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Abstract

We develop a framework for obtaining rate coefficients in non-
linear kinetic equations for slowly evolving quantities in a non-
equilibrium system by matching real time correlation functions
of thermal fluctuations computed in an effective description to
those computed in thermal quantum field theory. We apply
this formalism to sterile neutrino occupancies and lepton minus
baryon numbers. After expanding in the sterile-neutrino Yukawa
couplings, the coefficients in the equations are written as real
time correlation functions of Standard Model operators. Our
kinetic equations are valid for an arbitrary number of sterile
neutrinos of any mass spectrum. They can be used to describe,
e.g., low-scale leptogenesis via neutrino oscillations, or sterile
neutrino dark matter production in the Higgs phase. We apply
the formula for linear coefficients to the equilibration of right-
handed electrons in the symmetric phase of the Standard Model,
which happens relatively late in the history of the Universe due
to the smallness of the electron Yukawa coupling. We compute
the equilibration rate at leading order in the Standard Model
couplings by including gauge interactions, the top Yukawa- and
the Higgs self-interaction. The dominant contribution is due to
2 — 2 particle scattering, even though the rate of (inverse) Higgs
decays is strongly enhanced by multiple soft scattering which is
included by Landau-Pomeranchuk-Migdal (LPM) resummation.
Our numerical result for the equilibration rate is substantially
larger than approximations presented in previous literature. We
find that the equilibration of right-handed electrons takes place at
temperatures at which also low-scale leptogenesis can be realized,

and we argue that in this case the two processes do not decouple.
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Notation and conventions

We write four-vectors in lower-case italics, k, and the correspond-
ing three-vectors in boldface, k. Integrals over three-momentum
are denoted by fk = (2m)73 S d?*k. When working in imaginary
time we have four-vectors k = (k% k) with £ = in7T with n even
(odd) for bosons (fermions), and 7" is the temperature. We denote
fermionic Matsubara sums by a tilde, iko. The Bose-Einstein and
Fermi-Dirac distributions are denoted by fg(E) = 1/(e®/T — 1)
and fp(E) = 1/(e®/T + 1), respectively. We use the metric with
signature (+, —, —, —), and the totally antisymmetric tensor with
g2 = +1. Covariant derivatives are D, = 9, + iyag'By + - -
with the hypercharge gauge coupling ¢’ and gauge field B, such
that y, = 1/2 for the Higgs field ¢. The quartic term in the Higgs

potential is A(pT)2.
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Chapter 1

Introduction

1.1 Some shortcomings of the Standard Model

The Standard Models of particle physics and cosmology have been extremely
successful in explaining various observations, in parts even with an outstanding
precision. There are, however, some observations these widely accepted models
fail to explain. We briefly review three of them here. In the following section
we introduce sterile neutrinos and outline how they could fill the corresponding

gaps in our theoretical understanding.

1.1.1 Active neutrino masses

The famous Higgs mechanism, although providing masses for the weak gauge
bosons as well as for most of the fermions, leaves the three left-handed Standard
Model neutrinos exactly massless, and the generation of a mass term for these
very light fermions requires physics beyond the Standard Model. An adequate
theoretical description of neutrinos, however, requires such mass terms, because
experiments with solar and atmospheric neutrinos show that there are indeed two

non-zero squared mass differences |3]|1_-I

Am?2, = 7.37(59) - 107° eV?, (1.1)
Am?, = 2.56(13) - 1073 eVZ. (1.2)

These squared mass differences are inferred from neutrino oscillations which can
be easily seen by a quantum mechanical argument as follows. Suppose that
neutrinos have non-vanishing masses. Then there are two eigenbases which are

The value in (1.2) assumes normal hierarchy, and differs from the one for inverted hierarchy
only on the percent level.




Chapter 1 Introduction

not simultaneously diagonalizable: the eigenbasis of states produced and detected
in weak interactions, and the mass eigenbasis corresponding to free propagation.
Due to the misalignment of the two eigenbases, the weak interaction eigenstates

|Vo) with a = e, u, T contain a mixture of the mass eigenstates |v;),

3
va) =Y Usila), (1.3)
i=1

where U is the unitary Pontecorvo-Maki-Nakagawa-Sakata matrix. Free propaga-

tion implies for the mass eigenstates
vi(t)) = e P10 (ky)), (1.4)

with E; = (k|2 + m?)l/ 2 and the momentum k. Now consider a weak interaction
eigenstate |1, (t9)) at some initial time ¢y. The amplitude for finding an interaction

eigenstate § at a later time ¢ is given by

3

(vs(t)lvalto)) = > B Uz,. (1.5)
=1

For ultrarelativistic neutrinos we approximate

2
m:
E’i ~ k 727 ].
which gives the probability
2 3 ; 2 2
[(ws(t)|valto))|” = Y ettlmimm) 2Ky, U Us Uy, (1.7)
i,j=1

This implies that, given there are finite squared mass differences and a misalign-
ment of the two eigenbases, the flavor eigenstates oscillate into each other. For
solar neutrinos, e.g., this manifests as a lack of electron neutrinos arriving at
earth-bound observatories, which has been known as the solar neutrino problem.

Neutrino oscillation experiments allow to determine only the squared mass
differences, but they do not make statements about the absolute mass scale.
The upper bound on the latter from measurements of the cosmic microwave

background [4] reads

> my, <0.12eV. (1.8)




1.1 Some shortcomings of the Standard Model

1.1.2 Baryon asymmetry of the Universe

From anisotropies in the cosmic microwave background it has been inferred that
at the decoupling temperature Tge. = O(eV) the ratio of baryon density np to
entropy density s is given byE|

”?B = 8.71(4) - 1071, (1.9)

Here np is the net baryon density, so that the quantity in is called the baryon
asymmetry of the Universe. This quantity can also be probed at the much higher
temperature of big bang nucleosynthesis, Tgpny = O(MeV). Here the baryon to
photon ratio enters the various reaction rates determining the processes of the
generation of the light element abundances, and the result [6] is in agreement
with , providing a robust measurement of np/s. Within the Standard Models
of particle physics and cosmology the non-vanishing number cannot be
explained, unless one assumes initial conditions before inflation.

For a dynamic generation of a baryon asymmetry, generically called baryo-
genesis, three conditions have to be fulfilled. The so-called Sakharov conditions
demand baryon number conservation as well as charge (C) and charge-parity (CP)
symmetry to be broken in thermal non-equilibrium [7]. Within the Standard
Model, baryon number is not conserved in the symmetric phase. CP violation
appears in the Cabibbo-Kobayashi-Maskawa matrix in the quark sector which is,
however, rather small and will be neglected throughout this thesis. In the thermal
history of the Standard Model there is no epoch of strong non-equilibrium. For
sufficiently small values of the Higgs mass m, < 80 GeV the electroweak transi-
tion would have been a first-order phase transition providing expanding bubbles
of true Higgs vacua and therefore strong non-equilibrium. At the measured value
of the Higgs mass m, ~ 125 GeV [8,9], however, the electroweak transition is
only a smooth crossover [10]. Coupling the Higgs doublet to another new scalar
field could generate a first-order phase transition despite the large Higgs mass.
This idea is at the basis of a class of models called electroweak baryogenesis [11],
and it relies on additional CP violation, since the one contained in the CKM
matrix in the Standard Model is insufficient [1214]. For a review of electroweak

baryogenesis, see e.g. [15].

