

The initial state of the system is now characterized by only one parameter n, which
corresponds to an initial number density for a free field.

The general solution (2.1.66) for the statistical propagator A¥(t1,t3) is shown in
Figure 2.8. For fixed ¢t = (t; + t2)/2 one sees damped oscillations in y = t; — t5. The
amplitude increases with increasing time t, as illustrated by Figure 2.9. For fixed
y = t; — ty one observes the approach to equilibrium with increasing t = (¢; + t2)/2.
For large times the departure from equilibrium is described by a first-order differential
equation, and it decreases exponentially. At small times the evolution is governed by a
second-order differential equation, which leads to the oscillations visible in Figure 2.10.
The independence of the equilibrium solution from the initial conditions is illustrated
by Figure 2.11. The memory of the initial conditions is lost at times ¢t > 1/I.

Finally, it is important to recall that the equilibrium value of the energy differs from
the one obtained in the Boltzmann approximation. This is illustrated in Figure 2.12
where the different contributions to the energy are compared as functions of temper-
ature. For the chosen parameters the particle and quasi-particle energies are indistin-
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Figure 2.9: Statistical propagator Al (t1,t,) as function of y = ¢, — 1, for q = 0; case (b)
with my = m, my = 5m, T = 10m and three values of t = (t; + t2)/2: mt = 15 (dashed
line), mt = 20 (dotted-dashed), mt = 60 (solid).
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Figure 2.10: Statistical propagator Ad(t1,%2) as function of ¢ = (t; +t,)/2 for y = 0,
q = 0; case (b) with masses m; = m, my = 5m and T' = 10m.
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Figure 2.11: Statistical propagator Ad (t1,%,) with q = 0 as function of ¢ = (¢, + 2)/2
for y = 0 and different initial conditions; case (b) with masses q = 0, m; = m, my = bm
and T'= 10m.

0

Figure 2.12: Energy density éq = €q/wq as function of temperature for q = 0; case (b)
with masses m; = m, my = 5m: total energy density (solid), particle and quasi-particle
energy densities (dotted), and 'vacuum’ energy density (dashed).
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guishable. The ‘vacuum contribution’ is positive, which means that the total energy is
larger than the particle/quasi-particle one. The reason is that for the chosen parameters
thermal corrections decrease the particle mass. For other parameter choices the ‘vacuum
contribution’ can have opposite sign.
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2.2 Keldysh-Schwinger formalism for Fermions

Analogue to the treatment of bosons in the previous section, we can apply the non-
equilibrium formalism to interacting, weak coupled fermions, coupled to a thermal bath.
For example, in the case of leptogenesis, a Majorana neutrino is coupled weakly to a
bath of standard model particles of leptons and Higgs. Describing the non-equilibrium
dynamics of fermions is a more complicated task than for scalars due to the fact of its
Lorentz structure, which is reflected in a non-commutative algebra. In order to obtain
a general solution of the Kadanoff-Baym equations, we will need to know two aspects
of the bath. First, if the bath is strongly coupled, then back-reaction of the weakly
interactive particle can be neglected, which means that the self-energy is composed
only of equilibrium particles. This leads to a time translational invariant self-energy.
Second, in order to compute the inverse of the self-energy, we need to know the Lorentz
structure of the bath. If we assume that the temperature of our system is of the order
of the lightest of the heavy Majorana neutrinos, then the electroweak symmetry is
not broken, therefore the standard model particles in the bath are all massless. The
self-energy will then have a purely 4-vector Lorentz structure. This will allow us to
obtain a proper solution to the Kadanoff-Baym equations.

In the following we show how to describe the dynamics of a massive fermions. The
later application to massless leptons is straightforward by taking the limit M — 0.
For standard model leptons, the projector P, needs also to be taken into account.
For Majorana fermions, the definition of the Green’s functions has to be adjusted by
taking into account that a Majorana particle is its own anti-particle. This will affect
the symmetry properties. Qualitatively, the symmetry properties of non-equilibrium
Majorana neutrinos will be given by the charge operator C.

Another difference with the calculation of the non-equilibrium fermion propagators
G(t) is that at t = 0 we have G(t)|;=0 # 0 but instead is equal to the free propagator at
t=0

G()]imo = GFT*(t) 1o - (2.2.1)

This comes from the fact that we analyse the time-evolution of propagators instead of
a ill-defined particle density quantity. We will see that introducing this propagator to
the calculation of leptogenesis will guarantee that all the distribution functions of the
particles involved are taken into account. Making the comparison with Boltzmann a
possible.

2.2.1 Kadanoff-Baym equations for fermions

Let start by defining thermal averages of fermionic fields (V) on a contour C' given in
Fig. 2.1

Gog(x1,22) = (Va(21)Up(22)) = Tr(pWo(z1)Ws(22))
Gp(T1,m9) = —(Vp(a2) Vo (21)) = =Tr(pWs(x2)We(1))
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where o and (3 are spinor indices and the trace is taken in the thermal bath with a
density matrix p. The sign difference from the scalar case in the above definition comes
from the anti-commutation property of the fermions. The definition for the rest of the
Green’s functions in the contour is also straightforward (the spinor indices are omitted
till they became relevant for calculations),

G++(ZL‘1, l‘g) @(tl - tQ)G>(ZL‘1, l‘g) + @(tg - tl)G<(ZL'1, l‘g) s (224)
G,,<.§L’1, .TQ) = @(tl - t2)G<<.§L’1, .TQ) -+ @(tQ — tl)G><.§L’1, .I‘Q) s (225)
G+_(ZL‘1,I‘2) = G<(l‘1,ZL‘2) s (226)
G_y(x1,m3) = G (x1,22) . (2.2.7)
Let’s remember that the subindices ‘+’ and ‘—’ refers to times on the upper and lower

part of the contour respectively. Similar definitions will also be used for the self-energy
Yo, X . ¥, and X_,. The equation of motion for these propagators is given by the
Dyson-Schwinger equation on the Schwinger-Keldysh contour,

(i, — M)Ge (a1, m2) — i /C 42/ Se (21, 2')Ge (', 22) = i0c(ar — 2) | (2.2.8)

with ¢, referring to the partial derivative with respect to x;. Notice that this equation
is a first order differential equation (see Appendix A.3). In order to obtain a solution
for (2.2.8), we will only need one initial condition, as contrast to the scalar case where
we needed only two. In a straightforward manner, we can write the Dyson-Schwinger
equation on the contour (Figure 2.1) for the correlators G~ and G<,

(igy — M)G= (21, 29) =

i / d4x’<2++(x1,:c')G<(x’,x2) _z<(x1,x')c;,,(x’,x2)) . (2.2.9)
(i) — M)G™ (21, 29) =

— / d4x’<2>(x1,x')(}’++(x’,x2) _z,,<x1,xf)G>(x’,x2)) . (2.2.10)

Defining retarded and advanced Green’s functions as usual,

GR<.§L’1, 1’2) = @(tl - t2)<G><SL’1, 1’2) - G<(.T1,.T2)) y (2211)
GA(ZL'l, IL‘Q) == —@(tg — tl)(G>(l‘1, IL‘Q) — G<(ZL'1,I‘2)) s (2212)

so we can use the following relations

Gz, 19) = G (w1, 19) + G4 w1, 13) , (2.2.13)
G__(z1,19) = G<(x1,13) — G (21, 22) , (2.2.14)
Yoz, 20) = B%(21, 20) + 2 (21, 29) (2.2.15)
Y (x1,29) N7 (21, 12) — S (21, 20) (2.2.16)

to rewrite (2.2.9) and (2.2.10) in the form
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(igy — M)G= (21, 22) =

— i/d4x’(ER(a:1,x’)G<(x’,x2) + E<(a:1,x’)GA(x’,x2)> : (2.2.17)
(igy = M)G™ (x1,22) =
— i/d4x’(2>(a:1,:c’)GA(x’,x2) - ZR(azl,x’)G>(x’,x2)> : (2.2.18)

The theta functions inside the advanced and retarded propagators in equations (2.2.11)
and (2.2.12), respectively, will act as cut-off in the time coordinate, this will maintain
causality and ensure that we do not double count. As a consequence, the solution of
these equations will only depend on the initial conditions. Defining linear combinations

of G7(z1,x9) and G<(z1, x2)

G (x1,20) = i{U(z), U(x2)}) :i<G>(x1,x2) —G<(x1,x2)> , (2.2.19)
G* (a1, 79) = %([\If(:pl),\ll(m)]):%<G>(x1,x2)+G<(x1,x2)), (2.2.20)

we obtain the spectral function G~ (1, x9) and statistical propagator G (z1, z2) respec-
tively. For the self-energies we define similarly

Y (xy,me) = i(2>(x1,x2) —Z<(x1,x2)) : (2.2.21)
Yz, o) = %<E>(:c1,x2)+2<(az1,x2)>. (2.2.22)

Again we notice that with the conventions adopted (see Appendix A.3), the self-energies
Y% are defined in the same way as the correlators G*. After some straightforward
calculation we can obtain the following set of equations

to
(i, — M)G~ (21, 22) = — / % / Ba'S (21,2 (2, 2) | (2.2.23)
t1
to
(id, — MG (21, 20) = — / dt'/d%’Zﬂ:m,x')G‘(x',xQ)
ti
t1
+ / dt’/d?’:c’Z(:Ul,a:’)G+(a:’,:c2). (2.2.24)
ti

Assuming spatial translation invariance, the above equations take the form after Fourier
transformation,

. 0 _ t2 e o
(Z’}/Og —ky — M)Gk (t1, t2) = — / dt Ek (tl, t )Gk (t 7t2) 7 (2.2.25)
1 t
. 0 t2 . o
(woa_t —ky — M)G{ (t1,t) = — / dt'S (ty, 1) Gy (', £2)
1 t

t1
+ / dt'S, (b, )G (' ta) (2.2.26)
12

i
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If the self-energy has no particle out-of-equilibrium, then its dependance will only be
on the difference of coordinates, i.e. Sy (t1,t5) = S (t; — t). We also notice that the
function G is time translational invariant when the self-energy ¥, is time translation
invariant (the proof from the scalar case also holds for the fermion case, see Appendix
B.3). Therefore, the final form of the Kadanoff-Baym equations is

to
(wOai —ky = M)Gy (th —ta) = — / dt’Sy (= )G (' —12) ;. (2.2.27)
tl t1
00 Y NG (1!
(i’ o —ky = M)Gi (1) = = / 'Sy (t — )Gy (' — 1)
1 t;

t1
+ / dt'S (t — )G () ta) . (2.2.28)
t;

The Kadanoff-Baym equations for fermions resemble the ones for scalars. Equation
(2.2.27) is an homogeneous differential-integral equation, meanwhile equation (2.2.28)
has a source term. The big difference comes from the Lorentz and flavour structure.
Because the self-energies only depend on the difference of the arguments, we can solve
both of them exactly with the use of the Laplace transform. We will see that the
Lorentz and flavour structure of the self-energies is extremely important in order to
obtain a solution of these equations.

2.2.2 Solutions for the KB equations

The solution of the Kadanoff-Baym equations for fermions is in principle similar as
the case of scalar particles. The solution for G~ will only depend on the difference of
coordinates but G* will have a dependency on the centre of mass coordinate as well.
Both Green’s functions have Lorentz and in principle flavour structure too. However, for
our effective model, the flavour information is stored in the Yukawa effective coupling 7.
This coupling acts as constant when the inverse of the self-energy is needed. For a one
hierarchal case, where two flavours needs to be taken into account in the self-energy one
needs a more general solution (see Appendix C.1)

Solution of the first KB equation for fermions

Choosing a convenient change of variables y = t; —t5 and y' =t — t, we can rewrite the
first KB equation (2.2.27) as

0 0 _ Y _ _
(15—t = 21) Gt = [ sty = )Gl =0, (2220)
0
and applying Laplace transformation one obtains

(—mo (G;(O) - sé;(s)) ~ (kv + M)G;(s)) S (s)Gr(s) =0, (2.2.30)

where the tilde notation was introduced for the Laplace transformed quantities, e.g.

Gy (s) = /000 dte™*G (y) , (2.2.31)
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Again we emphasise that we are able to solve this equations via the Laplace transform,
only because the self-energy is time translational invariant. Otherwise this method is
not viable. The initial condition G, (0) is obtained by using equal time commutation
relation

G (0) = in° | (2.2.32)

then, one arrives at

(—isy" + (ky + M)) G (s) — S ()G (s) =1, (2.2.33)

where 1 in the r.h.s. is a spinor four-by-four unit matrix. From the above equation we
can easily find that

L 1
Gr(s) = ey ey ek (2.2.34)

To obtain G} (y) we must perform the inverse Laplace transform by integrating over the
Bromwich contour Fig. 2.3

1 icote —ico—e
Gy (y) = - (/ . Gy (s)e™ +/ Gk(s)esy) ds . (2.2.35)

After introducing the integration variable s = iw + € and s = iw — € to equation (2.2.35)
we obtain

Gy (v) :/Z Z—:e‘“y (/%—MiZR(w) — l;/—MiZA(w)) , (2.2.36)

when using the identities

SR (w) = i}(—iw +€), (2.2.37)
YA (w) = B(—iw —€) . (2.2.38)

These identities comes from the fact that we can use spectral representation for the
self-energies

> d 3~
SR(w) = z/ dpoE7(po) (2.2.39)
o 2T w —po + 1€
- [ dpy X7 (po)
yA = _ 2.2.40
() Z/OO 21 w — pg — i€’ ( )
. % dpg -
S (s) = z/ dpo X7 (po) (2.2.41)
o 2 1S — o

In the high temperature case the fields constituting the thermal bath are massless. The
self-energy ¥ will be then a pure vector in Lorentz space, and is given by [109]

Vi () = ar(@)l + b(w)y (2.2.42)
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where ay and by are some functions whose symmetry properties with respect to w are
determined by the bath (for a complete calculation and comparison to the literature see
Appendix C.2). The four-momentum ¥ represents the momentum of external particle
while the four-vector ¢ represent the four-velocity of the thermal bath. In most cases one
can perform all necessary computations in the bath reference frame where v = (1,0, 0, 0).

If the fields of the thermal bath have a mass, then there will be a scalar contribution

to the self-energy. This scalar contribution C 13,44 can be incorporated into the mass
M of the fermion field and define

M=M+C '"Seentar - (2.2.43)

For a high neutrino mass, the thermal contribution from the bath is small and can be
neglected M ~ M. The solution for G~ can be rewritten as

_ Cdw ., ((I+a)l+b(+M  (1+a )l +0Y+ M
Gy (y) /Oo 5 € < 5 [ . (2.2.44)
with
D=14a)?k*+0*+2(1+a)bk-u— M?*,

~ (14 2a)k* + 2bw — M? | (2.2.45)

a = ax(w) and b = by (w). For small a and b with respect to the mass of the fermion, the
denominator can be taken up to first order in those variables, then we can rewrite

. > dw —iw

Gy (y) :z/ o€ Yo(w) . (2.2.46)
oo 2T

In the narrow width limit py(w) is given by

wil'k

= 2si M 2.24
pul) = i)+ M) e (2247
where k% = w? — k2 and
2
'y = —2Im (a% + b) : (2.2.48)
w W=Wwk

The symmetry properties of a and b are described in the Appendix C.2. After performing
the back Fourier transformation using residue theorem in w we get

Gy (y) = (i% cos(wey) + <u

Wk

) sin(wky)) e Tulvl/2 (2.2.49)

with y been a difference of two times. The solution of the first Kadanoff-Baym equation
has the shape of a fermionic Breit-Wigner, where the oscillatory behaviour is exponen-
tially suppressed by the width I'y. Because of the equilibrium nature of the self-energy,
the spectral function will also depend only on the difference of coordinates. One big
difference between the fermionic and the scalar spectral functions is the fact that while
the scalar spectral function has a definite symmetry in w, the fermion spectral function
has a symmetry depending on the Lorentz direction. This is no surprise because the
fermion propagators must satisfy the properties in equation (A.3.14).