2The quantity Qph? has been measured by Planck [4] to a high precision. It is related to the
quantity in via np/s = 3.887-107° Qph?, see, e.g., chapter 5.2 of reference [5]. The baryon
density is often conveniently normalized to entropy density, because the resulting quantity is
comoving.
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The cosmic QCD transition might have been of first order, if the loosely
constrained lepton asymmetry was large enough [16]. However, at the QCD
temperature baryon number is conserved within the Standard Model, because
electroweak sphalerons are frozen out, and therefore this still open possibility for
a first-order phase transition is not a very attractive setting for baryogenesis.

1.1.3 Dark matter

The energy content of the Universe, according to best fits to the ACDM model [4],
consists of only about 5% ordinary matter (the origin of which we do not un-
derstand, see section [1.1.2), while another 23% of gravitating matter is invisible
dark matter which does not interact via the electromagnetic force.

This mysterious type of matter had first been discovered in galaxy clusters in
1933 by making use of the virial theorem [17]. The measurement of rotation curves
of galaxies beginning in the early 1970s has shown that the stars’ angular velocities
approach a finite constant with increasing distance from the galactic center [18],
indicating that the gravitating mass also increases with distance. If most of the
gravitating mass were concentrated near the galactic center, as it seems to be the
case if one considers only ordinary matter, the angular velocity would be expected
to fall off with increasing distance. The observed rotation curves can be explained
by embedding galaxies in spherical halos of dark matter [19]. Today we have proof
of the existence of dark matter also from cosmic microwave background [4}20]
and gravitational lensing [21] measurements. Currently there is a large landscape
of viable dark matter models containing not only theories with additional bosonic
or fermionic particles, but also primordial black holes, as well as modified theories
of gravity. In analogy with ordinary matter it is easily possible for dark matter
to be comprised of various constituents, especially since the Universe contains
roughly five times as much dark matter as ordinary matter.

1.2 Sterile neutrinos

In this section we introduce the concept of sterile neutrinos. We set up the
corresponding Lagrangian density in subsection |1.2.1) and in subsection [1.2.2
we give a short overview of how these hypothetical particles can in principle
provide answers to all of the open questions raised in section [I.1] even though not

necessarily to full extent at the same time.

4



1.2 Sterile neutrinos

In the Standard Model all fermions appear as pairs of left- and right-chiral
fields, with the exception of neutrinos, which are incorporated only as exactly
massless left-chiral fields. This way their chirality translates into helicity, so
that the projection of their spin onto spatial momentum is exclusively negative,
in accordance with numerous experiments, possibly most notably the famous
Wu experimentﬂ [22].

One philosophical question that can naturally be asked is why Nature would
single out one species of fermions to appear only left-handedly, generating a
somewhat incomplete particle content. A natural extension of the Standard
Model would then be the introduction of right-handed neutrinos in accordance
with current observational constraints. The right-handed neutrinos need to be
uncharged under Standard Model gauge groups, because they have not been
detected in weak-interaction experiments. Therefore they are coined sterile, as
opposed to the left-handed neutrinos in the Standard Model, which are usually
called active in this context, because they carry weak isospin and hypercharge.

Sterile neutrinos have not been detected at all by now which, if they exist,
poses bounds on their parameters. There are generally two scenarios prohibiting
a simple detection, which are somewhat contrary. If the sterile-neutrino masses
are above energies reached by current accelerators, they cannot be produced in
collisions. If, on the other hand, their coupling to the Standard Model is very weak,
one needs specifically designed experiments, such as high intensity beam dumps, in
order for them to be detected eventually [23]. In principle, a combination of these
two complications is possible, but then one of the main problems motivating their
introduction, namely the explanation of active neutrino squared mass differences,
is not SOlVGdE so this corner of parameter space is not attractive and is therefore
usually left unconsidered.

1.2.1 Lagrangian

We now consider the Standard Model extended by ng flavors of sterile neutrinos
N;. For a renormalizable extension, only a Yukawa term is allowed for fermions
along with the kinetic term. Since the new fields are not charged under any gauge
group, they can couple only to currents that are themselves a gauge singlet, in
order not to violate the symmetries of the resulting theory under Standard Model
gauge groups. These considerations leave little freedom, and one possibility to

3In the original experiment antineutrinos with positive helicity have been emitted.
4We will see this below, around (1.16]).




Chapter 1 Introduction

write the full Lagrangian of the system is

1 — —
L =Lty ; N; (i — M;)N; - ; (N hio Jo + H.c.) (1.10)
i=1-ng 1=1---ng
a=e,lu,T

with Zsm the Standard Model Lagrangian and the gauge singlet
Jo =3 4y, (1.11)

where ¢ = io?p* with the Pauli matrix o2 is the isospin conjugate SU(2) Higgs
doublet, and ¢, = (I/O“ a)l is the left-handed SU(2) lepton doublet of flavor
a. We describe the sterile neutrinos by the Majorana spinors NV;, whose charge
conjugate fields satisfy N/ = IV;, in a basis in which the mass matrix is diagonal.
In general, the matrix of Yukawa couplings h is then non-diagonal. This is
different from the active lepton Yukawa couplings which are usually diagonalized
simultaneously with their mass matrix. The latter is possible, because the two
are related via the Higgs mechanism. On the other hand, the Majorana masses
and (complex) Yukawa couplings of the sterile neutrinos are ng and 6ng free
parametersﬂ respectively, which generally leads to misalignment of the eigenbases
of the corresponding matrices.

1.2.2 Motivation

Apart from the aesthetical motivation of having both chiral fields for all fermions,
the introduction of sterile neutrinos is well-motivated for providing feasible solu-
tions to the three problems discussed in section [1.1}, as we show in turn.

In the broken phase of the Standard Model, when the Higgs field acquires the
vacuum expectation value v &~ 174 GeV, the mass term in the full Lagrangian
reads (for simplicity for one sterile and one active flavor)

1— —
Lrunss = —5NMN — (Nvhu, + Hee.). (1.12)

Being its own charge conjugate, we can write the Majorana spinor as N = vg + vy
with a chiral field vg. Now ((1.12]) can be written as

I — 0 2vh UL,
Lrnnm = = (7 %) <2Vh M) (VR> +He. (1.13)

®Note, however, that (I.16)) reduces the number of degrees of freedom.




1.2 Sterile neutrinos

For M > 2vh, the eigenvalues of the mass matrixﬁ are approximately given by
(2vh)?

M b
Miarge =~ M, (115)

(1.14)

Mgsmall ~

and the corresponding eigenvectors are mostly left- and right-handed, respectively.
Due to the inverse relation between the masses in ((1.14) this is known as the

(type-1) see-saw mechanism. For the original Lagrangian in (|1.10)), relation ((1.14])
generalizes to a matrixm

m ~ (2v)2h" M~1h, (1.16)

thus generating masses for the left-handed neutrinos. In the original idea
M 2 107 GeV, and then the observed magnitudes of the active neutrino masses
are obtained by choosing Yukawa couplings comparable to those of the p or the
7 leptons, which provides for a somewhat natural explanation. However, also
smaller M are in principle allowed as long as is fulfilled, thus loosening
the naturalness argument in favor of introducing sterile neutrinos whose masses
are not orders of magnitude away of current accelerator energy limitsﬁ It is this
potential for detection that has made scenarios with lighter sterile neutrinos more
fashionable recently.

Sterile neutrinos could also well be responsible for the observed baryon asym-
metry of the Universe [25]. The main idea relies on introduction of CP violation
in the Yukawa couplings h that allows to produce a lepton asymmetry at some
high scale, which is why these mechanisms are generically called leptogenesis.
This lepton asymmetry is subsequently transformed into baryon asymmetry by
electroweak sphalerons. These are non-perturbative transition processes between
distinct vacua of the chiral SU(2)E| which together with the chiral anomaly violate
the conservation of lepton numbers L, (with oo = e, u, 7) and baryon number B
individually in such a way that the combinations

Xo=1Lo-2 (1.17)
3

5The small eigenvalue is actually negative, but the sign can be absorbed into field
redefinitions.

"See, e.g., reference [24].

80f course, one could argue that already the hierarchy in Yukawa couplings in the active
lepton sector spans over four orders of magnitude, and the overall set of Yukawa couplings present
in the Standard Model spans over six, so that an extension down by some orders of magnitude
might possibly not raise too much concern.

9See, e.g., reference [26] for a review of electroweak sphalerons.
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are conserved. Electroweak sphaleron processes are efficient only at temperatures
above T' 2 130 GeV |27], and are virtually unobservable today, since they are ex-
ponentially suppressed. An asymmetry in X, translates into a baryon asymmetry
in the Higgs phase according to [28]

28
B=—-——> X, 1.1
= Z (1.18)

at leading order in Standard Model couplingsm Due to the small Yukawa
couplings the sterile neutrinos equilibrate only slowly, if at all, resulting in thermal
non-equilibrium. This way all of the Sakharov conditions are satisfied.
Depending on the masses and couplings of the sterile neutrinos, leptogenesis can
be realized in different stages of the evolution of the Universe. Thermal (or high-
scale) leptogenesis requires very heavy sterile neutrinos with masses larger than
10% GeV [30]. These heavy sterile neutrinos which are produced from the Standard
Model plasma via the Yukawa interaction in generate a lepton asymmetry by
out-of-equilibrium decays, and slowly thermalize. C'’P violation enters the matrix
of Yukawa couplings via a complex phase only for at least two sterile flavors, and
then interference between tree-level and one-loop diagrams gives X, violating
reactions. Assuming a hierarchy in the Majorana masses of these flavors allows
to integrate out heavier states and work with an effective CP violating Vertexﬂ
Without hierarchy in the Majorana masses, there is the possibility of two nearly
mass-degenerate sterile neutrinos, known as resonant leptogenesis, which lowers the
mass bound to 10® GeV [32]. Leptogenesis through oscillations [3334] (or low-scale
leptogenesis) can work for even smaller masses, below ~ 5 GeV, such that these
sterile neutrinos could in principle be experimentally detected [23]. The underlying
mechanism is somewhat more involved. Here C'P violation enters already at tree-
level through oscillations between at least two sterile states. Since the Majorana
masses are very small compared to the temperature (this scenario is usually
operative at temperatures somewhere between 130 GeV < T < 10° GeV [354[36]),
the sum of lepton numbers in the active and the sterile sectors is nearly conserved.
Thus, if one of the sterile states couples weakly enough to the Standard Model
such that it does not equilibrate until electroweak sphalerons become inefficient,
some of the lepton number gets carried away by sterile neutrinos, and the same

10 A1l corrections of O(g?) to (1.18)), where g denotes a generic Standard Model coupling, have
been obtained in [29].
See, e.g., reference [31] for a review of thermal leptogenesis.




1.3 Right-handed electrons

amount with opposite sign remains in the active sector. Then again by means
of , a net baryon number remains in the Higgs phase.

Dark matter could be comprised of sterile neutrinos with keV masses [37],
either partly or completely. Due to mixing in the Higgs phase, these sterile
neutrinos can decay into a pair of an active neutrino and a photon. While the
original Dodelson-Widrow model [37] cannot generate all of the dark matter given
current gamma ray observations and Lyman-a constraints [38], observations still
leave open the possibility for all of the dark matter being resonantly produced
sterile neutrinos via the Shi-Fuller mechanism [39], see e.g. [40] for a review. This
mechanism requires a non-vanishing lepton asymmetry which generates a peak
in a resummed propagator, therefore boosting the production rate. It is usually
effective around the QCD temperature, see e.g. [41].

It has been suggested [42] that with three generations of sterile neutrinos, two
nearly degenerate flavors with GeV masses could be responsible for the baryon
asymmetry via low-scale leptogenesis, while at the same time providing enough
residual lepton asymmetry to fuel the production of a third, lighter flavor with
keV mass, which then constitutes the dark matter. A recent study has shown
that this model (while at the same time reproducing active neutrino masses in
accordance with experimental observations) can generate only about 10% of the
dark matter abundance [43]. Keeping in mind that there is no theoretical reason
for dark matter to consist of one single species of particles, these sterile neutrinos
could still be part of a more complicated composition of the dark matter content
of the Universe.

We obtain kinetic equations applicable to scenarios with sterile neutrinos
describing low-scale leptogenesis and /or dark matter production in chapter

1.3 Right-handed electrons

On first sight, the right-handed electrons er contained in the Standard Model
might not have too much connection with the problems discussed in section let
alone with the notion of sterile neutrinos which we have introduced in section [.2l
In this section we shortly recall the place of right-handed electrons in the Standard
Model and their evolution in the early Universe and motivate why they might
play a role in the generation of the baryon asymmetry of the Universe.
Right-handed electrons eg are charged only under the weak hypercharge U(1) in
the Standard Model. Among gauge interactions with the corresponding B bosons,

9
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they also have a Yukawa interaction, such that the part of the Standard Model
Lagrangian containing the egr field reads

Fsn > eril)er — (€R he o'l + Hec.) (1.19)

with the covariant derivative D,, = 0, + iYe ¢’ By, with ye, = —1, and h, is the
electron Yukawa coupling, with the value h, = 2.9 - 1075 at the Z boson mass [3].
Note that, unlike in the Lagrangian for sterile neutrinos containing ¢ in the
Yukawa interaction, ¢ appears in . At the classical level, the gauge invariant
kinetic term in conserves the right-handed electron lepton number

Ler = / >z eryer, (1.20)

which is, on the other hand, violated by the Yukawa interaction in .