2.2 Keldysh-Schwinger formalism for Fermions 47

Solution of the second KB equation for fermions

We shall now proceed to the solve the second Kadanoff-Baym equation (2.2.28), in which
without loss of generality we can take t; =0

. 0 a1 e ) /
(woat — ky — M)G{ (t1, 1) — / dt'S, (t — )G 1) = Gty — t2) , (2.2.50)
1 0

with the source term (i (t; — t5) given by

Ck(tl - tg) - — / : dt'Efg(tl - t/>G;(t/ - tg) . (2251)
0

The general solution of (2.2.50) can be written as

G (ty,ty) = G (ty, ta) + G o (t1, 1) (2.2.52)

k,mem

where GI (t1,t2) is the solution of the homogeneous equation

0 R t R
(ivog —ky — M)Gi(t,t2) — / dt'Sy (b — )GE( 1) =0, (2.2.53)
1 0
and
t1
Gltmem(th t2) = _/ dt,Gl:(tl - t/)gk(t/ - t2) 5 (2254)
0

is the solution to the memory integral. Let first concentrate on equation (2.2.54), which
can be written after performing Fourier transformation on the variables y; = t; — ' and
Yo =ty — t' as

d |
Gilnlt1:12) = [ 52Hali 02 () ol b (22.55)
with y =t; — t5, and
t1 )
Hk(w,tl) = / dylG;(yl)ezwyl s (2256)
0
to )
Hi(w, ts) — / dys G (—ya)e™ v . (2.2.57)
0

The y; » integrations can be performed analytically

t1 1
- iw ~ -0 . .
/0 dyle (y1)e LN w12< — (w — iTk/2)2 (w (wksl —+wep — zw)
M-k
+ 2 (iwsl — wkC + wk)) , (2.2.58)
Wk
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to ‘ 1
d Gi — WYz o ( 0 * * .
/0 NGy (—yp)e B BYS TY i’ (wksy — iwcs + iw)
M-k
— T (— dws — wneh wx) ) (2.2.59)
Wk

where terms of order I'y in the numerator were neglected, and

s;i = sin(wygt;)e! @i/t (2.2.60)
¢ = cos(wit;)e @i/t (2.2.61)
Then
dw  —ifatanh(Pw/o) M . .
G ty,te) = | — —emwltitt) 2.2.62
e (1. 2) / 27 g — (@ — iTw /2P o (2262)
X (7021: (W) (wiest + iwer — iw) ((— wiesy + iwc — iw)
M-k
+ 7021;((,0)77 (iwks1 — wer + w) (iwsy + widh — wi)
k
M-k ) s . -
+ T,YZ;((U)’}/O (zwsl — wkC + wk) (’ka82 + wdch + zw)
Kk
M-k M-k
+ TVZ; (w)TfV (iws1 — wier + wi) (iwsy + wich — wk)) .
Kk k

We can now proceed to simplify the above equation to be able to perform Cauchy’s
theorem on the w integration with the poles +wy +il'x /2. If we again neglect corrections
of order Ty in the numerator, we can then replace w <> wysign(w) and w? <+ wi under
the integral. This, with sign(w)? = 1, allows to simplify the last expression to

G+

k,mem

(1.02) = [ G o (o M)E ) (M)

x (= sy85 — isign(w)cy sy + isign(w)si1¢; — ¢165
—isign(w)s; + ¢ + dsign(w)sy + c3 — 1)e @172 | (2.2.63)

Now, since Y (w) = DiscXff(w) and, in our case for vanishing lepton and Higgs mass
we have DiscXE(w) = 2i(arl/ + bry), we can write

(t t ) — / d_w tanh(ﬁW/Q) e—iw(tl—tg)
b 27 w2 — (w — il /2)??

X (2M(a1k2 +brw) — ky ((ag (k2 + M2) + 2bw))

G+

k,mem

+79° (w (ar(K* + M?) + 2bjw) + by (k* — M?)) )
X ( — 5185 — isign(w)ey 85 + isign(w)si¢h — 165
—isign(w)sy + ¢ + dsign(w)s; + ¢5 — 1) : (2.2.64)

where a; = Im(a] and by = Im[b]. Knowing that in fact the functions a; and b; are
analytic, we can now apply Cauchy’s theorem. The combination of exponentials coming
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from the s; and ¢; with the e=™(1~%2) determine for each term individually whether one
has to close the path in the upper or lower half of the imaginary plane. Due to the
minus sign that comes if we take the direction of the path in the lower half plane, the
denominator is always

1 —1
—
w2 — (w —il/2)2|? 42Ty
k k

while in the numerator, due to the antisymmetry of tanh and a; and the symmetry of
br, the scalar and kv part are symmetric while the 4% part is antisymmetric. Recalling
the definition of I'k in equation (2.2.48)

CL[(Wk)MQ + bj(wk)wk

'y =-2 , (2.2.65)
Wk

and the KMS relation

Y (w) = —i/2tanh(8w/2) 2 (w) . (2.2.66)
one can further obtain by using the spectral function obtained in (2.2.49),

tanh (%)

(e—Fk\yl/Q _ e*Fkt)
2

Gltmem(y7 t) = -

M —k
X (i% sin(wyy) — il cos(wky)) : (2.2.67)
Wk
Note that when t; = t; = 0 this solution vanishes, which is absolutely trivial, because

there are no memory effects at ¢ = 0.

The homogeneous solution can be solved analogue to the first KB equation (2.2.27),
the functional dependence on the first argument ¢; of the solution to the Eq. (2.2.28)
can be easily obtained. Applying Laplace transform to (2.2.53) one finds

- 1

Gi(s,ty) = G0, L) . 2.2.68
k( 2) Mos—ky—MJrZ;(s)% k( 2) ( )

Integrating further over Bromwich contour one obtains

G (ty, 1) = =Gy (11)i0GE (0, 1) (2.2.69)
where G5 (0,1,) can be found using the symmetry given in (A.3.15). Then

Gif (t1,t2) = G (1) %G (0,0)70Gy (—ts) - (2.2.70)

We are interested in the case of zero initial abundance Majorana neutrinos, this corre-
sponds to a vacuum Green function by choosing *

M — kv
ka ’

G{(0,0) = (2.2.71)

4We assume that the interaction is switched on when the system starts evolving in time to avoid
problems related to the fact that the vacuum of the interactive theory can not be expressed by Gaussian
initial conditions [111]
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The full solution now reads

M-k

Gitt) =~ (wsinteng) — 2 cosfian))

Bwie
X [%emy/z + feq(wk)erkt] ; (2.2.72)

where the equilibrium distribution function for fermions f¢(wy) = 1/(e®x1) is explic-
itly shown. In order to verify that the solutions for G, (y) and Gy (t,y) are correct, we
need to check three conditions that these equations must satisfy: symmetries described
in (A.3.14) and (A.3.15), initial conditions for ¢ — 0, and KMS condition for equilibrium
when ¢ — oo.

2.2.3 Properties of the solutions

Symmetries

Let us apply the symmetries conditions described in Eqgs. (A.3.14) and (A.3.15) for
our solution of the spectral function and the statistical propagator. Applying first the
Hermitian conjugate to the spectral function

e = (—irwcostaa) + (F ) singaa) ) 0. (22.73)

where we have used the Hermitian property of 7y and the anti-Hermitian of ~;

) '=2%, (w)=-m. (2.2.74)

Applying 7 from the left and right
M —k

Wk

ol = (—iocostona) + (20 )sineaa) ) 2L @27)

with {70,7:} = 0 and (7)? = 1. Finally

=[Gy (=y)]"0 = (ivoCOS(wkyH (M;kkfy) Sin(wky)) e T2 (2.2.76)

= Go(y). (2.2.77)

Now, for the case of the statistical propagator we can apply the same criteria. Because
the exponentials depend on ¢ and |y|, the exchange t; <> ¢ will no have any effect, so
we can define

tanh (5%)

Ax(t,|y)) = e Tell/2 o fea (e it (2.2.78)
Then
. M+ k
(Gt y)]T = —Ax(t, |y]) <—WO sin(wyy) — - 7 Cos(wky)) . (2.2.79)
K
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Finally

lCEE 90 = —Adt ly) (rw)an<wky>—-5%%5;51<XB<wky>) . (2.2:80)
= Gi(ty) . (2.2.81)

We can conclude that our solution for the spectral function and the statistical propagator
satisfy the required symmetry properties.

Initial conditions

At t; = ty = 0 the two correlation functions must become the free ones evaluated at
t = 0, because at t; = ty = 0 the are no interactions. We can see that our solutions
satisfy that condition

G (¥)ly=0 = 170, (2.2.82)
M — kv
G+ ey = — 2.2.83
k() ]t=0.y=0 S ( )
where in the last equation we used the property
Buwi . eq

The initial condition comes from the anti-commutation of the fermion field. Remember
that the correlation functions are calculated in the mixed representation.

Equilibration and KMS condition

To look at the equilibration of the spectral and statistical propagators, we must set
't — oo but maintain the difference, i.e. T'x|y|. We can see that because G~ does not
depend on the sum of the coordinates, it maintain its form for large ¢ times. But for G*
we obtain

M-k
) cos(wky))

tanh (5%)

e Tlul/2
2

R

(2.2.85)

To check that this equation satisfy the KMS condition, thus is in equilibrium, we must
perform a Fourier transformation from time-space to w-space in order to satisfy

Gi(w) = —% tanh (%‘”) Gy (w) . (2.2.86)

Let concentrate first on the scalar part of the above equation

M
Gl—i—scalar(y) = 2—Wk Cos(wky) tanh <%) G_Fk‘yI/Q . (2287)
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In w-space we have

G+

kscalar

i M Bw kakw
(w) = o tanh <7) 2= (w = iT3/27] (2.2.88)

which has to be compared with the scalar part of G_(y)

M
Gl?scalar(:y) = w_k Sin<wky>€7rk|y‘ Y (2-2.89)

and in w-space

_ M Ty(w +w?)
G R i— '
kscalar(w) Zwk |w12{ — (w - Zrk/2)2|

(2.2.90)

The = indicates that, again, we have neglected higher order of I'y in the numerator.
We can see that equation (2.2.86) is satisfied in the narrow width approximation. It
is straightforward to compare the vector parts of the statistical propagator with the
spectral function to satisfy the KMS relation.

2.3 Keldysh-Schwinger formalism for standard model
leptons
To get the non-equilibrium form for standar model leptons S*, we can do the same

procedure for the massive fermions and take the limit M — 0. the corresponding KB
equations read

. 0 B t2 e o
(wog_kv)sk(tl—w): - / dt'S (ty — ) S (' — ta) (2.3.1)

1 4

. 0 I o
(woa_t_kfy)slj(tl,tz): — / dt'Sf (6 — )Gy (¢ — to)
1 t
t1

+ [ s - 06w 232)

ti

The solutions can be easily obtained with the following initial conditions

5 (0) =iPryo (2.3.3)
kv

S (0) = —Pr—, (2.3.4)

in order to get

S5c0) = P ((wcostig) = (57 ) sinhg) ) e P, (235
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o k
Stt,y)= — P <WO sin(ky) + % cos(k:y))

tanh (%)
2

X

e—Fky|/2+feq(k)e—Fkt] ’ (2.3.6)

where k = |k| is the energy of the massless lepton and the chirality is explicitly shown
with the projector Py.

2.4 Keldysh-Schwinger formalism for Majorana
fermions

The Keldysh-Schwinger formalism for Majorana fermions is straightforward from the
formalism for normal fermions. The differences comes naturally from the fact that a
Majorana fermion is it’s own anti-particle. This will give raise to different definitions,
but same procedures. Let start with the Schwinger-Dyson equation on the contour

C>igy — M)Ge(xq,x2) — i/Cd‘lec(xl, 2)Ge(z, x9) = i (11 — x2) . (2.4.1)

The spectral function and statistical propagators are defined right now as
Gop(r1, 22) = i({Na(21), Ns(22)}) (2.4.2)
Glpler, ) = g{[Nalmr), N (243)
which satisfies the following symmetries

G (x1,23) = 70[G7(372,56’1)]T’Yo = Gi(SL’z,lUl)T ’
G+(371,56’2) = —’YO[G+($2,SL’1)]T”YO = —G+(372,SL’1)T .

Defining also the self energies

Y (21, me) = i (X7 (w1,m9) — X5(x1,79)) (2.4.6)
S (2, 32) = %(Z>(5L’1,x2)+2<(az1,x2)). (2.4.7)

This will give us the Kadanoff-Baym equations

t2
C(r°0,, — py — M)G, (t — t) = — / 'S, (= )G (' = t2) | (24.8)

t1

to
C(n°0, — py — M)G (tr,15) = — / di'Sy (b — )Gy (¢ — t2)
t;

t1
+ /t dt's; (ty — Gt ta) . (2.4.9)

i
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Without loss of generality in the following we will set t; = 0. The solution of these
equations can be found exactly as before with the following initial conditions

G5(0) = ipCt, (2.4.10)
M —
GH0,0) = — Pt (2.4.11)

Wp

With these we will get

G,(y) = (ifyo cos(wpy) + (Mw;pm) sin(wpy)) e Telul2ot (2.4.12)
and
Gilty)= — <’i70 sin(wpy) — @COS(W@/))
p
Puwp
X w(fﬂ"yﬁ + fif(wp)e ™ o (2.4.13)

As before, the equation for G (¢, y) is the sum of the memory solution plus the homoge-
nous one. One difference between the above equations and the one for fermions, are
the symmetries that these Green’s functions need to satisfy. Let start with the spectral
function and see the symmetry described in Appendix A. First we have

Gl = (7 (i cosapn) + (P2 Y st o2 (2410

Wp
Using the fact that (C~') = CT and Cv,C~ = —, we get

M +py

Wp

oI = (—inwcostnn) + (2D ) sinfu) ) e ToC (2.4.15)

Finally, using C~! = —C' we obtain

6" = (rwcostapn) + (B2 s ) T (2400

= Goly). (2.4.17)

p

We can apply the same procedure for G;,L (t,y), as before we introduce

tanh (%)
By(t, ly|) = 5 e~ Tell/2 o ped (e TRt (2.4.18)
to get
_ ) . M — p~T
Gt =~ Bty (a8 snfapn) = P coste)) - (24.19)
P
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We continue with the algebra

Gt = ~Byltlol) (~inf snfapn) — TP costen) ) €, (2420
—[GL(t, )" = =Bt |y|) (Z’%T sin(wpy) — ]\4;7:37 cos(wy)) C™t,(2.4.21)
— Gi(ty) (2.4.22)

For completeness here is a list of the Majorana propagators which will be used in the
next chapter.

M —
G;(y) = <z’70 cos(wpy) + Py sin(wpy)) e telul2o—1 (2.4.23)
p
M —py
G;(y,t) = - 270 sin(wpy) — - Cos(wpy))
p
tanh BT
X e TPy iy )e e | O (2.4.24)
11 o tanh (BT) Tplyl/2 r
0= — 2 [ 2isinfupy) [ L M2 4 (i)

— cos(wpy)sign(y)e Tl¥/2 | ¢!

6Wp
M — tanh (—)
p
— isin(wp|y|)e TPM/2 | €71 (2.4.25)
22 _ 11 *

Gp (yat) - (Gp (yat)) )

o tanh (ﬁ%) Tolyl/2 r
G;(y,t) = - 35 2i sin(wpy) fe’ plul/2 4 It (wp)e et

M — py
2wp

Bwp
tanh( 2 ) —Tplyl/2 eq —Tpt
2 cos(wpy) fe P + [ (wp)e P

— isin(wpy)e TPM/2 ) ¢ (2.4.26)
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Bwp
% tanh( 5 )

Gyly,t) = 2i sin(wpy) o P [ (wp)e !
+ cos(wpy)e T2 | o1
M —py tanh (ﬁ%)
+ 5 | 2eos(wpy) fﬁr"‘y'/ 2+ ¥ (wp)e !
p
+ isin(wpy)e TPM/2 L C7L (2.4.27)

For a full list of propagators see appendix D.