The electron Yukawa coupling h. is the smallest coupling constant of the
Standard Model. Therefore thermal equilibrium between right- and left-handed
electrons (the equilibration of the charge L.g) is achieved relatively late in the
evolution of the Universe.lE Nevertheless, it happened in the symmetric phase,
while electroweak sphaleron processes were still effective. Because baryogenesis
scenarios usually rely on the B violation induced by these processes, the equili-
bration of right-handed electrons can play an important role in the creation of
the matter-antimatter asymmetry of the Universe.

The interplay between right-handed electron equilibration and baryogenesis
through neutrino oscillations [33,34], which we have shortly discussed in sec-
tion|1.2.2] is one central topic of this work. The exact choice of the sterile-neutrino
Yukawa couplings and the Majorana masses in determines the temperature
regime at which the leptogenesis mechanism operatesH and for certain values
of these parameters the generation of the matter-antimatter asymmetry and the
equilibration of right-handed electrons take place around the same time. Then
the latter is part of the leptogenesis process, and the dynamics of the variable L.g
must be accounted for in the kinetic equations. At leading order, the equilibration
of right-handed electrons proceeds purely via Standard Model interactions. The
temperature T,q at which the Yukawa interaction of er effectively equilibrates the
quantity L.g is among the results of chapter

2The temperature Teq at which L.r comes into equilibrium is parametrically given by
Teq ~ h2g*mp; with an appropriate Standard Model coupling g and the Planck mass mpy, see
section

3Roughly speaking, increasing the Yukawa couplings leads to the leptogenesis process hap-
pening earlier in the evolution of the Universe.

10



1.3 Right-handed electrons

A connection between the equilibration of right-handed electrons and the
generation of the matter-antimatter asymmetry had been suggested earlier in
the context of baryogenesis at some very high temperature, like e.g. in GUT
baryogenesis. If a matter-antimatter asymmetry is created at that temperature,
it can be protected from washout if the right-handed electrons are not yet in
equilibrium [44}45].

A lepton asymmetry in right-handed electrons may also generate hypermagnetic
fields [46] which is due to the so-called abelian anomaly from which the quantity
L.y suffers. It converts the helicity stored in L.g to circularly polarized modes of
the hypercharge gauge field, which is energetically more favorable. In particular
this implies that the Yukawa interaction in (1.19) is not the only source of L.g
violation in the Standard Model. Therefore this phenomenon plays a role in the
determination of the equilibration rate of L.g in chapter

11






Chapter 2

Effective kinetic equations
for out-of-equilibrium processes

In this chapter we derive general formulae for the rate coefficients appearing in
effective kinetic equations of a certain class of non-equilibrium problems which
we define in section In section we briefly discuss the emergence of this
specific class of problems in the dynamics of the early Universe. We generalize
the considerations of reference [47] to include non-linear terms in the kinetic
equations and obtain master formulae in terms of real time correlation functions
in section 2.2 We discuss the relations between charges and chemical potentials
in various temperature regimes in section [2.3] and apply the formalism to sterile
neutrinos (section [2.4)) and the linearized version which had been obtained in [47]
to the dynamics of right-handed electron lepton number L.g (section .

2.1 General setup

In general, the description of non-equilibrium systems is a complex task which we
simplify by making two central assumptions. We consider a situation in which
there is a separation of time scales in such a way that some reactions in the
plasma happen considerably more often than others. Then these fast interactions
keep most of the degrees of freedom in equilibrium, with a frequency we call ws,gt,
while some other quantities relax much more slowly with frequency w, and we
call these quantities slow. Then for w < wg,et the time evolution of the departure
from equilibrium of the slow quantities, which we denote by y,, can only depend
on the values of the slow quantities themselves and the details of the thermal
system. In a canonical description these are the temperature 7', the volume V,

13
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and the values of the strictly conserved charges (Qz, such that generally

Ya = ya({yb}aTvvvv{Qé})' (2'1)

Additionally, we assume the situation to be close to full equilibrium, so that the
deviations of all slow quantities from equilibrium are small. In this case we can

expand (2.1) in departures from equilibrium, yielding

. 1 1
Ya = = Yab¥o = 5Vabe Yo Yo — gy Vabed Yo Ye Yd ~ " (2.2)

where now the dependence on the details of the thermodynamic state of the
fast degrees of freedom enter the coefficients, so that v, = vu (T, V, {Qz}) and
analogously for the coefficients multiplying the non-linear terms. We assume that
the y, as well as the coefficients in are real-valued.

2.1.1 Applicability to early Universe dynamics

In a considerable temperature range during the evolution of the early Universe a
large amount of degrees of freedom is in equilibrium. This is due to the fact that
the Hubble expansion rate

473g, T?
45 mpl’

H= (2.3)
with g, the number of relativistic degrees of freedom, and mp; = 1.22 - 10" GeV
the Planck mass, albeit its apparent large size, is actually much smaller than most
of the rates mediated by Standard Model interactions, i.e. the ratio wg,st/H is
much larger than unity. Let us briefly illustrate this for Standard Model gauge
interactions. The frequency of such an interaction with gauge coupling g is given
by wiast = ag4T with @ a numerical prefactor. Then we have

Wiast e 10'7 GeV

Rag ————————

~

H g T

(2.4)

in the symmetric phase of the Standard Model where g, = 106.75. In the following
we will be interested mainly in temperatures well below T' < 109 GeV so that the
ratio is indeed large, and all gauge interactions are in equilibrium. Depending
on the temperature additional interactions, e.g. Yukawa interactions, may be in
equilibrium, and for these interactions one has wgs = O(h292T ), with h the
respective Yukawa coupling and g a generic gauge coupling. We elaborate on
the fast interactions in section [2.3] If we now consider slowly varying charges
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2.2 Derivation of rate coefficients

whose deviations from equilibrium are smallE the two assumptions facilitating
the description of the non-equilibrium system are met. The latter is neither
a prediction nor an observation, however, it can be checked for consistency a
posteriori. For example, one can compare the linear rates 7,, (no summation
over a) in to the Hubble rate (2.3). Equating the two gives an expression for
the temperature which we call the equilibration temperature of the quantity y,. Due
to efficient equilibration around this temperature, the deviations from equilibrium
can be assumed to be small, as long as coefficients 7, much larger than .,
efficiently driving the quantity y, away from equilibrium, are absent.

We will assume spatial homogeneity, in which case the covariant time derivative
for occupancies f(t,k) in a Hubble expanding background reads [4§]

O f(t, k) — (8t — H|k|3‘k|) f(t k). (2.5)

By integration by parts the corresponding one for densities n(t) is given by
on(t) — (0 + 3H) n(t), (2.6)
in which the second term on the right-hand side reflects dilution. Hubble expansion

enters the effective kinetic equations (2.2) on the left-hand sides through ([2.5))
and (2.0).

2.2 Derivation of rate coefficients

We make use of Landau’s theory of quasi-stationary fluctuations [49] to obtain
the coefficients 7,... in (2.2)). This has been done for the linear case in [47], and
the reasoning has been extended to CP violating rates in [50]. Here we generalize

the approach to apply also to (potentially CP violating) non-linear coefficients.

2.2.1 Correlators in the effective theory

The thermal fluctuations of the slow variables y, satisfy the same type of equations
as , but with an additional Gaussian noise term on the right-hand side,
representing the effect of rapidly fluctuating quantities@

From these equations one can compute real time correlation functions of the

fluctuations such as
Cab(t) = (ya(t)ys(0)) (2.7)

MDeviations from equilibrium are said to be small, if they are smaller than their thermal
fluctuations. We discuss this issue in detail in section
5See, e.g., §118 of reference [49] on correlations of fluctuations in time.
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Chapter 2 Effective kinetic equations for out-of-equilibrium processes

by solving these equations and then averaging over the noise and over initial
conditions[!9]

In [47] the rates 74, have been found by taking the one-sided Fourier transform
of the correlator C,, after the exact solution of the linear equations of motion had
been inserted. The non-linear equation of motion can generally not be solved
analytically. We solve it perturbatively by directly taking the one-sided Fourier
transform of the non-linear equation of motion. We encounter the one-sided
Fourier transformation of the slow variable y,,

Y (w) = /000 dt €™y (t). (2.8)

At linear order in y in (2.2]) we obtain

O (w) = [(—iw +9)7, v6(0) + - -, (2.9)

where the ellipsis represents a term linear in the noise. Inserting this into the
one-sided Fourier transform of (2.7)) one obtains [47]

Chw) = [(—iw+ 7)_1]ac Eeb- (2.10)

Here the noise term has dropped out. When averaging over the initial conditions at
t = 0, one encounters the real and symmetric susceptibility matrix with elements

Eab = (Yalb), (2.11)

i.e., the equal time correlators Cyp(0). As in , the average in is canonical,
that is, at fixed values of the conserved charges.

The rate matrix 74, can be extracted from by considering frequencies w
which are parametrically much larger than the elements of the matrix v. Then
one can expand in 7v/w. For real w the leading term in this expansion is
purely imaginary. Thus by taking the real part of one can extract the next
term which is linear in « [47],

1
Re C,jy(w) = o2 Jac e+ O(w™) (for real w). (2.12)

16Non-linear terms in the equation of motion could potentially lead to non-vanishing expec-
tation values of y,. Therefore in general one also has to include y-independent terms on the
right-hand side to ensure that the expectation values vanish. Eventually we want to describe
deviations from thermal equilibrium with . Then the y, are much larger than their thermal
fluctuations, and the y-independent term will be small compared to the non-linear terms in
and can be neglected.

16



2.2 Derivation of rate coefficients

Here it is important that we take the one-sided Fourier transform instead of the
Fourier transform because the latter only depends on the symmetric part of ~.
Now we go beyond linear order. We include the non-linear terms in the

equation motion, and expand

y =4O 4y Ly 4 (2.13)

where 3™ is of order (y(0))"*" and vanishes at the initial time ¢ = 0. We will

encounter the generalization of (2.11)),

Ea1a2---an = <ya1 Yas - 'yan>c’ (2'14)

where the subscript ‘C’ indicates that we only include the connected part, for

which we assume
Cara) ™ < (Bapea)™ (m>n>2). (2.15)

This can be seen as a consequence of our assumption that we can expand the
right-hand side of equation , since the time evolution of the fluctuations also
determines their equal time correlations (see, e.g., [51]). For the occupancies
of sterile neutrinos we have checked the assumption in appendix [A|l The
coeflicient 74 of the quadratic term in equation can then be extracted from
the correlation function

Ca(bc) (t) = <ya(t)ybyc(0)> (2‘16)

as follows (for details see appendix E We have

Cavey (1) = W )y (0)) + (< )y (0)). (2.17)

The first term on the right-hand side is very similar to , one only has to
replace with the expectation value of three factors of y(0). Again we take
the one-sided Fourier transform. Our assumption allows us to neglect the
contribution from Z,p.q, which gives

1 - _
(i  (@)w6ye(0))e = —5Vade Zab Zee + O(w ™). (2.18)
Thus we obtain
1 — - — _
Re C(j(bc) (w) = o2 ['Yade Zdb Zec T Yai *:ibc] +O(w 3), (2.19)

"Note that (2.16)) is connected, because the expectation value of a single y vanishes.
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Chapter 2 Effective kinetic equations for out-of-equilibrium processes

which allows us to extract v4p.. Similarly we obtain the coefficient multiplying
the cubic term in (2.2)) by solving the equation of motion for y, perturbatively
up to linear order in g, and 7ygpeq and successively computing the connected

correlation function

Ca(ved)(t) = (Wa(t)Ypycya(0))e - (2.20)
Following the same line of arguments, we obtain
+ — 1 ey 1 = = -3
Re Ca(bcd) (w) = 2 Yaijk Sib Sjc Skd T 5 Yaij Zijbed + Yai Zived | + O(w™°).
(2.21)

2.2.2 Correlators in the microscopic theory

The one-sided Fourier transforms of the correlators (2.7), (2.16)), and (2.20))
as well as the susceptibilities (2.14]) can also be computed in the microscopic

quantum theory. In the range of validity w < wi.s of the effective equations
of motion they have to match their counterparts in the effective theory.
This way the coefficients in can be computed from , and
with the quantum correlators on the right-hand side, evaluated in the regime
v K w K wiagt- In this regime C;} has to match the one-sided Fourier transform

of the microscopic correlation function

Car(t) = 5 ({ua0) 1(0)}). (222)

Since west S TE we are dealing with frequencies w much smaller than the tem-
perature. In this regime the one-sided Fourier transform of (2.22)) is approximately

given by [50]
(@) = ~i - [Bae) —~ Au(0)] (2.23)
where
Agp(w) = / C;‘:r/f’uﬁb(_“g. (2.24)

The two-point function in (2.24) is an analytic function off the real axis, and

) = [t {[ya(0). (0] (2.25)

BOr even wiast < T for certain combinations of the process underlying weasy and the temper-
ature (e.g. processes due to h, at temperatures well below 10° GeV [52]).
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2.3 Charges and chemical potentials

is the spectral function of the bosonic operators y, and y,. For real w, the
function Agy(w + 90™) equals the retarded two-point function AS*(w). Matching
Ct and C*, and using as well as the fact that A, (0) is real one obtains
the master formula [50]

Yap = TwIm AP (W) (E™Y) (7 € w <K Wiast )- (2.26)

For real spectral functions it agrees with the Kubo-type relation in [47]. Following
the same steps with (2.19)) and (2.21)) we obtain the master formulae

Yabe = [Tw Im Aze(tde) (w) — Yaf Efde} (E_l)db(E’_l)ecv (227)

I 1 _ _ - —— —_—
Yabed = |:TW Im Aae(tefg) (w) - §7aij Sijefg — Vai :‘iefg:| (‘:‘ l)eb(: l)fc(: l)gda
(2.28)

where in both cases 7 < w < Wiast- As in , we include only the connected
piece of the correlator Affite ) in (2.28). In general the operators inside the
retarded correlators will not necessarily commute at equal times.