Chapter 3

Thermal leptogenesis

In this chapter we present a realistic model for leptogenesis. We show first the semi-
classical approach for the asymmetry calculation via the Boltzmann equations. We
then apply the quantum formalism developed in the previous chapter for the creation
of Green’s functions for Majorana neutrinos, and finally use it to compute the time
evolution of dressed lepton Green’s functions. In terms of the lepton charge operator
computed from the dresses lepton statistical propagator we are able to study the pro-
duction of the desired lepton asymmetry. In order to compare both methods, we neglect
wash-out terms and concentrate only on the generation of the asymmetry.

3.1 Boltzmann formalism

Leptogenesis is normally studied in terms of coupled Boltzmann equations. Those
describe the evolution of the distribution function of the Majorana neutrino and the
generated asymmetry via the decay of the heavy Majorana neutrino. As shown in the
previous chapters, one of the most important parameter that comes into play is the
CP violating parameter € (coming from flavour mixing in the Yukawa sector). In what
follows we will concentrate on the comparison between the Boltzmann equation and the
Kadanoff-Baym formalism. In order to do that, we can neglect the wash-out and focus
only on the generation of an asymmetry by studying the decay of the heavy Majorana
neutrino.

3.1.1 Boltzmann equation for the production of Majorana
fermions

Following the definition of the Boltzmann equation, we can write the evolution of the
Majorana distribution function fy(f,w) in a thermal bath composed by leptons and
Higgs, with distribution functions f(¢, k) and f,(¢, ¢) respectively. If the bath is strongly
coupled and its temperature varies slowly in comparison to the expansion of the universe,
we can assume that the distribution function of particles in this bath are not time-
dependent and they will remain in equilibrium, i.e. fi(k) = (e’ + 1)~ and f,(q) =
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Figure 3.1: Processes involved in the matrix elements of the Boltzmann equation. a)

M(N — 1¢) and b) M(N(p) — [(k)¢(q)). The inverse processes can be derived easily

from these two.
(ePk —1)~1. Hence

%fN(t, w) =— QL (2m)'6" (k +q —p)

X (@)1= i)+ fola) (MIN = 1) + |M(N — 1))

— AR (@)1 = f(t,) (IM(I6 = NP + M7 = N)P)] |
(3.1.1)

where M(N — 1¢) and M(N — I¢) are the matrix elements of the decay of
the Majorana neutrino into a lepton-higgs and anti-lepton-anti-higgs respectively, and
M(l¢p — N), M(lp — N) are matrix elements of the inverse processes. Using CPT
invariance we see that

IM(lp — N)|? = |[M(N — 19)]?, (3.1.2)

so the Boltzmann equation for the Majorana neutrinos can be rewritten as

0 4¢4
af]\;(t,w):—Qi (2m)*0%(k +q —p)

x (IM(N > 19) + [M(N = I§)?)
X [fn(tw) (1 = filk) (L + fola)) — filk) fo(@) (1 = fn(t,w))]
(3.1.3)

where we defined w = \/M? + p2, k and q as the energies of N, [ and ¢ with equilibrium
distribution functions f; and fs', respectively; the averaged decay matrix element is

(cf. [73])

IM(N(p) = U(k)p(q))> =2 (ATA),,p- k. (3.1.4)

'Tn the absence of chemical potential the distribution functions for a certain particle is equal to the
one for its anti-particle.
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The sign in front on the distribution functions in the r.h.s. corresponds to a bosonic
enhancement (+) or Pauli blocking (—). The momentum integrations was conveniently
written with the notation

/p...:/@;f;pzw... . (3.1.5)

The sum of decay and inverse decay widths, which determines the rate for the approach
to equilibrium, is given by

2
Pafw) = (V) = [ @0)'6i k- a = plp- b fuloa) (3.1.6)
k,q
where we have introduced the function

fis(k; @) = filk) fo(q) + (1 = fi(k) (X + fo(q))
= 1= filk) + fo(a) ,
AR ule)
N(w)
and in the last line of (3.1.7) the 4-momentum conservation p = k + ¢ has been used
and fyl(w) = 1/(e? + 1). Using the optical theorem one can see that the decay width

obtained in (3.1.6) is exactly the same as the decay width that one obtains from the one
loop diagram [108|. The Boltzmann equation can be then written as

(3.1.7)

9 fult ) = ~(Jxlt,) — f37(@))Ts(e) (3.1.8)

For the solution of the Boltzmann equation (3.1.8) with vacuum initial condition,
fn(0,w) = 0, one easily obtains (I'g(w) =T)

fn(tw) = fRw) (1—e ), (3.1.9)

We can see that when ¢t — oo the distribution of the Majorana neutrinos approaches the
equilibrium one and all quantum corrections disappear. For ¢ — 0 there is no Majorana
particles.

3.1.2 Boltzmann equations for the production of a the lepton
asymmetry

The solution (3.1.9) needs to be introduced in the Boltzmann equation for the lepton
distribution function (see Figure 3.2), which reads

%ﬁ(t, B = — (2m)10%(k + ¢ — p)

% q,p
x [0 Fa(a) (1 = Sl w))IM(e — N)P
— (b1 = AR+ Fo@) MOV = ()] (3.1.10)
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Figure 3.2: Diagram contributing to the matrix elements of the Boltzmann equation for
leptons.

and for the anti-lepton

9 1 44
Shtk) = = o [ en)iik+q—p)
X [fk) Fa(a) (1 = Sl w))IM(8 — N) P
—ultw) (1= fR) 1+ F@) MO = 1§)] | (3.1.11)

where now O(A*) corrections to the matrix elements have to be kept. In order to
compare with the quantum formalism, we have dropped the wash-out terms. These will
not contribute to the production of lepton asymmetry, but they will be important if one
wants to obtain a quantitative result on the lepton asymmetry, which is not the goal of
this thesis. 2

If chemical potential can be neglected, one can see that the equilibrium distribution
functions of I and ¢ are the same as for their anti-particles (f; ~ f; and fy ~ f3).
Defining the lepton asymmetry as the difference between the out-of-equilibrium lepton
distribution function and the one for its anti-particle, i.e. fr;(t,k) = fu(t,k) — f(t, k)
and using equation (3.1.2) we get

iR = 50 [ CmE g = D ((MOY S 10 + 1MUY > T)F)

X (fN(t,W)(l = fitk) (A + fo(@) + fi(F) fo(q) (1 — fN(t,W))) - (3.1.12)

Considering the effects of scattering processes we get finally the Boltzmann equation for
the lepton asymmetry

1
2k

X (fN(t,W)(l — k) (1 + fs(q)) — fulk) (@) (1 = fN(t,W))) - (3.1.13)

St = 5 [ @8k g = ple MOV 10)F + MY 9)F)

2See [27] and references therein for a detailed discussion of the wash-out processes.
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notice the minus sign difference between equations (3.1.12) and (3.1.13). In both equa-
tions we defined the CP violating parameter €

eiiOM(N S 1) + |M(N — Z<;3>|2) — |IM(N = 16)2 — [M(N = 10)]? . (3.1.14)

The CP-violating parameter comes from the difference from the off-diagonal terms of
the coupling. There is no asymmetry at initial times, hence we have the initial condition

fri(0,k) =0 (3.1.15)
Since the Boltzmann equation is a first order differential equation, only one initial con-

dition is required. Using equation (3.1.9) and (3.1.15), one obtains for the lepton asym-
metry

fri(t, k) = —Eiz%/ (27T)454(k +q—p)p- k;fw(k:,q)fqu(w)% (1 - e_Ft) , (3.1.16)

where

3Im{AL (A, ) M

i 3.1.17
€ij 167 ( )

Summing over all flavours, the generated asymmetry is proportional to the familiar CP-
asymmetry: € = >, €;/ (ATA),; = 3Im(ATpA) M/ (167 (ATX),,) [73]. For later comparison
with the solutions of the Kadanoff-Baym equations, it is convenient to rewrite (3.1.16)
in the form

fri(t k) = —Giim—ﬁ / kK x (2m)*6*(k + ¢ — p)(2m)*6* (K + ¢ — p)
k q,p,q’,k’
X fl¢(k:,q)fqu(w)% (1—e) . (3.1.18)

Note that the integrand is now proportional to the averaged matrix element |[M(lp —
19)|? = 2k - K'(ATA)11/M? (cf. [73]), which involves the product of the 4-vectors k and
E'. At low temperatures, T < M, the integrand falls off like e < e™#M ie., the
generated lepton asymmetry is strongly suppressed.
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3.2 Quantum formalism

A full quantum description of leptogenesis can be obtained from the Kadanoff-Baym
equations. Performing an analogous procedure as in the Boltzmann case, we need
to describe the production of Majorana particle, whose decay produces the lepton
asymmetry. In order to do that, we need to insert the solution of the non-equilibrium
Majorana neutrino already obtained in (2.4.23) to (2.4.27) in the Kadanoff-Baym
equations for leptons. This is analogous to the Boltzmann formalism, where we insert
the time-dependent distribution function of the Majorana to the differential equation
for the asymmetry. In the Kadanoff-Baym case, the out-of-equilibrium Majorana
propagators are inserted into the CP violating self-energy, and interference with the
bath will cause the generation of the asymmetry. The SM bath remains in equilibrium,
but the CP violating part of the lepton self-energy is not. In this case the methods
from the previous chapter cannot be applied directly. However, we are only interested
in the CP violating part ‘05’ and we can solve the quantum equations to leading order
of 5. In order to obtain a solution to the equation, we need to explicitly calculate the
self-energy, concentrating on the out-of-equilibrium part described by the Majorana
propagator.

To compare our result with (3.1.18), we will not consider wash-out terms (scattering
processes) and concentrate purely on the generation of the asymmetry. In a quantum
approach, we will not have to subtract real intermediate states as it is commonly done
in a normal Boltzmann mechanism [110]. The optical theorem gives us the advantage
that we do not over-count processes. We will also see that if we consider naively only
the on-shell effects, the result will suffer from the same problems as the ones obtained
from Boltzmann equations.

3.2.1 Simple exemplary case

In order to know how to compare the classical Boltzmann approach and a quantum
one, we need to know the functions that describe the lepton asymmetry. Let start with
a simple exemplary model consisted of charged leptons with chemical potential. The
number density will be then given by

m=m == [ Pf) = [ RRE) - 50 (3.2.1)

where ny is the asymmetry, n; and n; are the number densities for the leptons and
anti-lepton respectively with f; and f; their distribution functions. In equilibrium, with
chemical potential, the distribution functions are given by

1
fl(k:) = eﬁ(k_ﬂ) +1 ’ (322)
1
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For large temperatures (G < 1) we can expand the last equations

1 1

filk) = g + an 1)25u+ e (3.2.4)
~ fo+ foBu+--- (3.2.5)

1 1
fi(k) ~ T _ T 1>26/~L 4eee, (3.2.6)
~ fo— fBu+--, (3.2.7)

where fj is the equilibrium distribution function without chemical potential. The asym-
metry will be given by

o= fik) = fi(k) ~2f3Bu (3.2.8)
which will vanish in the absence of chemical potential. In order to compare this result
with the one obtained from thermal field theory, we need to consider the definition of the

propagators in a thermal bath [79]. Let start with the equilibrium thermal-propagator
in momentum space S~ (k)

iS” (k) = 2w (1 — fi(k))e(ko)¥PLO(K?) | (3.2.9)
= 27(0(ko) (1 — fi(k)) — O(—ko) (1 — fi(—k)))KPLo(K?) , (3.2.10)

where §(k*) = 5:(6(ko — k) 4+ 0(ko + k)). Equation (3.2.9) can be rewritten by using the
fact that 1 — f(—k) = f(k)

iS” (k) = 2m(0(ko) — O(ko) f (k) — 0(—ko) f(k))KPLO(K?) . (3.2.11)
The same can be applied to S<(k)
iS<(k) = 2m(0(—ko) — O(ko) f(k) — O(—ko) f(k))KPLO(K?) . (3.2.12)

Lets calculate S)f (¢), by definition we have

S* (k) = %(S>(k) +S<(k)) (3.2.13)

or in mix-representation

SE(t) = % / dhoe=™t (S (k) + S<(k)) | (3.2.14)

= [ i (310000 + 01=o) — 001) 5 8) — 0(~40) 7)) #PL3CR)

After some algebra we obtain
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SE(t) = (-%&0 sin(kt) — %ky cos(kt)
a0 sin(kt)(F(R) + F(R)) — 5+ cos(kt) (7 (k) — F(R))
ke cos(kt) (F(R) + (k) — Ty sin(ht) (7(k) — f(kz))) P, (3215
We can expand the above result for large temperatures in order to get
Sy (1) A~ sin(kt) — oy cos(kt)) (1~ 2fo (k) P

2k
— (4" cos(kt) + %kv sin(kt)) f2BuPy + O ((B)*) (3.2.16)

again fo(k) = (e®* 4+ 1)71. If we take a equilibrium bath, i.e. time independent, we can
set ¢ — 0. Multiplying by vy and taking the trace gives

tr(7°S(0)) = =2f3Bu+ O ((Bn)?) | (3.2.17)

which is the same result as the one in (3.2.8) only differing by a global minus sign. For
a time dependent bath, we get an asymmetry

Ly (t) = —tr(y°S,F (1)) (3.2.18)
— isin(kt)(1 — f(k) — f(k)) — cos(kt)(f(k) — f(k)) . (3.2.19)

In this simple model, for vanishing chemical potential the £ = 0 mode also vanishes.

3.2.2 Kadanoff-Baym equations for leptons

After the identification of the proper quantity that describes the asymmetry in quantum
field theory, we are able now to proceed to a real leptogenesis model. In order to do
so, we need to write the Kadanoff-Baym equations for leptons with a CP violating
self-energy. The introduction of the non-equilibrium Majorana neutrino inside the two-
loop Feynman diagram leads to a non-equilibrium self-energy with no time-translational
invariance. In order to solve this equations, a decomposition of the equilibrium and non-
equilibrium parts of the self-energies and propagators is needed. As a difference with
respect to Chapter 2, where the kinetics of non-equilibrium particles were described
by the decay width, and no further knowledge of the self energy was needed (only its
Lorentz structure)?, the exact calculation of the self energy is required. The results will
be compare to the Boltzmann formalism.

Solution for the spectral function for leptons

In order to calculate the asymmetry generated in a quantum formalism, solving the first
equation is not necessary, but an analysis is made for completeness. Let us now start

3In this case the bath is always time-translational invariant.
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with the first Kadanoff-Baym equation for the a massless lepton

t1
(2'7081 - k’)/) S;(tl, tQ)PL + / ﬂl:(tl, t/)Sl:(t,, tQ)PL =0 s (3220)
to

here Pp, is the left handed chiral projector, which we can be drop for the rest of the
section. In the following we will also drop the index ‘y’ for convenience. Since IT is not
time translation invariant, S~ is not either. However, one can decompose IT into a part
that comes from standard model interactions and a part from the interaction with the
heavy Majorana neutrinos.