In some cases it is more convenient to compute the correlators of time deriva-

tives of one or both of the operators, and then use the relations

Aifh(w) = LA (@) + ([A©0), BO). (2.29)
Nigh(w) = <5 [A%54 @) +i([A0), BO)) +([40), BOD] (230

for bosonic operators A and B which are easily obtained via integration by parts.

2.3 Charges and chemical potentials

In the equations of motion the slow charges appear on the right-hand
side, along with the susceptibilities and after the master formu-
lae , and have been inserted. Once the susceptibilities and the
n-point functions have been determined, the set of equations is closed. Sometimes
it can be more comfortable to express the right-hand sides in terms of chemical
potentials instead of the charges. Here we make a connection between the two
via the susceptibilities, focusing on temperatures in the symmetric phase of the
Standard Model.

We restrict ourselves to the determination of the susceptibilities =, since
the dependence on the generalized susceptibilities Zgp. and =449 of Standard
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Chapter 2 Effective kinetic equations for out-of-equilibrium processes

Model charges will drop out once we express our equations in terms of chemical
potentials, as we will see in section The generalized susceptibilities will play
a role, if the indices label sterile neutrino occupancies, see appendix [C|

Denoting the slow charges by @, and their departures from equilibrium playing
the role of the y, in by 0Q. = Qa — Qo, we have the relation

- M 1 p
0Qq = :‘abT + i:‘abc?% + O(/ﬁ)- (2'31)
The susceptibilities can be obtained by switching from an ensemble in which the
conserved charges, which we denote by ()5, have fixed values to a grand-canonical
one [47]. In the latter all charges, collectively denoted by @ 4 fluctuate, not only
the slowly varying ones. Then we have a relation similar to (2.31)), but for all

charges,
I
Qa= ZXAB7B + O(1P). (2.32)
B

Here x is the susceptibility matrix in the full grand-canonical ensemble, in which
the charges are odd functions of the chemical potentials. Therefore, unlike in ,
no terms of order 2 and no equilibrium values appear in . The susceptibility
matrix x is related to the pressure P(T, u) via

&*P(T, p)

A =TV .
Xap 8MA8NB =0

(2.33)

Considering A = a in (2.32) and comparing with (2.31)), we find that the inverse

susceptibilities satisfy

(ENab = (X Habs (2.34)

where a and b label slowly varying charges only. The equilibrium values are
obtained analogously,

Q= — Za (X e Qe (2.35)

The computation of the susceptibilities y in the symmetric phase in terms of
the pressure is described in |47], where the leading order (in Standard Model
couplings) contributions to the pressure have been obtained. There also the O(g)
corrections and some of the O(g?) contributions can be found, and the remaining
O(g?) contributions have been obtained in [29]. All gauge charges are strictly
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2.3 Charges and chemical potentials

conserved, and in principle chemical potentials have to be added for all of them.
However, non-abelian gauge charges, i.e. color charge or weak isospin, are not
correlated with the slowly varying or the strictly conserved non-gauge charges.
Therefore, non-abelian gauge charges decouple from the others (and also among
each other), such that they can be neglected. Weak U(1) hypercharge Y, despite
being a gauge charge, is correlated with all charges we consider, and therefore
has to be considered in the set of strictly conserved charges. In the imaginary
time formalism the temporal component of the hypercharge gauge field By is
purely imaginary. It has a non-zero expectation value [28] which plays the role of
a hypercharge chemical potential,

py = ig'Bo, (2.36)

ensuring hypercharge neutrality of the plasma.
At leading order in Standard Model couplings, and when we have only diagonal
Chargesﬂ the pressure reads [47]

12
=5 [P(T,p) = P(T,0)] = 18u + 9z + Iy,

T2
+2) g 4> ph HApl+ O, (237)
(7 «

The chemical potentials carried by particles which appear in are functions
of the chemical potentials of all charges, and therefore depend on the temperature
regime. Throughout all temperature regimes in the symmetric phase discussed in
the following, we have

ny

Some quark Yukawa couplings come into equilibrium at temperatures in
the regimes we consider, analogous to h.. However, strong sphalerons are in
equilibrium in the symmetric phase up to temperatures well above the ones
considered here [53]. They violate the conservation of chiral quark charges like
fx urY uR, such that these quantities are fast, and do not enter the sets of slow
or conserved charges.

The slow charges we are interested in in the following sections and

are violated by interactions whose scale is set by the temperature 7', up to

19When the Yukawa interaction of the u or the one of the 7 lepton is slow, also flavor non-
diagonal charges have to be considered. In this case the particle chemical potentials are matrices,

and (2.37) contains traces [47].
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Chapter 2 Effective kinetic equations for out-of-equilibrium processes

dimensionless couplings. The Hubble rate , on the other hand, behaves
like H ~ T2, such that in the evolution of the Universe the slow charges we
consider eventually come into equilibrium at the equilibration temperature, they
are said to freeze in [48]. The opposite is the case for electroweak sphalerons
which effectively violate baryon and lepton numbers with a rate much larger than
the Hubble rate only above the freeze out temperature (see below).

8.5-10* GeV <« T <« 10° GeV The lepton number L.g carried by right-
handed electrons is not yet efficiently violated by the electron Yukawa coupling
so that it constitutes a strictly conserved charge, and we have to introduce a
corresponding chemical potential in . Interactions mediated by p and 7
Yukawa couplings are in equilibrium [52], and constitute fast processes, which do

not give rise to conserved charges. Inserting the particle chemical potentials

_ My px _ 2y px _ My px
Q 6 3 Y ,u‘uR 3 3 b :u‘dR 3 3
Hy
Mo = —75" + HXy, Her = —HYy T+ X, T ULz,  Hug = —HY T HX,
ny
P = —Hy + [1x,, Ho = = (2.39)

with pux = %Z o Mx,, into the pressure (2.37) and using (2.33]), we obtain the
inverse susceptibilities

666 0 0 —55 111

0 033 52 156 156

0 52 533 156 156 (2.40)
—555 156 156 2133 135

111 156 156 135 246

1 2

X T RT3V

for the ordering {X., X,,, X, Ler, Y}. If all the X,, are slow the matrix Z~! is
given by the upper left 3x3 block of (2.40) due to (2.34)), and then

65 0 0
=TV 0 82 -8 (2.41)
7180 h '

0 -8 82

for the ordering {X., X,, X;}. According to (2.35)), the equilibrium values read

Xed — %LeR, (2.42)
4
ng - _TSLeR (Oé = K T)' (243)
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2.3 Charges and chemical potentials

Hypercharge neutrality implies

1 8
= — — 2.44
,uY 11 /’LLeR + 33 ; /’LXC«’ ( )

and the relation between L.g and its chemical potential reads

(2.45)

5 4 33
(Lo = —=px, + — (Bx, +px,) + WI@R-

6 15

T ~ 8.5-10* GeV Interactions mediated by the electron Yukawa coupling
happen at a rate comparable to the Hubble rate, so that L. is slowly varying
(we obtain the equilibration temperature in chapter [3). The relation between
charges and chemical potentials remains the same as in , and also
and (2.45)) are valid. If all four charges are slowly varying, i.e., if X, generation
and equilibration of right-handed electrons happen at the same time, we have
vanishing equilibrium values for all slow variables, because there is no strictly
conserved non-zero charge. In this case the matrix Z~! is given by the upper left
4 x4 block of , and then we have

277 —20 —20 75
T3V | —20 277 —20 —24
594 | —20 —20 277 —24
75 —24 —24 90

[1]

(2.46)

for the ordering { X, X,,, X+, Ler }. In particular, even though the sterile-neutrino
interactions do not violate the conservation of L.gr, and the electron Yukawa
coupling does not violate the one of X,, the evolution equations of L.gr and
the X, are coupled through the matrix of susceptibilities. In case the only slow

variable is L.gr, we have the 1x1 matrix

AL s,
4266

—_
—
—

(2.47)

and L.gr obtains an equilibrium value for non-vanishing X, see section [2.5

160 GeV € T < 8.5-10% GeV Here all Standard Model interactions are in
equilibrium. The particle chemical potentials are given by (2.39)) with pr ., = 0.
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Chapter 2 Effective kinetic equations for out-of-equilibrium processes

Repeating the same steps as above, the inverse susceptibility matrix reads [47]@

257 20 20 72

2 20 257 20 T2
T 2373V [ 20 20 257 72
7272 72 117

X (2.48)

for the ordering {X., X, X;,Y}. If all X, are slow, the matrix =71 is given by
the upper left 3x3 block of (2.48)), and we have

277 —20 —20
=_ TV 20 277 —20 (2.49)
=7 594 | - :
—20 —20 277

for the ordering {X., X,,, X;}. Here hypercharge neutrality imposes |54]Erl

8
py = o3 za: KXo - (2.50)

T ~ 130 GeV Around this temperature electroweak sphalerons freeze out [27].
Well below this temperature not only the differences between baryon and lepton
numbers X, but also their sum is conserved, such that the latter is a slow variable
here. As above, there is some freedom in the choice of the slow charges in this
temperature regime. We will see in section that it is convenient to introduce
a chemical potential pup for baryon number B, instead of a chemical potential for
the sum B 4 L. Neglecting the Higgs vacuum expectation value, which is a small
quantity at this temperature, the chemical potentials carried by the particles read

_ My Bx | pB _ 2y px | kB _ M px | pB
6 3 ' g HwT 73 3 T30 Hie 3 3 '3
wy wy

Hey = Ty + UXes Hap = —Hy + X4, Ho = 97 (2.51)

again with puyxy = % Y o BX., and the inverse susceptibilities are given by

88 16 16 28 24
16 88 16 28 24
16 16 88 28 24 (2.52)
28 28 28 79 6
24 24 24 6 36

20See equation (63) of reference [47].
21Sce equation (4.2) of reference [54].
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2.4 Kinetic equations for sterile neutrinos

for the ordering {X., X, X;, B,Y}. If all X,, are slow, the matrix =Z~! is given
by the upper left 4x4 block of (2.52)), and we have

277 —20 —20 —84
T3V | —20 277 —20 —84
594 | —20 —20 277 —84

—84 —84 -84 360

—_
—
—

(2.53)

for the ordering {X., X, X;, B}. In [55] the developing Higgs expectation value
is taken into accountF_ZI Hypercharge neutrality yields the relation [54]@

8 2
y—_—E Xo — —[B- 2.54
W 33aua "B (2.54)

T <« 130 GeV Deep in the Higgs phase the susceptibilities have a non-trivial
temperature dependence because of the fact that not all particles are ultra-
relativistic, which is assumed in the approach of [47]. They have been studied

in [56] 1]

2.4 Kinetic equations for sterile neutrinos

Leptogenesis through oscillations has been described by Boltzmann equations, and
in the relativistic case with several flavors with generalizations thereof [57]. The
momentum spectrum of sterile neutrinos is non-thermal and it can be important
to keep the full momentum dependence [58], but for parameter space scans usually
momentum space averages are consideredFE] There have been various approaches
which start from first principles to avoid some ad-hoc assumptions inherent in
the Boltzmann equation, and to systematically include medium effects [61H64].
Our generalization of the approach of [47] makes use of the slowness of the sterile
neutrino’s interaction right from the start. The resulting relations , ,
and are valid to all orders in fast Standard Model couplings, and can thus
be used to compute higher order corrections allowing to estimate the accuracy of
the approximations [50].

In [47] the linear coefficient for X, equilibration, also called the washout rate,
has been obtained. It was applied to the production of a single sterile-neutrino

*2Sce equations (3.8) and (3.9) of reference [55).
#3S3ee equations (4.5) and (4.6) of reference [54].
24See appendix A of reference [56].
#For recent work see, e.g., [59,/60].
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Chapter 2 Effective kinetic equations for out-of-equilibrium processes

flavor in [65]. In [58] it has been pointed out that non-linear terms in the kinetic

equations may also play an important role. We obtain these non-linear terms in

the remainder of this section by applying the formulae (2.27) and (2.28)), along
with (2.26]) for the linear ones. In [54] the rates for leptogenesis including non-
linear terms have been obtained using a quite different approach. There the

sterile-neutrino masses have been neglected, and in [43] non-linear equations have
been obtained also for the massive case.

Kinetic equations for the resonant production of a sterile-neutrino dark matter
candidate in the Higgs phase have been obtained, e.g., in [41}43./66]. Here the
need for non-linear kinetic equations arises naturally because of the dependence
of the active neutrino propagator on active lepton number chemical potentials.
It is conceivable that the dark matter content of the Universe be comprised of
several flavors of sterile neutrinos (either completely, or along other constituents),
which has not yet been systematically studied, to the best of our knowledge. The
kinetic equations we obtain in this chapter can be applied to sterile neutrinos in
such scenarios.