T (1, t) = Mgy, (t1 — t2) + Ty (t1, 1) - (3.2.21)

The standard model part is in equilibrium, therefore it is time translation invariant and
obeys the KMS condition. We can define S, as the solution to (3.2.20) for Ty (t1,t2) =
0. As proven in the scalar case, for a time translational self-energy also S~ is time
translation invariant, therefore SZ_(t1,%2) = S;,(t1 —t2). One can then define §S~ by

Si<t1, tz) - S;](tl - t2) + (557<t1, tz) . (3222)

Inserting the decompositions for TT~ and S~ into (3.2.20) and using the fact that S_,
fulfills (3.2.20) with ITg,,, one can write an equation for .5 :

t1
(ivo01 — k) 05 (t1,t2) = —/ dt' (Tgp, (ty — )85~ (¢, t2) + Ty (t1, ') S (' — t2)

to

+TTy(t1, )05 (¢, t2)) (3.2.23)

Se, can be computed in the same way as G in Sec. 2 and is given by

Sat) = | Z Z—:eiwy(y— rrz?Mw e ﬂéMw) | S

where the 4-momentum k, = (w,k). Due to the smallness of the neutrino Yukawa
coupling A, one has

Mg > Ty . (3.2.25)
and consequently
Seq > 085, (3.2.26)

which allows to drop the TTy(¢1,')0S™ (', t2) term. One can then rewrite (3.2.23) as

t1

(iv001 — ky) S (t1,12) +/ dt' g, (6 — t)0S™ (', ta) = ((t1, t2) . (3.2.27)
to

The source term ¢ does not depend on 65~ and is given by the known functions

C(ty,t0) = — /tl T (t1, ) Sg,(t" — t2) . (3.2.28)

to
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The solution of this equation is given

5S™ =068 +46S-

mem

(3.2.29)

where S~ is the solution to the homogenous equation that can be obtained from (3.2.27)
by setting ¢ = 0. 0S5~ is time translation invariant because the self-energy is time
translation invariant (see scalar case). The equation to be solved is the same as for S,

so we easily get 68~ = Seq- Then the complete solution for S is given by

Si(tl, tg) = CLS;](tl - tg) + 5s;mm(t1,t2) s (3230)
with
t1
S em(t1,12) = / dt'0S;,(t, — t')C(t, ta) (3.2.31)
to
as can be proven by insertion. Here ¢y is a coefficient that is fixed to ¢, = 1 by

the initial conditions which follow from the anti-commutation relations for fermions.
The standard model part to the lepton self-energy TTgys, has to be computed at finite
temperature. Since the temperatures during leptogenesis are far above the electroweak
scale this computation cannot be done perturbatively due to the known breakdown of
perturbation theory at high temperatures. An estimate could be made by using a hard
thermal loop resummation or an exact result for given temperature could be found
using lattice gauge theory. For the moment we will keep it as a function that is in
principle known.

Solution for the statistical propagator for leptons

From Sec. 3.2.1 we know that the statistical propagator give us the desired asymmetry.
The Kadanoff-Baym equation for the statistical propagator is given by

to
(i7°0 — k) S (tr, t2) = — / At (b, 1) Si (1 1)
0
t1
+/ dt' Tl (01, 1) Sy, (1 a) (3.2.32)
0

Where again we can see that the self-energies are non time translational invariant. If
the initial correlations are non-Gaussian, an additional term O[S;,,, TT;,] should be added
to eq. (3.2.32) [111]. This term will vanish when we calculate the asymmetry of the
system, due to the fact that we assume no asymmetry as an initial condition, i.e. from the
deviation of the equilibrium propagator. This deviation is always Gaussian. Following
the procedure from the last section, we can decompose the self-energy and the propagator
in an equilibrium and non-equilibrium part

St

ij

(ty,ty) = S;fqal — ta) + 0S5 (t1, ta) (3.2.33)
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~
S
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k to

Figure 3.3: Two-loop contributions to the lepton self-energies ﬂlf, which leads to a
non-zero lepton number asymmetry.

as well as the decomposition of the self-energy between the SM and the Majorana con-
tribution

In this way we get

t1
(00 — k) 650, (t1, 1) — / ATty — )55, (1 1)
0

= Gt t2) + Gy (B, 1) + Gy (t, 12) (3.2.35)

where the term §STOTT~ was dropped. This can be understand by assuming that the
leptons are close to equilibrium. This fact does not imply that the Majorana neutrinos
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are close to equilibrium too. The Lh.s. of equation (3.2.35) is the homogenous solution
for 551(@ , and the sources are given by

Gt ty) = /0 N ST (11, ) S — 1), (3.2.36)
t2
Coij(t1,t2) = —/0 dt'OTTG (1, 1) S, 70 (' — t2), (3.2.37)
and
(it ta) = —/j AT (b — )5S, (¢ ta) - (3.2.38)

Standard model corrections should not be neglected. However, the determination of
these corrections at high temperatures is a non-trivial task. At high T perturbation
theory breaks down and the quasi-particle spectrum cannot be determined. In order
to compare with the Boltzmann equation and the literature (where also SM correction
are neglected) we drop the terms TTgy,, this will make all the equilibrium propagators
besides the Majorana propagator in (3.2.35) and inside the self-energy IT to became the
free propagator (S — S, A% — AF ). Therefore the source term ¢? will drop out. The
solution to (3.2.35) is then

t1 t2
0S8t 1) = + / dt’ / dt" Sl (ty — t)OTTE (1) S (1 — 1)

/ dt/ dt" Sy (= ) 0Tg, (¢ ) Sl (¢ — t2)
+Cy (1) (3.2.39)

where Cy(t1,12) is a functions that only depends on t5 and vanishes when the differential
operator is applied®

(’i’}/oatl — k’)/) Ck<t1, t2) =0. (3240)

One big difference with Chapter 2, is that we now have two source terms (; and (5.
The source (5 can be treated in the same way as in Chapter 2, giving us the first line
of (3.2.39), meanwhile (; needs to be treated differently. This difference comes from the
fact that the limits of integration of the source n; goes from 0 to ¢;, which will give
us the second line in (3.2.39). In order to this solution to have the right symmetries
described in Appendix A.3, the function Cy(t1,ts) must be

K (t1, ) = / dt" / dt' St (t — )T, (7, #) S (' —t2) (3.2.41)

4Remember that (iv90;, — k) Sé’f(tl —t3) =0.
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A final decomposition can be made, since the asymmetry is generated from the non-
equilibrium part of the Majorana propagator only. Therefore we can separate one more
time the self energy oTT

Oy (8", 1) = TGS — 1) + 6T, (7, 1) (3.2.42)

where 5ﬂ;ifq(t” — t') comes from the equilibrium part of the Majorana propagator, and

5ﬁ1:ij(t” ,t') from the non-equilibrium part. This decomposition will allow us to define
the departure of equilibrium of §S*

5512‘3‘@17 ta) = 05y (t1, t2) — 5S;fq(t1 —ta), (3.2.43)

which will finally give us the solution for the asymmetry to be
~ t1 t2 R
o5kttt =+ [ at [ st — 0T, @, )50 0 1)
0 0
t1 t’ B
— / dt,/ dt”sl;‘f(tl — t/)éﬂl:ij (t” t”)Sl;}F(t// . t2)
/ dt”/ dt S;ZJF ”)5”1{2] (t” t )Skw (t, - t2) . (3244)

The self-energy TT will be only computed with the non-equilibrium part of the Majorana
propagator, i.e. the term which depends on the center of mass coordinate.

3.2.3 Asymmetry from the quantum formalism

According to equation (3.2.18), the correlator S* is proportional to the asymmetry. We
can define a ‘lepton number matrix’ from the statistical propagator of the lepton fields,

Lkij(tl,tg) = —tr[”yogljij(tl,b)] . (3245)
For for fr_ee fields in equilibrium we have seen that this is proportional to Lyl =y, =
fui(k) — fii(k), which vanishes for zero chemical potential. To leading order in A\, a
flavour non-diagonal asymmetry is generated by the two-loop self-energies shown in Fig.

3.3 (cf. [73]). Using the solution of the Kadanoff-Baym equation for S in (3.2.44) to
first order in the self-energy TI , one finds after some algebra

t t
Luj(t,t) = —i / dt// dt” te[S T (1" — )6, (¢, 1)
0 0
=S T (¢ = )T ()] (3.2.46)

Let start by looking at 51:[; which is defined by

oM, (") = [5”12] (t', ") + 0T, (¢, £")] (3.2.47)
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with
0TIy (8, 8") = i Ty (8, 87) + N T (2, 8) (3.2.48)
oM, (1) = i) ﬂlf(l(’ ")+ i ﬂlf@(’ ") . (3.2.49)

The subindices (1) and (2) represents each 2-loop diagram from Figure 3.3. Notice
that we extracted the coupling A and the imaginary number from the self-energies (see
Appendix C.4). Expanding the self-energies showing explicitly the Lorentz structure
gives

ﬁl%(l, ) (#,1") = HI%(Ol 2t ") 70 + ”E(ﬂ o) (3.2.50)

We can use the following properties for the propagators

S () = (S (=) (3.2.51)
S (1) = (S (=)0 — (S (=)™ » (3.2.52)
A () = (AP (=)" (3.2.53)
Ag”(y) = (A=), (3.2.54)

and using also the following property for the scalar part of the Majorana propagator
Gsp(y) = (Gsp(—y))" (3.2.55)
we get a relation between ﬁi(l 5y With ﬁlf(l 2"
M) (14 8) = T2 ) (E5 )] 0 — [0, (85 )] (3.2.56)

Using the above properties we can also obtain a relation between the first diagram ﬁ(l)
and the second one TTy)

ﬁi(z)(t’,t”)— [ﬂ> (@ " (3.2.57)

Introducing Eqs. (3.2.56) and (3.2.57) in (3.2.47), we obtain an expression for 6TT+ that
only depends on the first diagram of figure 3.3.

OTTL () = = Ay[RelTRl (¢, 8")yo + ilmTTd, ()]
+ [Reﬂi(ol (" )0 — zImﬂk(Jl)( "), - (3.2.58)

In the same way we obtain for 5ﬁ1:ij(t’, t") = z[éﬁim (t',t") — 5ﬁlfij(t’, t")]

O (1 1") = = 2X5 [Tl (¢, #)y0 + RelTR (¢, 4);]
+ 2)\5 [zImﬂ> (", ’)fyO—Reﬂi(Jl)(t”,t’)fyj]. (3.2.59)

Inserting 6TT+ to (3.2.46), and remembering that

SE(y) = <mo cos(ky) — (k—;) sin(k:y)) Py, (3.2.60)
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tanh (%)

S ty) = ——

(i% sin(ky) + (k—;) cos(ky)) Py, (3.2.61)

we can rewrite the lepton number matrix at equal times

Luij(t) = 2Im[\ /dt’/ t” cos(k(t" — ))Re]‘[>0( )
6k i " / >0 (41 gl
+ tanh o sin(k(t _t))Imﬂk(l)(t,t)
- k =Ly (sin(k(” = )il (¢1")

+ tanh( ) cos(k(t" —t') Reﬂi{l (t, ”)) } : (3.2.62)

Notice that the symmetric part of the self-energy which are multiplied by cosine survives
the integration, meanwhile the anti-symmetric part survives for those terms multiplied
by sine. Inserting the exact form of the self energies in the above equation

Lui;(t) = — Tm[X /dt/dt"/ dt/ Je g(tu”fz)cos[w(tz—t’)]

CO Bq
x{(J%Fﬁ(mwk+@wt¢w+aﬂ@—qXﬂ—wD

anh (2%
+L%¥l@wm+QW—ﬂww®@—@w—wD>

CO B’
x —Eéil@%WWwNﬂ—MH%%W“wN”—%D

tanh %k,

+ f) ( cos|(kK + ¢ (" —t.)] — cos[(K' — ¢)(#" — tz)])

k' ( coth (&2
-+ kkkl/{ ( th2( 2 ) (Sln[(k + q)(t" _ t/)] _ sm[(k: _ q)(t// _ t/)]>

+tamh (%)

(sin[(k: Q)" + )] + sin[(k — g)(t" — t’)]))

2
coth (22
. —Eéi)@mmwqu—mwwmmuwwﬂ—mw
i (2
+ ; h2 2 ) (sin[(k}' +¢") (" +t,)] +sin[(K — ¢)(t" — tz)])

(3.2.63)
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The time integration can be performed, and after taking small I' we obtain

Lyj(t, 1) = — € 877/ NE fio(k, @) fio (K, d') i (w)
a,q9’ w

ir
(w=k=?+ ) (w-F—¢
X (cos[(k +q—K —t]+e

X

- e_%(cos[(w —k — q)t] + cos[(w — k' — q')t]))
+ combinations , (3.2.64)

where p = q + k = ¢ + k. The combinations mentioned in the above equation refer
to all the possible energy sign change, e.g. w — —w. However, we are only interested
in terms of order 1/T", which can only be obtained in the case when w — k + ¢ and
w — k' + ¢, this will remove the last line of (3.2.64). This equation shows the total
asymmetry as a function of time and it is the most important result of this work.
Equation (3.2.64) shows the oscillatory behaviour of the off-shell contributions. For late
times, the exponential will suppress part of the integral, meanwhile the one without
suppression will oscillate to zero due to its fast oscillatory behaviour at late times. This
fact shows that there is no asymmetry created in equilibrium. This is well know to be
a problem that can appear in the naive Boltzmann approach, and needs to be cured by
the ‘real intermediate state subtraction’.

Performing the integral over the momenta is not an easy task, although for short
times some of the momenta can be performed analytically (by making a narrow width
approximation), there is still to perform a numerical analysis. For late times, the narrow
width approximation cannot be performed analytically due to fast oscillation. This
oscillatory behaviour is a key issue in the difference between our full quantum treatment
and the classical Boltzmann approach.

3.2.4 Comparison with Boltzmann

It is interesting to compare the diagonal elements of the lepton number matrix Ly;;(t,t)
with the distribution functions fr,(¢, k) given in (3.1.18).

As expected, the same CP asymmetries €; appear, whereas the dependence of
the integrands on time and temperature is different. The reason for the different
temperature dependence is the fact that the matrix elements in the Boltzmann
equations were calculated at zero temperature. Hence, the factor fi;(k’,¢’) is missing in
(3.1.18). Since Boltzmann equations are local in time whereas Kadanoff-Baym equations
contain ‘memory effects’, the different time dependence of the asymmetries is also
expected. One consequence is that 0, f1;(t, k)|=o # 0, whereas 0;Ly;;(t,t)|i=o = 0. Par-
ticularly important are off-shell effects in (3.2.64), which lead to terms oscillating in time.
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It is instructive to consider the approximations, even if they might not be justified,
which lead from (3.2.64) to the result of the Boltzmann equations. Neglecting off-shell
effects, i.e., imposing w = k + ¢ = k' + ¢/, the cosines are replaced by one; performing
then the zero-width approximation I' — 0, with I't fixed, the integral (3.2.64) becomes

16
Li;(t,1) = —Gz‘j%/ k- K
a,9’,p,k’

x (2m)*0%(k + q — p)(2m)*0* (K + ¢’ — p)
X fio(k, @) fio (K, ¢) f§' (w)
1 _re\2
x s (1-e¥)" (3.2.65)
r
Except for the factor fis(k’,¢’), the only difference compared to the solution (3.1.18)
of the Boltzmann equations is the time dependence. It is obvious from Figure 2 and
equation (3.2.46) that in the quantum theory the generation of the lepton asymmetry
is nonlocal in time. This leads to the square of the exponential fall-off in (3.2.65). On
the contrary, in the Boltzmann equations the asymmetry is generated locally in time

yielding a simple exponential behaviour. The difference can be numerically important
at cosmologically relevant times ¢, ~ 1/T.

3.3 Intoducing SM widths

The calculations leading to equation (3.2.64) also demonstrate that the result for the
lepton asymmetry will be significantly modified by the thermal damping rates for lep-
ton and Higgs fields in the plasma. These thermal widths (cf. [112]) are known to be
much larger than the decay width of the Majorana neutrino: I'; ~ Ty ~ ¢*T > A\>M
for M < T. For quantum interferences the thermal damping rates are qualitatively
more important than thermal masses which, for simplicity, we ignore in the following.
Including naively thermal widths for lepton and Higgs fields in the propagators °

Cylyl

_ 1 . _
Aq(y):gsm(qy)e z

1 Bq _Tyll
A;r(y) = 2 coth <7) cos(qy)e” "2,
M —
Sk (y) = (i’}/o cos(ky) + T’y sin(wky)>e*FLTy‘ ,
tanh (@ M —k Cyll

Sty) = 5 2 ) <z’70 sin(ky) — T”y cos(k:y)) e 2,

and then insert them into the self-energy II,", one obtains instead of (3.2.64) to leading
order in these widths (I';, =, +T'y)

5For a full list see Appendix D.
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k- K
. kfk:/w
el
(@ k=P T )~ F =P+ 1T3)
X fl(b(k:a q)fl¢(k:/7 q/) Je\g(w)

1 —TI't
X & (1—e). (3.3.1)

Ekij(t,t) = € 167T/
q

X

Note that the factors oscillating in time have disappeared. The thermal widths of lepton
and Higgs fields have led to a behaviour which is local in time. In the zero-width limit
one now obtains the result (3.1.18) of the Boltzmann equations except for the thermal
correction factor fiz(k',¢'). The locality of the result is obtained as a consequence of the
the strong SM widths inserted in the internal lines of the self-energy (see Figure 3.4). The
contributions from the Higgs and lepton propagators that are not strongly suppressed,
comes when the times between these two propagators are close to each other. The only
contribution that is not suppressed comes from the Majorana propagator. Figure 3.4
shows diagrammatically how the two-loop process becomes local after the insertion of
SM widths, leading to a normal Boltzmann behaviour.

Figure 3.4: Regain of locality after the insertion of SM widths

We need to emphasize that (3.3.1) is speculative at present, and it remains to be
seen whether it follows from a solid calculation which includes gauge interactions at
high temperatures in a systematic way.
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Future work

4.1 Including expansion of the universe

The inclusion of an expanding universe must be performed in order to obtain a full theory
of leptogenesis. Solving the Kadanoff-Baym equations in this scenario is a complicated
task. For the production of a non-equilibrium particle there is no guarantee that the
self-energy will be time-translational invariant. Moreover, a Lorentz invariant integrand
will include expansion rate terms that will have severe consequences for the applicability
of a Laplace transform. For example a Lorentz invariant Kadanoff-Baym equation for
the spectral propagator of scalar particles in phase space can be written as [113]

OA™ (xq, x9) — / V—gd 20T (21, 2) A (2, 15) = 0, (4.1.1)

going to momentum space

2 3
2 q 2\ A — _ a (tz) — -
(8t1+3H<t1)atl+m+M )Aq (tl,tz) = — /t2 dtzmnq (tlutm)Aq (tz,tz) ,(412)

where H (t) is the Hubble expansion rate and a(t) is the scale factor. A way to proceed
in order to obtain a solution of this equation is to introduce a conformal time adn = dt
and assume quasi-equilibrium for the particles in the thermal bath. If the scale factor
varies slowly in comparison to the rapid change of II as well as A in the integrand , then
one can assume a>(7,) to behave as a constant within the integration. This will help us
to solve the Kadanoff-Baym equation for the spectral function. However, developing a
way to obtain the solution for the statistical propagator in such a manner can prove to
be difficult. Moreover, using then this new spectral and statistical propagators to obtain
a generated asymmetry will be even harder.

t1

4.2 Wash-out terms

A second task is to include wash-out terms. This type of terms only break CP when
a chemical potential is included. They are responsible for the wash-out or dilution of
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the asymmetry in the thermal bath and they do not contribute to the generation of
the asymmetry. As seen in the introductory Section 1.8. Wash-out terms enter the
Boltzmann equations in the asymmetry differential equation

dNp-L
dt

= —ED(NN - N]e\?) - WNB_L s (421)

where now W must include inverse decays and scattering processes. The inclusion of the
wash-out terms must be performed in the Kadanoff-Baym formalism in order to have an
exact final asymmetry. A final quantitative calculation should be performed with the
inclusion of these terms.

4.3 Non-perturbative regime

As we saw in Section 3.3, standard model corrections to the particles that consti-
tuted the bath have a big impact on the generated asymmetry. Due to the large
coupling of the SM compared to A, quantum interference vanishes and all off-shell ef-
fects are erased. Leading the result for the asymmetry to have a typical Boltzmann form.

However this type of thermal width inclusion is not fully justified, at high temper-
atures when the Imaginary part of the self energy is large enough compared to the
energy of the particle, perturbation theory is broken and particles will not behave as
quasi-particles. SM corrections will have then a huge impact on the equations when the
temperature is of the order of the Majorana mass (7' ~ M). There is still no knowledge
about the impact of the high temperature regime for behaviour of the standard models
corrections. One approach that can be performed is a hard thermal loop resummation to
obtain an exact solution for the propagators. The use of Lattice techniques can also help
to understand the problem [114,115|, although lattice models are still being developed to
simulate low temperatures observables, and the high temperature regime is still far away.

4.4 Resonant leptogenesis

Another important issue that we need to take into account is resonant leptogenesis. Here
two or more of the heavy Majorana neutrinos have a degeneracy or quasi-degeneracy on
the mass, for example we can consider the case where two masses are much lower than
the mass of the third neutrino (M, My < M3) and with a degeneracy |M; — My ST
We can integrate out the mass of the third massive neutrino and obtain a different
effective Lagrangian. One problem comes from the fact that now the self energy has
a matrix flavour 2x2 matrix structure (consequently the solution for the propagators
will have a matrix structure too), so its inverse generates a more complicated solution.
Although a general inverse can be found (see Appendix C.1) for the non-equilibrium
Majorana propagators, it is easier to see that when we include this propagators on the
leptonic Kadanoff-Baym equations, the asymmetry generated will only depend on the
mixture between the diagonal part of the non-equilibrium Majorana propagators. The
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Figure 4.1: Self-energy for the production of the lepton asymmetry.

shape of the diagonal propagators have the same form as those in (2.4.23) but with
different masses and decay widths. For example, the statistical propagator for both
diagonal terms will be

. . M, — pvy
Glip(nt) =~ (inwsinpn) — P cosapn) )
P
tanh (%)
X feffﬂy‘/? + fil(wp)e ™t o7 (4.4.1)
. . M, —qvy
Ghalint) = = (inwsine) ~ 2T cosfu))
q
tanh (5%)
X fe”?'y‘/2 + fil(wge ™ | c7t, (4.4.2)

where wp = (p? + M2)Y? and wq = (q? + M2)'/? are the energies of the Majorana
neutrinos respectively. Here I'y and I's are the corresponding widths. Although these
widths are in principle different, we can assume that in comparison to the masses of the
Majorana neutrinos, one can always assume 'y = I's.

The asymmetry will now be calculated with the insertion of these propagators to
the two-loop graphs in Fig. 4.1. This diagram has the peculiarity that it is the only
one that will be inverse proportional to the resonant parameter AM = |M; — M| that
enhances the asymmetry production. Other graphs will either not contribute to a CP
asymmetry or they are not proportional to 1/AM.

Previously, resonant case has been treated at zero and finite temperature where a
big emphasis on the real intermediate state subtraction is performed. One advantage
from the quantum treatment, is that we do not over-count processes and no subtraction
is required. One can start by looking only at the Yukawa sector of the theory, and then
incorporate other interactions, in order to compare with [68-71].
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Chapter 5

Conclusions

In this work we presented a systematic approach towards a quantum theory of
leptogenesis, by solving the Kadanoff-Baym equations (KBEs) of motion for the
Green’s functions describing excitations in a plasma. The KBEs are the thermal
equivalent to the Schwinger-Dyson equations, i.e. they carry all the information
necessary to describe the thermal bath. The KBEs can only be solved analytically
under certain conditions: either when the thermal bath is time-translational invariant
or by taking a first order solution in terms of the self-energy. In the case of leptogenesis,
we showed how to obtain the solution of the proper KBEs by describing the genera-
tion of excitations in a plasma and its contribution to the creation of a lepton asymmetry.

The standard description of the dynamics of leptogenesis is performed via Boltzmann
equations. However, these equations suffer from the absence of quantum phenomena,
such as off-shell-, memory-effects and quantum coherence. Commonly in the literature
an expansion of the KBEs around equilibrium is performed in order to address this
issue and to include such quantum effects. The result is a set of Boltzmann equations
with improved S-matrix elements. Although it appears to be a plausible approach, a
first order expansion close to equilibrium of the KBEs has a fundamental problem; it
assumes a slow variation of the center of mass coordinate of the solution, and thus it
ignores important quantum interference effects that arise from the created particles.

In order to fully understand the mechanics of an out-of equilibrium system, we
started by studying the behaviour of a non-equilibrium toy-model composed only of
scalar fields. These fields interact weakly with a strongly coupled thermal bath. We
focused on the computation of the time-evolution of quantities such as the spectral and
statistical propagators instead of the evolution of an ill-defined ‘number density’. The
solution of the KBEs for the spectral and statistical Green’s functions could be found
analytically because the particles contributing to the self-energy of the bath are in
thermal equilibrium, i.e. the back-reaction of the generated particles can be neglected.
We found an important feature in this scenario: the spectral function depends only on
the relative difference of space-time coordinates, which is granted by the time-invariance
of the self-energy, and thus can be described with a normal Breit-Wigner spectral
representation. The statistical propagator depends on the difference of coordinates
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as well as on the center of mass. Therefore, it carries all the non-equilibrium information.

The fact that at ¢ = 0 there are no out-of equilibrium particles, and that the value
of the statistical propagator is zero are purely coincidental. The initial condition for the
statistical propagator is that of a free field propagator, which will be zero in the case
of scalar fields. This fact becomes clear when non-equilibrium fermions are taken into
account. Another important aspect to mention is the thermalisation and quasi-particle
representation. A system that is out-of-equilibrium does not have a well defined particle
number density. We showed that even in equilibrium after thermalisation, a vacuum
energy contribution to the total energy of the system appears when a quasi-particle
picture is performed.

The study of non-equilibrium fermions was performed in a similar way as for
scalars. When the thermal bath is in equilibrium, i.e. time-translational invariant,
the spectral fermionic Green’s function has a standard Breit-Wigner representation,
and the statistical propagator shows all the non-equilibrium properties of the created
fermionic particle. In this case, the statistical propagator at t = 0 is equal to the free
propagator at ¢t = 0, which is non-zero even in the absence of out-of-equilibrium particles.

In the semi-classical leptogenesis, the asymmetry is created via CP violating
processe that originates from the mixture between one-loop and tree level diagrams.
However, the Boltzmann equations fail to describe quantum interference and off-shell
effects between these two diagrams, since they rely on taking on-shell particles in the
external lines of the one-loop and tree level diagrams. In the KBEs the S-matrix
elements are all incorporated in the self-energy, where off-shell effects are also taken
into account. In this way we were able to formulate a systematic approach to the
quantum mechanics effects that are important for leptogenesis. For this, we introduced
a non-equilibrium Majorana neutrino into the self-energy of a thermal bath of SM
particles. The out-of-equilibrium dynamics are then described by the Majorana
propagator and its decay width I'. It is important that even if asymmetry creation
is a processes close to equilibrium, the Majorana neutrino particle can be far out-of
equilibrium, making its non-local quantum interference very important. We were able
to obtain an analytical solution for the creation of an asymmetry shown in eq. (3.2.64),
where we defined a two-time flavour dependent matrix (lepton number matrix). A big
qualitative difference that comes from the off-shell effects is the oscillatory behaviour
which vanishes if one takes only on-shell contributions into account. This effect cannot
be described by semi-classical approaches. Another qualitative difference comes from
the behaviour of the asymmetry at t = 0. While the time derivative of the semi-classical
asymmetry at ¢ = 0 is zero, the same derivative over the quantum asymmetry is non-zero.

A comparison with respect to the Boltzmann equations was also performed. We
neglect off-shell effects from the lepton number matrix in (3.2.64) in order to understand
the necessary steps to regain back the Boltzmann result. This leads to an asymmetry
that behaves (for small times) as ¢* instead of being linear in ¢. The integrands can have
an order of magnitude difference. This shows us that even neglecting off-shell effects,



81

non-locality in the quantum processes have a big consequence on the final asymmetry.

The SM effects on the thermal bath were introduced as a first approximation. Here
we consider the decay widths in the Breit-Wigner propagators as decay widths of the SM
particles in the plasma. The widths of the SM particles are much larger than the width
of the Majorana field, i.e. I';,I'y, > I'y, thus suppressing the integral for large separation
of times exponentially. The propagators inside the loop will contribute only when the
time-separation between both vertices is small, Afyerrices — 0 (see figure 3.4). The
locality is then regained and all quantum interferences are suppressed. However, this
type of insertion of the SM widths is not yet a systematic way to describe this problem.
At high temperatures and strong couplings, the Breit-Wigner representation breaks
down, and fields have no longer a quasi-particle representation. Therefore a proper
study of SM particles at high temperatures is required in order to have a complete theory.

A complete ‘quantum theory of leptogenesis’ is not yet obtained, as many factors
need to be taken into account, such as expansion of the universe and wash-out terms.
A numerical analysis of the final asymmetry needs also to be performed. This is work
in progress.

As a final remark, the understanding of the quantum mechanics behind leptogenesis,
can be used to expand the model to other cosmological problems. For example, applying
our result to a resonant case, where we have degeneracy or quasi-degeneracy in Majorana
masses, can in principle lower the scale where leptogenesis is efficient and in this way
relax the constraints for gravitino production.
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Appendix A

Notation and conventions

In this section we will describe the definitions used to describe full Green’s functions as
for the self-energy for scalar and fermion particles.

A.1 Conventions

Throughout this thesis we use natural units h = ¢ = kg = 1. The metric is chosen in a
flat Minkowski space as

N = diag(l,—1,—-1,-1) . (A.1.1)

List of notation for the propagators

o A(xy,x9): scalar propagator
o S(x1,x9): massless lepton propagator
o G(x1,m19): massive fermionic propagator

List of self-energies

o Il(xy,z): scalar
o TT(xzy,xs): massless lepton
o Y(xy1,19): massive fermion

List of used energies and momenta

e g=|q| massless scalar

o Wy =+/q>+ m* massive scalar
Qq = /a?> + m(T)?%: pseudo-scalar

k= |k|: massless lepton
o wy = vk + M?2: massive fermion
o w, =+/p?+ M2 massive Majorana fermion
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1PI
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Figure A.1: Diagrammatic view of the scalar full-propagator.

A.2 Scalars Green’s functions

Definitions

The free scalar Green’s function A is defined in order that the equation of motion
applied to it is

(O, +m3)Ap(x —a') = —id*(x — ) | (A.2.1)
where we assume the same criteria as in [85]. This Green’s function can be written as

/ d3q N, —iq(x—x’ / iq(x—x’

- / g ! , (A.2.3)

(2m)* % — m} + ie
= 0t = t){0[6(2)p(2)|0) + O(t" — 1) {06 (2")¢(x)]0) - (A.2.4)

The free propagator in momentum space is then given by

1

Ap(Q) = ——— . (A.2.5)
¢ —mg

After having a good definition of the free propagator we can define the full-propagator

A(z — '), which diagrammatically can be seen in figure A.1, by solving

Baal) = brlo =)+ [y [dy ete = )l )Aw ) (A.2.6)

where II is now defined as the sum of all one-particle-irreducible (1PI) diagrams. Ap-
plying the differential operator and using eq. (A.2.1) we obtain the Schwinger-Dyson
equation for scalars

(O, +mA)A(z,2") = —id*(x — ') — i/d4y'H(x, yVIA(Y, 2 . (A.2.7)

The biggest difference with the most common notation, is the fact that we define the self
energy as the sum of all IPI diagrams IT = ), II;1 pyy (the same notation is used in [80]),
meanwhile in the literature such as [85], the self energy is defined as II = —i ). IL;qpy).
With this type of definition we can obtain that in the contour of Figure 2.1 we can now
define consistently

A (z,2") = (A7 (x,2") — AS(z,2)) (A.2.8)
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A(ra) = (A (wa) + A1), (A.2.9)
and

O (z,2") = (17 (z,2") — 1% (z,2")) , (A.2.10)

It (z,2') = %(Hﬂx,x') + 115 (2, 2)) . (A.2.11)
Symmetries

With the definition of A~ and AT it is easy to check some symmetry properties of this
functions

A (z,2") = A7 (d,2), (A.2.12)
AT(z,2)) = AT, 2). (A.2.13)

or in momentum space

AZ(E) = A S 1) (A.2.14)

q

4 —
ALt t) = ( 1) . (A.2.15)
Here the symmetry properties are the same for space-phase as for momentum-space.

This can be think as something trivial, but we will see that symmetries properties for
fermions need to be taken carefully.

A.3 Fermionic Green’s functions

Definitions

The same definition procedure as the last section can be performed for fermions, let start
by talking the equation of motion that the free fermion propagator Sr satisfies (defined
in the same way as [85])

(id, — my)Sp(x — 2') =id*(x — 2') . (A.3.1)

The Green’s function has the form

Sp(z —12') = /(L [e(t — 1" ({ + myy)e KO

27)3 2wy
+«9(t’—t)(/7/—m¢)eik<>‘*>">] , (A.3.2)
d*k i
- e (A3.4)

= 0(t —){0[(2)¥(2)]0) — O(t" — 1) {0 (a")()]0) , (A.3.4)
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Figure A.2: Diagrammatic view of the fermionic full-propagator.

\ 4

and in momentum space given by

l

Sr(k) = - (A.3.5)
The full propagator is given by (see Figure A.2)
S(a.') = Sela — ) + [ @'y [ dlySe(e 9S50/ (A36)

Applying the differential operator and using equation (A.3.1) we get the Schwinger-
Dyson equation for fermions

(id, — my)S(x,2") = —id*(z — ') — i/d4y'2(x, y)S(y, 7). (A.3.7)

As before, we define the self-energy as the sum of all 1PI diagrams, which will allow us
to define in the same way

S7(x,x") = i(S7(x,2") — S<(z,2")) , (A.3.8)

S*(z,7) = %(S>(az,x’) + 5% (2, 7)) (A.3.9)
and

Y (z,a) = 1'1(2>(3:,:L”) - X%(z,2")) , (A.3.10)

Y (z,2') = §(Z>(:c,x') + X% (z,2)) . (A.3.11)
Symmetries

Because of the Lorentz structure of fermions, symmetry properties will vary if one takes
into account the scalar part or the vector part of the propagators. Let see first the sym-
metries of the Dirac fermion propagator, which we will denote by S. These symmetries
are given by

WS (z,2 )" = =S (2, 2), (A.3.12)
W[SH (@, ) = St x) . (A.3.13)

To go to momentum space, we must be careful, the Hermitian conjugate transforms
1 — —i which will affect in the exponent of the Fourier transformation. Thats why
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taking the Hermitian conjugation will have the same repercussion as taking & — —k.
Now the symmetries in momentum space are

WSS e = =S (1) (A.3.14)
vo[SI(t,t’)] = Se(t',t). (A.3.15)

As explained above, there is no need to take k — —k.

If we now consider Majorana fermions (which we will denote as G), Egs. (A.3.12) and
(A.3.13) are modified by the definition of the Green’s function, basically the difference
comes from the fact that the anti-particle of a Majorana particle is its own particle, this
will be translated in the following symmetry properties

G (z,o)' = G (o,2), (A.3.16)
Gz, 2T = —-GY (2, 2), (A.3.17)

and for the ones in momentum space

Gyt YT = GZ,(t',t), (A.3.18)
Gt = =G (t1) . (A.3.19)

In the last equations, we can see that it is necessary the change p — —p.



88

Notation and conventions




Appendix B

Scalar theory

B.1 Self Energy

The interaction with the thermal bath changes the spectral function of a free scalar
particle,

pq(w) = 2msign(w)d(w? — wi) | (B.1.1)
to the expression (2.1.53) which depends on real and imaginary part of the self-energy,

—2ImITE (w) + 2we

Pal) = e RellR (@) + [llR(w) + o (B.12)

We have computed the imaginary part of the self-energy in the scalar field model
defined in Section 2.1.4, assuming free thermal propagators for the fields x; and y5. The
result agrees with [84]. One obtains (¢ = (wq, q)):

—ImIIf(w) = oo(q) + a[(f) (q) + ag’)(q) : (B.1.3)

Here oy is the zero-temperature contribution due to the decay process ® — x1xo,

g2

:167rq2
x ((¢*)° = 2¢*(mi +m3) + (m} —m3)*)* | (B.1.4)

o0(q) sign(w)O(q” — (m1 +m2)?)

o' is the finite-temperature contribution from this process,

« (m (%) + (1 m2>) , (B.1.5)
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and créb)(q) is the finite-temperature contribution from processes x; — x;¢,"
2

7(0) = qgarg e (O m — ma)? — )

() ) B

where we have used the abbreviations

S

q
e = i = md) LU (2 ot - ) — agPm) (B.1.7)

2¢ 2|¢?|

The real part of the self-energy can be computed using the dispersion relation relation,

1 o] I HR !
Rell{ (w) = —73/ dw’w .
7T

—00

(B.1.8)

w —w

m

[ ]
—
[ ]

Wih1

Figure B.1: Poles and cuts of the spectral function p(w) for q = 0 at T" = 0: (a)
m > my + me, and (b) m < my + mao.

Based on these expressions we can discuss the analytic structure of the spectral
function. For a free field pq(w) is given by (B.1.1) which has two poles at w = Fw,
in the complex w-plane. The interaction of ® with x; and y» does not modify these
poles for m < my + mo, where ® is stable at zero temperature. In addition there
are branch cuts at the two-particle thresholds |w| > w1 = /a2 + (my +m2)? (see
Fig. B.1b). They correspond to virtual decays and inverse decays, ® <> xx. In the
case m > my + moy these processes can happen on-shell since m > w1, and ¢ becomes
unstable. Now the spectral function has four poles in the complex w-plane, whose real
parts lie in the region of the branch cuts (see Fig. B.1a). The imaginary parts of the
poles correspond to the decay width of ®.

The analytic structure of the spectral function at finite temperature is displayed
in Fig. B.2. The position of wyy,; is shifted due to thermal corrections from Rerf.

!Note that we disagree with the discussion in [108] which implies the additional factor ©(|m? —m3| —
2
7).
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w
vm? + Rell%
[ ] [ [ ]
‘ M (b)
[ ] [ ]
w
Wih2 Wthl

Figure B.2: Poles and cuts of the spectral function p(w) for q = 0 at T" # 0: (a)
m > my + mg, and (b) m < my + mo.

Furthermore, a new branch cut appears in the region where o, # 0, i.e. for |w| <
win2 = /a2 + (my — ma)2. This is due to processes x > ¢x and corresponds to Landau
damping of quasi-particles in the plasma. If the real part of the poles falls into the
regions of one of the branch cuts, i.e. |w| < wype or |w| > w1, they acquire an imaginary
part which corresponds to the quasi-particle decay width (see Fig. B.2).

Qualitatively, this analytic structure is typical for interacting quantum field theories
at finite temperature. In general, the spectral function can have additional singular
contributions for m < |w| < wy, corresponding to bound states. At finite temperature
they are also dressed to quasi-particles.

B.2 Breit-Wigner

In the regime of couplings and temperatures where |ImIIJ(Qq)| < Q2, so that the
quasi-particle picture holds, one can approximate the spectral function pq(w) by a Breit-

Wigner function. From the expression (2.1.53) one easily obtains

Zqg sign(w)l'y

Pq(w) =~ : (B.2.1)
20 (o] - Q) + 1T
where I'q is the quasi-particle width
ImITZ(Q
Fq = —Zqiq( J : (B.2.2)
Qq

with

-1
1 ORellf(w)
Z, = (1 M A o) (B.2.3)

Contrary to the exact spectral function (2.1.53), the Breit-Wigner approximation
(B.2.1) has no branch cuts. The integrals over w are dominated by the regions around the
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quasi-particle poles where the two functions are very similar. For the Fourier transform,
the spectral function in real time, one obtains

in(Q)
AZ(y) ~ zqwefqyﬂ . (B.2.4)
q

B.3 Time translational invariance

In this section we shall prove that the most general solution of the first Kadanoff-
Baym equation is time-translation invariant. The starting point is Eq. (2.1.29) with the
boundary conditions (2.1.31) - (2.1.33). Performing the change of variables t; = t+y/2,
to =t —1y/2, Eq. (2.1.29) becomes

1 4 IT1T— / — (/) /
(133 + 0,0, + 0, +w<§) AL (ty) +/ dy'Tlg (y =y )AL (1) =0, (B.3.1)
0

where t' =t — (y —y')/2 and w2 = q* + m*. Note that A; and II; only depend on |q]
because of rotational invariance. Both functions are antisymmetric in y. The boundary
conditions (2.1.31) - (2.1.33) read

Aq(t:0) =0, (B.3.2)
B, (£:0) =0, (B.3.3)
A (L y)ly—0 =1, (B.3.4)
1
(37 - 22) A(tlma = 0 B35

The condition (B.3.2) is automatically fulfilled because of the antisymmetry in y.

To prove that A~ is time-translation invariant we now perform an expansion in
powers of II7,

o0

Ag =) AL AP =0, (B.3.6)
n=0

For n = 0 one has

Gaf + 00y + 07 + wg) AD(ty)=0. (B.3.7)
Using the antisymmetry of A; in y, one obtains

8t(9yA((10) (t;y) =10, (B.3.8)

which has the general solution

A = O3 4 ng) (y) . (B.3.9)
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Every solution of Egs. (B.3.7) and (B.3.8) satisfies the boundary condition (B.3.5). The
condition (B.3.3) implies

AV (£ 0) = 9,aD(t) =0 . (B.3.10)

Hence, a((lo) is constant and Aflo ) only depends on y. Eq. (B.3.7) now becomes

(82 +w2) AV (y) =0, (B.3.11)
which has the antisymmetric solution
AL (y) = c((lo) sin(wqy) - (B.3.12)

For n # 0 one can use the recurrence relation
1 2 2 2 (n+1) Y - NAM)
Zat + 0,0y + 0, +wy | Ay (ty) + i dy'Tly (y —y ) A" (¥) =0. (B.3.13)
Using the antisymmetry of Tl and A in y, one again finds
8,0,AL ) (ty) =0 (B.3.14)

Repeating the same steps as for Aff) yields the result that also Aénﬂ) is independent of
t.

We conclude that the spectral function is the antisymmetric solution of the equation

(05 +wq) Aq(y) + /Oy dy'Tly (y — ')A (y) =0, (B.3.15)

with the boundary condition

0yA () ]ymo = 1. (B.3.16)
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Appendix C

Fermion theory

C.1 2 flavour structure matrix Inverse

2x2 case suposse that we have a matrix of the form

Ay A By By 10
- : C1l.1
(A21 A22)<321 322) (0 1) ( )
with Bij = l7(1']‘LEJL + kinPR, where kijL = a,z‘le;(*F bz‘de for ¢ 7é ] and BZZ = ];(“ — _Z\4Z
with
_ (M O
M= ( 0 M, ) (C.1.2)

with K;; = (14 a;;)K + b;/. Then, the components A;; are given by

Ay = (B — B1232_21321)_1 1.
Arz (Bar — By By, Bu) ™. (C.14)

Let start with Aj5. we neet to compute first
By = (Miar P + WaorPr) ™" (C.1.5)

which will give us

]7{12L ]?{12R

By = P = + P (C.1.6)
d1oL di2r
then
_ Kior, Kior
A = | Ko1o Pr + ¥o1rPr — (Koo — Ma) | PL5— + Pr— (K, — My) ) (C.1.7)
diar, di2r

with a little bit of algebra we get
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A= {Kor — (Koo — M) (K, Wr — Ko M) Py
+ [Korr — (Mo — M) (KipKu — Wior M) PR}~ (C.1.8)

we finnally ofbtain
A12 = PLBL + PRBR, (019)

where By, and By are solutions of the following equation

aBL+bBR = ]_, (C]_]_O)
and
a = Ko KM+ Kopkay My, (C.1.12)
b = Kur— 17(2217(1_211%17(11 - Mlkl_glLMZa (C.1.13)
¢ = Woip — Kool o un — MlkleRMm (C.1.14)
d = KpKiiMs + Kiap Koo M, (C.1.15)
we get that
Br (d—ca™'b) (1 —ca™), (C.1.16)
= (b—actd)'(1 —ac™), (C.1.17)
By, = (c—dbta) (1 —db?), (C.1.18)
= (a—bd te) (1 —bd™). (C.1.19)
Le see now Ajpq, for this case we need first
M.
By = ¥ il (C.1.20)
D,
with Dy = g3, — M3. With a little bit of algebra we get
Ay = Wiy — M, — KiorKoolorr 17(12RM217(21L]PL
D, D,
M 71
Wy — M, — ]yflzR];;)m];fzm Koy Dzkle]PR) (C.1.21)
2 2
The result will be given by
A11 - PLCL + PRCR- (0122)

where C, and Cg are solutions of the following equation

G/CL—Fb/CR = 1, (0123)
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dCL+dCr = 1. (C.1.24)
with
, 1
a = —M1 — F]?{12RM2]7{21L7 (C125)
2
1
Vo= K- Hkakmka, (C.1.26)
2
1
d = Ku-— D_]?{12L]7(22]7(21L7 (C.1.27)
2
1
d/ = —M1 — FleLMQMﬂR' (C128)
2
and
Cr (d —cda ") (1 —-Cdd™), (C.1.29)
= (/ —dd ) (1 —ddY), (C.1.30)
Cp, = (d—dvV1td)y (1 —db™1), (C.1.31)
= (d = Vd ') N1 —vd ). (C.1.32)

For As; and Ay, just take the soliutions for above and interchange the indices 1 — 2

and 2 — 1

C.2 Calculation of the 1-loop self-energy

a) First diagram

¢
- "\\
;7 N
/ \
\
C/ \d
Ny |
1 ): |
(6] Z',/}/,(I { j7€7b B

Figure C.1: 1-loop graph a)

the Feynman rules will give us

Sulg) = © / %['A;emw}w[wz-jaabswn

X [Z)\ﬂ (CPL)ﬁeq,d] [Zéch(q — p)] .

(C.2.1)
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The sum over the isospin index will give us a factor of 2. Now, using the fact that S is
massless, so PrS = SP, and STC = C'S, we obtain

%u0) = 07 [ SR NS - PP (©22)

b) Second diagram

¢
P ~=<
/ AN
/ \
C/ \ d
N, | \ N,
< ]
a 1, a I j,e,b B

Figure C.2: 1-loop graph b)

the Feynman rules will give us

Sa(q) = —2 / D i s ae (CPr o [i8556055e ()]

2) (2m)*
X [i)\:l(PR)EBEbd] [Z(SdCA(q — p)] . (023)
The isospin sum will give us a factor of 2. The negative sign comes from the momentum
inversion? Now, using C~! = —C and the same procedure as above we obtain
-1 d'p 12
Xp(q) =C 2m)] (A1 S(p)A(g — p) PR - (C.2.4)

Note that ¥,(q) + 2s(q¢) = X(q), which does not depend on a specific chirality. This is
not surprising because at 1-loop level, there is no CP violation.

The Lorentz structure of ¥~ o« [ S”A” comes only from the thermal fermion prop-
agator S~ which has a scalar piece X(g) proportional to the fermion mass mg and a
vector piece Z’(‘V) proportional to ¢. In a homogenous and isotropic bath the only two
vectors are the external momentum g, and the four velocity of the bath u,. This allows
to parametrize

Y=ag+by+cl. (C.2.5)

Obviously f](g) = ¢, S’(‘V) = ag" + bu". For computational simplicity it is useful to
introduce the quantities

A = Gtr (@g(w))) , (C.2.6)
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B = Gtr( Af(w))) , (C.2.7)

C = Gtr (ig(w))) : (C.2.8)
from which one can obtain a, b and ¢ via

a m—:?f;, (C.2.9)

b = fo)j_Ajz;ﬁ , (C.2.10)

c = C, (C.2.11)

where ¢ - u = g,u”. The quantities defined above are generally complex scalars that can
be always decomposed as a = ar + ia; where a; is defined via the discontinuity.

a; = 2% (a(w +ie,q) — a(w — i€, q)) . (C.2.12)

Going to the rest frame of the bath where u = (1,0,0,0) we can introduce the free
propagator for the Higgs and lepton

S7(p) = (1= fr(po))pu(p) (C.2.13)

A”(p) = (1+ fB(po))ps(p) (C.2.14)
with

pu(p) = 2msign(po) W+ mw)d(p* —my) , (C.2.15)

pe(p) = 2msign(po)d(p* —m3) , (C.2.16)
and

1
few) = —5— (C.2.17)
fr(w) = ﬁ ) (C.2.18)

into (??) and obtain

d*p

DiscSf(w) = —iA* (77 4+ 1) / ( 2W)45> (p)A~(q — p) (C.2.19)
- N fp(w)! / (ZT’;QG ~ Fr(po)) (1 + fis(w — po))sign(po)sign(w — po)
X (y+ my)d(p® — mg)é((qg — p)*> —m3) , (C.2.20)

= () [ (= () (1 + ol = o)

X sign(po)sign(w — po) (' + mw) (C.2.21)
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x (6(po — w1) 4+ 0(po + w1)) (6(w — po — wa2) + 6(w — po + w2)) |

with w; = /p? + mi and wy = \/(q — p)? +m?. Performing the p, integration leads
to
DiscXf (w) =
dp 1
— 3 2 — _1 e
iIN2fp(—w) / ey 2w12w2( (C.2.22)
(1= fr(w) (1 + fplw —wi))sign(w — wi)(wiy” —py +my)
X (5(w —w; —ws) + 0w —wy + w2))
— (1= fr(=w1))(1 + fp(w + wi))sign(w + wi) (w17’ —py +my)

X (6(w + w1 — w2) + 8(w + w +w2))> .

Each ¢-function can only be nonzero for one sign of w — w;. Now we define

1
np(w) = Bl — 1 (C.2.23)
1
We notice that np p(w) = fp r(w) for w > 0 and use
f(—w) + fp(w) = -1, (C.2.25)
fr(=w) + fr(w) = 1, (C.2.26)

and relations as sign(w — w) f(w — w1)d(w — w1 — ws) = f(ws)d(w — w1 — wy) to rewrite

DiSCZg(w) = (C.2.27)

—i\? / (;ljf;m <(1 —np(w) + nB(wQ))((wlfyO —py + my)d(w — w; — wo)

+ (Wi’ +py — me)d(w + w;y + W2)>
+ (np(wi) + np(ws)) ((wwo —py + my)d(w — w; + ws)
+ (w17 +py — me)d(w +wy — w2)>) )

Note that this expression agrees with (3.6) in [116] while it differs from (2.22) in
[108]. We are finally interested in leptogenesis which happens at temperatures above
the electroweak phase transition, so we can set all fermion masses except the Majorana
mass of the right handed neutrino to zero. This immediately means

e =Cr=(Z), =0 (C.2.28)

Now we introduce n; = ng(w;) and ny = np(wy) to compute A; and Bj.

A= N / Ip 2r (1= 1+ 72 ((wr — ap)S(w — i — o)

(27)3 8wiws
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+ (wwi + qp)d(w + wi + wo))
+(n1 + n2) ((wwr — gp)d(w — wy + wo)

+ (ww1 + qp)d(w +wy — w2))> :
(C.2.29)

This expression is as a whole antisymmetric in w which allows to rewrite

d? 2
Ay = >\2/ (QWF)’?’&U—Z(WI(Q — 1y 4 19) (61 4 02) + (11 4 12) (63 + 04))
1w2

— sign(w)ap((1 — ny + 1) (81 — 62) + (1 + no) (8, — 53))) ,
(C.2.30)

where

C.2.31
C.2.32
C.2.33
C.2.34

O(|w] — w1 —wa)
= 0(|w| + w1 +w2)
= 0(|lw| + w1 —w2) ,
54 = J(Jw| — w1 + wo) .

( )
( )
( )
( )

At this point it is already clear that d; does not contribute. Changing to spherical
coordinates ¢, 9, |p|. The ¢ integration is trivial and due to my = 0 one has |p| = w;.
Introducing x = |pl|q| cos(?) = pq one then has

wiq
/ dwl/ dx 5 (z — zo1) (wwi (1 — ny + ny) — sign(w)z(1 — ny + ny))

wilq|

167T|q|
+ 6(z — ;pog)(wwl(nl + ng) + sign(w)z(ng + n2))
+6(x — ;p04)(ww1(n1 + ny) — sign(w)x(ny + 712))) )

(C.2.35)
where we used 0; = wod(x — ;). The zg; can easily be determined as
1
T = 5(q2 —w? +mj) + wi|wl, (C.2.36)
1
Tog = §(q2 — w4 mi) —wi|wl|, (C.2.37)
Tos = To1 - (C.2.38)

This allows to perform the x integration and to write
)\2
" 167]q]

(/1dw1 (Whi+g1) + /3dwl (wf3 — g3) +/4dw1 (wfi +g4)) ,(C.2.39)

where the subscript in the integral fz indicates by which §; the integration limits for the
wy integration are determined. The f; and g; are given by

fi = wi(1=np(w) +np(jw —w)) , (C.2.40)



102 Fermion theory

f3 = W1 (nF(wl) + nB(\w| + wl)) s (0241)
fi = wi (nF(w1) +np(w — |w|)) , (C.2.42)
g = sign(w)(%(u}2 . mi) —wi|w|) (1 = np(w) + np(jw| —wi)) , (C.2.43)
g3 = sign(w)(%(w2 —q> —m}) + wiw|) (np(wi) + np(jw| +wi)) , (C.2.44)
g1 = sign(w)(%(u}2 —q? - mi) —wi|w|) (np(wr) +nplw — |wl)) . (C.2.45)

(C.2.46)

It is easy to see from (C.2.6), (C.2.7) and (C.2.35) that

)\2
B[ = 167T|q| (/1dw1f1 +/Z;dW1f3 +/4dw1f4) s (C247)

f1 and ¢, are contributinos from decay and inverse decay of the external fermion and
can lead to a zero temperature part if kinematically allowed while f3, f4, g3 and g4 come
from scatterings in the plasma (Landau damping). It is interesting to note that

i = Ju, (C.2.48)
g = g1, (C.2.49)

despite the fact that they originate from different processes'. The f; are symmetric in
w, the g; aantisymmetric. In the rest frame of the bath (C.2.9) can be written as

Bw—A

b = “’(L?BW)JFB, (C.2.51)
q

c = C, (C.2.52)

B; is obviously symmetric in w while A; is antisymmetric. As a consequence, aj is
antisymmetric while b; is symmetric which seems consistent with [109] . The stem
functions of all f;, ¢g; are known analytically, so the only remaining difficult task is the
determination of the proper integration limits.
Limits for §; = (|w| — w1 — wo)
In order for z¢; to actually really be a zero point, the condition

lw] —wy >0, (C.2.53)
has to be fullfilled. In any case,

w1 >myg=0. (C254)

'Note that despite (C.2.48,C.2.49) the Landau damping terms f4, g4 never lead to a contribution to
Y. at zero temperature while the decay and inverse decay parts fi; and g; can contribute as expected.
The reason lies in the different integration limits, see (C.2.53) and (C.2.62)
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In order for the z-integral to be nonzero it requires
|l‘01| < w1|q| . (C255)

The solutions to |z¢| = wi|q| are

——(lwl£1al), (C.2.56)

with ¢ = w? — q%. One has three different regimes:

a) For 0 < |w| < |q| and w; > 0 only w; is a solution, and it puts a lower bound on
wy in order for the inequality (C.2.55) to be fulfilled, leading to w; > wy. On the other
hand one has the condition (C.2.53), and since for |w| < |q| always w; > |w|, there is
no contribution to the integral from this region.

b) For |q| < |w| < 1/q? +m} one has wi < 0 and non of them makes (C.2.60) an
equality.

c) For |w| > {/q? +m both w. are always smaller than |w| and (C.2.60) leads to

w- < |w| < ws. Therefore

wt

/1dw1 = 0(q* — mi)/ duw (C.2.57)

Limits for 03 = 0(|w| + w1 — wo)

Here one has the three conditions

|w\ +w > 0, (0258)

wi > mg=20 s (C259)

|I‘03| < w1|q\ . (0260)

This time (C.2.60) has made an equality for w; = —wy. Again the same regimes have

to be distinguished.

a) For |w| < |q| only —w_ makes (C.2.60) an equality while —w, is negative and
not a solution. —w_ is positive as required by (C.2.59) and forms a lower bound.

b) For |q| < |w| < 1/q? +m both —w. are positive and solutions, due to its first

order pole at |w| = |q| the solution —w, is now the larger one and in fact forms an
upper limit, leading to —w_ < w; < —w,.
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c) For |w| > /q? 4+ mj both —w. are negative and not equality solutinos of (C.2.60),

there is no contribution to the integral from here.
Therefore

/3dw1 :e(—cﬁ)/m dw1+0(q2)0(mi—q2)/:j+ | (C.2.61)

—W—

Limits for §; = §(|w| — w1 + wo)

The situation here is exactly the same as for ¢, in particular xos = xg1, except that the
condition |w| —w; > 0 has to be replaced by

lw| —w; <0, (C.2.62)

making w; > |w|. Again for |w| < |q| only w; fulfills (C.2.55), imposing a lower bound
on wy and for |w| > /g + m¢ both wy are solutinos with w, being the upper and w_

being the lower bound here while for 0 < ¢ < md) none of wy is a valid solution. But
this time the condition (C.2.62) selects out the region ¢* < 0 and one has

/4dw1 = 0(—q*) /: dwy . (C.2.63)

Altogether this leads to

A= 163\:‘(1‘ ( (¢" —m3) [wF1 + G1]Zi
+0(—q*) [ng — G3i| - o

—W—

+0()0(mE - ¢*) [wFs = Gy

—W—

+0(—q2)[wF4 +G4K) , (C.2.64)

and
16jr2|q| (9(‘]2 ) [Fl]:i

) [B)” +0m; - ) B

+9(—q2)[F4]:> : (C.2.65)
with

F = %( (¢ +1) —In (1 - PerloD))

+%(le( ) — Liz(eﬁ(““'“'))), (C.2.66)
Fy = % In (1 — e D) — I (65“1—1—1))
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+% (Lia (e#ertD) — Lig(— 1)), (C.2.67)
F4 - F1 5 (0268)

and

2

Gy = Sign(w)m¢ 4 ( — In (1 + eﬁwl) +1n (eﬁun _ eﬁ|w|))

26
+%(ln (1- 66(“’14“")) —In(1+ 66“’1)>
+% (Lia (70 — Lig(— 1)), (C.2.60)

2 _ 2
Gs = Sign(w)m¢ a (ln (1 + eﬁwl) I (eﬁ(w—l—\w\) _ 1))

23
—i—%(ln (1 —ePrtlel) —In (1 + eﬁ“’l)>
Y (Lo (eB@+wDY _ 14, ( — B C.2.70
o (L7 — Lin( =) (C2.70)
Gy=G . (C.2.71)

The F; as displayed here are not real in all areas of the parameter space due to the choice
of different branches of the (di)logarithms, but the additional terms always cancel since
the choice of branch is always the same at both integration limits in (C.2.64,C.2.65).

Checks and Comparison to the Literature

In order to compare with the literature we now introduce the quantities
1
Vi) = 5Tr(2*Ax0) = aw £ al) +0, (C.2.72)
with projectors

Ae=(1+ %%7) . (C.2.73)

The figures C.3 and C.4 show |Im¥ | for finite and zero spacial momentum q and
the same parameters as in figure 5 in [116|. The argeement is very good up to an overall
minus sign that is hidden by plotting the absolute value. The imaginary part is in
general to be understood in the discontinuity sense,

1 , .
Im¥ 4y = 5 (B (w +de) — B4y (w — ie)) (C.2.74)

i
meaning that the v* matrices are treated as 'real’ symbols and factors ¢ that appear
in their elements in any representation remain untouched. For ) this does not
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make a difference since the trace has been taken, but for  this has to be kept in
mind. From the analytic expression for Im¥ | one can obtain ReX¥ | via the spectral
representation.

ReX ;) for zero momentum is shown in figure C.5 and, up to the overall minus sign
mentioned already, agrees perfectly with figure 4 in [116].

To perform a final consistency check, we compare our analytic formulae (C.2.64) and
(C.2.65) to numerical solutinos of (C.2.35) and its analogon for B;. They agree very
well as shown in figure C.6 and C.7.

T L L

-15 -1.0 -05

Figure C.3: |[Im¥ ()| as a function of w for |q| = 0.4my4 and 7' = 1.5m, with A = 1 for
convenience

A R SIN 6 F A ST B P E R ——

-05 ) 0.5 1.0 15

=2 L L L

-15 -1.0

Figure C.4: |[ImX;)| as a function of w for [q| = 0 and T" = 1.5m, with A = 1 for
convenience
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-0.

Figure C.5:
convenience

ReX ;) as a function of w for

lgf = 0 and T" = 1.5my4 with A = 1 for

0.04 -
002}
| 1 1 | L 1 1 1 | 1 1 | 1 1 1 L %
—1;/ -1.0 -05 05 1.0 15
— 2 L
0.04 -

Figure C.6: comparison of the analytic formula (C.2.64) for A; to the numerical solution

as a function of w for |q| = 0.4m, and T =

e L (A R E R R

1.5mg with A = 1 for convenience

——N

-15 -10 -05

0.5 1.0 15

Figure C.7: comparison of the analytic formula (C.2.65) for B; to the numerical solution

as a function of w for |q| = 0.4my and T =

1.5mg with A = 1 for convenience
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C.3 Computation of I

In the case of a Majorana neutrino in a Higgs lepton bath there appear additinal factors
C, Pp and Pgr due to the Majorana nature of the particle and the coupling. This,
however, does not change the analytic form of the self energy so that the pole structure
of the spectral function is not influenced.

I +ay) by + M ¢g(1+a ) +yb_ + M
N Dy B D_ ’

(C.3.1)

with
Dy =¢* (14 ax)? + qu2bs(1 +ax) + b3 — M?, (C.3.2)

a+ = ap = a; and by = b £ b;. The D4 here have been written in the denominator
because they commute with the numerator in the flavourless case. Furthermore the
scalar particle in the thermal bath has a complex structure, but since the backreaction
is small one can neglect the chemical potential induced by the C'P violation in the
heavy neutrino coupling. Then the Higgs can be treated like two real scalars. Finally,
the coupling in this case is so tiny that the spectral function is effectively a 6 function
at *wq with some finite I'. A Lorentz decomposition of (C.3.1) gives the following
coefficients

55 (D= D" ((D-(1-+ a) = Dal ) = (D-be = Db
— 4 (D_(1+ay)—Di(1+a_))M(D_—D,). (C.3.3)

Expanding the above of (C.3.1) to first order in a and b

55120 (sl + M%) + bl + )

+yp2i (201w + ar(¢* + M?)) + M(—4i)(arg” + byw)) , (C.34)

In order to obtain the pole structure we also expand D4 in a and b. This leads to

Dy = w?— wé + 2 (wbp + ar(w® — @*) i (biw + ar(w® — q%))) ,
= W —wi+2(biw+ar(w’ —q)) . (C.3.5)

The spectral propagator G~ will be compute after performing a fourier transform in w on
(C.3.1). In principle the w dependence of a and b is very complicated, but the extreme
smallness of coupling gives py an almost o function like shape with extremely narrow
peaks near w = Fwq. Since the integral is strongly dominated by the region around
those peaks one can replace a(w) and b(w) by a(d+wq) and b(f+wq), making Dy second
order polynomials. Now the integral can easily be evaluated using Cauchy’s theorem.
The solutions for D, =0 are

w= i\/wgl — 2 (fwgby (Fwg) + (W2 — @?)ay (fwy)) - (C.3.6)
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We can neglect the real parts of a and b since they are small compared to wq, use the
symmetry properties a;(—w) = —a;(w) and b;(—w) = by(w) and expand te square root
to find the poles

M2
Wor = Wq—1 (bl + al—) , (C.3.7)
Wq
M2
Wo2 = —Wgq + 1 (b[ + a[w—) = —Wo1 - (038)
q

In the same way we obtain from D_:

M2
Woz = Wq +1 (b[ + a[—) = w(’)‘l s (039)
Wq
M2
Wose = —Wq —1 (b[ + a,]—) = —w(’)‘l . (C?)]_O)
Wq

with a; = a;(wq) and by = br(wq). Two of these poles are in the upper and two are in
the lower halt plane.

The time-dependent spectral function will then be given by the inverse Fourier trans-
formation

dw _.
Gay) = / e (w,q) (C.3.11)

When performing Cauchy integration, the convergence of the function is given by the
imaginary part of the pole. Choosing the right countour one is lead to define the decay
width

M2
Fq = -2 (b[ + a,]—) (C?)]_Q)

W,
a =Wq

I'y can, for given masses, be plotted as a function of q.
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100 200 300 400 500

K11 My

o as a function of q.

Figure C.8: The decay rate I'q—p normalized to I'y =

C.4 Calculation of the 2-loop self-energy

a) First diagram

n Z e

Figure C.9: 2-loop graph a)

Using Feynman rules we obtain

1 N . o .
I (z,y) = ) /d42[z)\u€af(PR)ae][lGne(%90)][Mueeh(PR)én][Z5kl5de576(y7Z)]

X [inkj (€acevg + €agene) (C Pr)sl[IA(Y, 2)0en] [IA(y, ©)dgy] -
(C.4.1)
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Rearrenging

1
H?]%:L’,y) = —5 /d4z€ag€dc<€dc€bg + Edgebc))\;)\Zl??kj (042)
X (Pr)asGro(2, @) (Pr)snSvs (Y, ) (CPL)ys Ay, 2) Ay, x) .

Going to matrix for we get

1

H?JbCL’,y) = —5 /d4z€ag€dc<€dc€bg —+ Edgebc))\fl)\;;lnkj (043)
x PG (z,2)PE ST (y, 2) OPLA(y, 2) Ay, ) . (C.4.4)
Using G*(z,2) = —G(x, 2), introducing 7;, renaming indices and suming over them we

have
Hgb(x y) = —= Z /d 2€ac€ed(€cd€pe + eecebd)M AT A1 MepApj (C.A4.5)

k: p,c,d,e

x PrG(x, 2) P ST (y, 2)CPLA(y, 2) Ay, x) . (C.4.6)

Note that the propagator of the lepton field depends on Pr, and enters in ST (y, 2)C' Py, —
ST (y, z) PFC Py, this will not have any consequence when we use that PI' C' = CP;. Now,
using some properties of €

J J J
€ac€be = 5(10 5 (048)
€ac€ed€ecCbd = 5ab . (049)

These will lead us to
Hab Z/d4 M )‘:1)‘;;1>\kp)‘p]

x PrG(z,2)PE ST (y, 2)CPLA(y, 2) Ay, 7)6, . (C.4.10)

In order to continue, we use the fact that PYC = CPp, PLC = C'Pg and because the
lepton is massles (m; = 0), so that STC = —C'S, we have

Hab Z/d4 M, S A1 AR AkpAp;
X PrG(x,z)CPrS(y, 2) PLA(y, 2) A(y, 2)0ap - (C.4.11)

In a general form, we can express the propagator of the Majorana neutrino as

1,0 r'“+T,0"+ MY\
Glz,2) = ( 0"t Vi D* w0+ )C L (C.4.12)
where C* = —C, D is a scalar denominator, V,, a vector part and M the mass of the

Majorana neutrino. We can see that there is no tensor part, so after some algebra we
are left only with the scalar part of the propagator

V.IH+ M
P (5

M
)C—lcPR = —5Pr, (C.4.13)
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= —Gg(z,2)Pg, (C.4.14)

where Gg(x,s) = M / D is the scalar part of the Majorana propagator. We finally obtain
Hab Z / d*z M, )‘:1)‘;;1>‘kp)‘pj

xGgS(x,2)S(y, 2) PLA(y, 2) Ay, 2)dap - (C.4.15)

Writing )\f‘;’ = -3 ka L A5 A1 M epAp;Oap, and dZ = dt,d*z we have after performing
momentum Fourler transforms

31,/
H‘.Ib(;p’y) :i)\‘?b/dtzdg d’q — 1 pmialy—x) 2 2 d’q e~ (y—2) = d’k oK (y—2) d P e~ P(x—2)
Y (2m)3 (2m)3 (2m)3 (27?)

% Gsp(tas t.)C S (ty — t.)PrAG (ty — t.)Ag(ty —ts) . (C.4.16)

We can arrange some exponentials to have
/ci?’ze(“[’”q/+ik/)Z = (2m)%0(d + K +p) . (C4.17)

So now for the self energy can be written as

d3q d?’q/ d3p
e =i\ | at
o) =0 [ at oy o

XGop(te,t.)CS_(prq)(ty — t2) PLAg (ty — t.)Aq(ty — ta) - (C.4.18)
Introducing the external momentum k = p — q, we can make a Fourier transformation
I (6 t) =~ i [ @y = 00N a,y)
3 3 3
—iA / dt, 29D TP g3y )eite-aoy—)
’ (2m)* (2m)? (27T)3
X Gop(ta, t2)CS_(prq(ty — t2) PLAg (ty — ) Ag(ty — tz) . (C.4.19)
the integration over d*(y — x) will give us a delta function (27)?6(K —k + q), so we are
left with
d3q/ d3p
TTab __ yab
_ZHkij<t$7ty) = Z)‘ij /dtz (2m)3 (2m)3
X Gsptes £)CS- ey (ty — ) PLBor (ty — £) Bty — 1)
Going now to the countour we have
d®k; d’k
1> (t,,t,) = i\ dtz—1
Kz]( ) y) l z]/ (2 ) (27T)
X [G Gt 1) CS ey (ty — L) PLAG (ty — 6) ALk (ty — o)

Gt 1O et~ EOPLAE. (s — EIAE (s — 1]
d’k, d*k
ab _ -yab 1
x[Gax(te, t )CS> i (ty — ) PLAL, (B — )ALk (ty — to)

_GSk(txvt )CSQ (k+k1)( )PLA ( tZ)Ai—K(ty - tx)] :

i(p—q)(y—x)

(C.4.20)

(C.4.21)

(C.4.22)
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b) Second diagram

Figure C.10: 2-loop graph b)

1 .
H?]b =73 /d42[27]:l (eafeec + Eacﬁef><PRC)a5] [i5lk5ed575(z, l’)][’l)\]ﬂEdh(CPL)g,y]

2
X[iGro(y, 2)][iAj1€69(CPL)o|[IA(y, ©)0g4] [IA(2, 2)0cn] ;- (C.4.23)
Which will give
a 30 .
Iy = —5;/# i — A AA 1S (2, 1) Gs(z,y) CPLA(z, 2) Ay, )by
P
(C.4.24)

All Green’s functions so far are taken on the Keldysh contour. The [d*z has to
be read as [, o dt. f:oooo dz3. In order to practically perform the integration one has to
break the Keldysh contour into a forward and backward piece. Then propagators and
slef energies turn into matrices S;j, 3;; etc. The indices indicate the part of the contour
that the first and second time argument on the function lies on.

al . ab\ * d3q/ d3p
M7 (tety) = i (M) / dtz(%)g 2n)? (C.4.25)

x [SQ (p+q’)( —t ) g (tZ7 tﬂC)CPLA(QJ%(tZ - tw)A;—k(ty - ta:)

B S<(P+q )( )GSp<tZ7 ty)CPLAc? (t. — tm)Af)*k(ty —t)],
a : ab * d3q/ d3p
Mgy (tety) = i (M) / dt. @n)? (2n)? (C.4.26)
X7 oy (te = L) G (12,1 ) OPLAG (t. — t0) Ap i (t, — t2)

= Slpran(t: = 1) O5p (1 1) OPLAG (£ — £2) Ap ity — 1)) -
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Appendix D

List of propagators

Free propagators

e Scalar

o sin(wqy)

ot (%) cos(wiqt)

1 (cotn (229 costogy) = tsntel) )
(AF1(y))

S (coth (%) cos(wqy) — isin(wqy)>
(AF> ()"

M — kv

i cos(wyy) + sin(wky) ,

Wk
M-k

tanh (Bﬂ

2 ) (Wosin(wky)— 7cos(wky)) , (D01

% (cos(wky)sign(y) — i tanh (%) sin(wky))
+M —ky (tanh (%) cos(wyy) — isin(wk\y\)) :

2wk
(S (=v)"
% (cos(wky) — i tanh (%) sin(wky))

M-k (tanh (%) cos(wky) — iSiH(wky)) ;

2wk
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SE<(y) = % (— cos(wyy) — i tanh (%) Sin(wky))
+M2— ky (tanh <%) cos(wky) + 1 sin(wky)) .

Wk

For massless SM leptons, then the mass should be set to zero M — 0, the energy
wx — k and a left-handed projector should be multiplied ton the r.h.s of each
equation

e Majorana

Goly) = (ocos(wpy) + = sin(wpy) ) O,
Wp
tanh [ =2
M —
G§’+(y) = —L <z*yosm(wpy) Tmcos(wpy)) c 1,
P

vall(y) = [ (cos wpy)sign(y) — i tanh (%) Sin(%ﬂ))

M-y ( b (%52 ) contnn) — isntepl) )| 0
G2

GE>(y) = {%( s(wpy) — i tanh (%) sin(wpy))

— by (tanh (5 (; )cos(wpy) - isin(wpy))} o,
GES(y) % (_ cos(wpy) — i tanh (%) sin(wpy))

— Py (tanh (5 ;‘} )cos(wpy) +Zsm(wpy)ﬂ c.

2wp

_I_

Q
o
N
[\
&
I
—

Th
=
=

Equilibrium propagators

e scalar
Acd. 1 . Tglyl
o ) = w—qsm(wqy) 2,
1 Iyl
AT (y) = Q—choth <%) cos(wqy)e’ry,
1 |yl
8(0) = 5o (ot (%59 costea) — isintualy ) 4

]_ qly
= 5 (coth (%) cos(wqy) — isin(wqy)) e :

Wq

(y)

AZ2(y) = (AZH (W),
(y)
(y) = (A" W)
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e Fermion

S ()
S (y)

S (y)

Se % (y)
S (y)

S (y)

e Majorana

G ()

Gy (y)

Gy (y)

Ga(y)
G (y)

G<()

= (i% cos(wky) +

_tanh (&

2
2

M-k

Wk

Tilyl

Wsin(wky))e’ 2,

M-k

Wk

) (i% sin(wiy) — ! COS(wky)) e

{% <Cos(wky)sign(y) — i tanh (%) sin(wky)>
+M — kv

2wk

(tanh (%) cos(wiy) — ism(wk|y|)ﬂ e

(S (=)

|

M —k
N Y

|

+

(70 cos(wpy) +

E

5 (COS(wpy)Sign(y) —itanh (%) Sin(wpy))
u (tanh (%) cos(wpy) — isin(wp|y|))] e 5

2wk

M — kv
2wk

(G q“<

% ( s(wpy) — 7 tanh (%) Sin(wpy))

[

— P

Bwp
tanh ( ) < ' M — pry
2

720 <cos(wky) — i tanh <%) sin(wky))

ot (22) s st

720 <— cos(wky) — i tanh <%) sin(wky))

o (222 ot + i)

_Tplyl _1

pfysin(wpy)>e > O,

P

ivo sin(wpy) — — Cos(wpy)) e
p

v

(tanh (5;" ) cos(wpy) — isin(wpy))} e

Yo (_ cos wpy) — ¢ tanh (%) Sin(wpy))

2
M Py
2wp

(i (22t i)

Tilyl

2
Y

Tylyl

Tylyl

Tylyl
2

)
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Non-equilibrium

e Fermion
M —k
S (y) = i cos(wky) 77 sin(wiy e Txlyl/2 :
Kk o
M —k
Si(y,t)= — <ny0 sin(wky) T7 Cos(wky))
tanh 5““ T
X k\y|/2+fGQ( e —I't ’
11 0 tanh (@) T'ie|yl/2
Sk (y,t) = — 5 2i sin(wky) %6_ klyl/2z | Fr(wi)e et
- cos(wky)sign(y)e—kaﬂ)
M-k tanh (2
t o <2 conlend) <+)'/ + ff%k)e‘“t)
—isin(wk|y|)e_rk|y/2> ,
Sy, t) = (Sik' (. 1)"
tanh (2
Sk (y,t) = — % <2i sin(wyy) <we—rkyl/2 + fleq(wk)e—Fkt>
M -k tanh (Zex
+ 77 <2 cos(wky) (#G—Fklyﬂ +fleq(wk)6_rkt>
k
- isin(wky)e_FkW/Q) ,
7o : tanh (%) Twlyl/2 r
Sy t) = = o 20 sin(wicy ) fe_ W i (wn)e T

+ cos(wky)e_FkW/Q)

M —k anh (Zex
+ maltatk <2 cos(wyy) (#emlyﬂ +fleq(wk>€rkt>

2wk

+ isin(wky)erky|/2> :
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e Majorana

M —

G, (y) = (i% cos(wpy) + M=py Sin(wpy)> o~ Tolyl/2—1 ’

M —
G’;(y, t)y= — (zfyo sin(wpy) — Tm Cos(wpy))
p

tanh BT
X *Fply\/2+f;q(wp)efrpt c-l
70

1 tanh (6%)
CTYp (y7t> = - 5 21 sm(wpy) 5 e*Fp|y\/2 _'_f;[q(wp)ef[‘pt

Bw
+ 2o 2 cos(wpy) > e Toll/2 o pea(yy Yo Tt
— isin(wp|y|)e—Fp|y\/2 cL,
G22(y t) — (Gll( t))*
P ) P Y, )
> 70 _ tanh (%)
Gp (y7t> - - 5 2Z sm(wpy) feirp|y‘/2+f]ifq(wl))eirpt

— Cos(wpy)efrp|y‘/2 Cfl

Bwp
+ ——— | 2cos(wpy) — e Telvl/2 4 feaqy, Yo Tot

2wp

— Z'Sin(u)py)e_rp‘yVQ o1 ’
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tanh (%)

Yo ..
Gly.t) = — 3 | 2isin(wpy) 5

e*Fp|y‘/2 + f]evq(wp)efrpt
+ cos(wpy)e T2 | o1
+ ———— | 2cos(wpy

tanh (%)
) | Lt 4 i)t

+isin(wpy)e P2 L O
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