Now we proceed to use the formalism developed in section to derive kinetic
equations for slow quantities in the Standard Model extended by ng flavors of sterile
neutrinos, as described by . We consider temperatures at which the muon
Yukawa interaction is in equilibrium, which is the case when T' < 10% GeV [52].
Then there are two types of slow variables we are interested in. The first type
are the charges X, see . In the presence of conserved Chargeﬁ the X, can
have a non-vanishing equilibrium value Xg?, so that the y, in correspond to
0Xo0 = Xo — Xak. We discuss the equilibrium expectation values in section
At T ~ 8.5-10* GeV, when the rate of electron Yukawa interactions is comparable
to the Hubble rateﬂ the lepton number carried by right-handed electrons L.g
is a slow variable, and at T ~ 130 GeV, when electroweak sphalerons freeze
out [27], baryon number is slow. The conservation of L.r and B is not violated
by the sterile-neutrino Yukawa interaction. However, the X, L.g and B are
individually correlated with U(1) hypercharge Y, see section so that their
evolution equations are coupled through the matrix of susceptibilities =. When
T 2 10° GeV the muon Yukawa coupling causes slow interactions and additional,

26 At the temperatures we consider, only right-handed electron number L.r can be conserved
and non-vanishing, if all X, are violated by the sterile-neutrino Yukawa interaction. This can be
the case between 8.5 - 10* GeV <« T <« 10° GeV, see section

2"We obtain the equilibration temperature of right-handed electron number L.gr in section
see (|3.57)).
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2.4 Kinetic equations for sterile neutrinos

flavor non-diagonal charges have to be taken into account [61]. Specifically, then,
the symmetry group of slow charges is non-abelian. In our case, however, all of
the charges X, Ler, and B commute at equal times.

We consider a finite volume V' and take V' — oo in the end. Without the
Yukawa interaction, the sterile neutrino fields NV; in would be free and the
equation of motion would give

[6ikx Ui\ Akil (t) -+ eiikx Vki\ QLM (t):| (255)

1
N = 2 e

with ayix(t) = exp(—iEy;t)axx(0) and Ey; = (k? + Miz)l/Q. The spinors v and v
are chosen such that aLi 4 creates a sterile neutrino with helicity +1/2. The
sterile neutrinos can not be expected to be in kinetic equilibrium since kinetic
and chemical equilibration are due to the same processes. Therefore the other
type of slow variables consists of the phase space densities, or occupancies, of
the sterile neutrinos. For each k and A the occupation number operators form a

matrix, called matrix of densities, or density matrix, with element@

(fk)\)ij = CLLMCij)\. (256)

In the presence of the Yukawa interaction in (1.10) we define the occupation

number operators through equations (2.55) and ([2.56)) @ Their equilibrium values
read

(fix)ij = 9ij [r(Exi)- (2.57)

The variables appearing in the effective kinetic equations (2.2)) are real, such
that the theory in section is not applicable to all of the operators in (2.56|) for
ng > 1. Therefore we consider the Hermitian operators

fin = Tg;’al;i/\akj/\’ (2.58)

and go back to kinetic equations for the (fk))i; in the end. The T in (2.58]) are
the Hermitian U(ng) generators satisfying the normalization and completeness
relations

é‘ab
27

tr(TT?) = 5“?’“.

>l i = (2.59)

28In the literature there are several conventions for the order of the indices. We use the one
of [54].

“This definition slightly differs from the one in |65]. The definition in [65] and our present
definition are equivalent to the first and the second definition in [54], respectively.
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Chapter 2 Effective kinetic equations for out-of-equilibrium processes

We write 6f = f — f° for both (fkr)ij and fg,. The §f, appear as slow
variables g, in the equations of motion .

We will expand the kinetic equations to order h2, and to second order
in the deviations 6X of the charges , including the terms of order (6X)2df.
Terms with more than one factor of §f do not enter the kinetic equations at
order h?, as we show in appendix

The fluctuations of the occupancies are comparable to the deviation of f
from equilibrium, and the higher susceptibilities of f do not satisfy .
Strictly speaking, the theory in the preceding sections is therefore not applicable
to the occupancy. However, one can coarse-grain the operators f over a certain
momentum region, and the resulting operators satisfy the requirements of the
framework developed in the above sections. The dependence on the momentum
averaging volume drops out in the end. This way we can effectively use the original
operators f instead of their smeared versions in our equations. We elaborate on
the details of this procedure in appendix [A]

2.4.1 Correlation functions

With a certain degeneracy of the vacuum masses in , the sterile neutrinos
undergo oscillations, which appear already at order h'. They are described
by the off-diagonal matrix elements in . One can obtain the equation of
motion simply by taking the time derivative of the operators and taking the
expectation value. However, it is also instructive to use the Kubo relation .
The equilibrium contribution cancels the disconnected contractions, such that we
can replace 6f — f in and consider only the connected two-point function

Aga g, = (T HA® 5 (0)) (2.60)

C

The time ¢ in (2.60)) is imaginary, t = —i7 with real 7, and 7 denotes time ordering
with respect to 7, see (D.2)). We encounter the 2-point functions of the operators
appearing in ([2.55)), for which we find (for both positive and negative 1)

0r

. —— ep
<Ta1k>\(_27—>ajp)\’(0)> - 5ij 6kp VY sz (2.61)
p° '

The retarded correlators appearing in ([2.26)) are obtained by Fourier transform-
ing (2.60)) with imaginary bosonic Matsubara frequency w = iw, = innT (with
even n), and then continuing w to the real axis, A™"(w) = A(w + i07) with real w.
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2.4 Kinetic equations for sterile neutrinos

One encounters factors like 1/(w + Ex; — Ex;). To give a contribution to (2.26])
this has to be approximately 1/w when w < wgast. This requires

|0M; |/Ekl |0M; |/T < w (2.62)
with

2 ag2 2
oM = M7 — M;, (2.63)
which means that the frequency for the oscillations between sterile flavors 7 and
j has to be small compared to wgs;. After a simple computation we obtain at
order h?

6MZ )
WA (@)=~ dip 5)\/\’;f1,~“(Ekz 2Ekj TETY + O (w, h2,6MY),  (2.64)
ij

The notation (i) indicates that we only sum over indices with ](5ij\/ T < Weast -
After expanding in M? and h, the retarded correlator entering no longer
knows about the scale v, and we can set w — 0.

At order h? only the ﬁrst terms in square brackets in and (| - survive
in the kinetic equations and (| -, if we expand to quadratlc order in
chemical potentials. Therefore we only discuss these terms in the following.
Terms with Zxxx are canceled once the slow charges are expressed through
their chemical potentials, see , and the terms containing Zfsr or Sypyry
lead to cancellation of the coefficients v¢s; and ~yfssr, which we demonstrate in
appendix [C] Since they are defined as the connected pieces, the contributions from
the susceptibilities with mixed indices f and X vanish at leading order in A,
since the correlators they multiply in the master formulae are already of order h2.

We keep the dependence on the absolute Majorana mass scale in all expressions.
This is important in order to be able to obtain kinetic equations describing light
sterile neutrino dark matter production during the QCD epoch, because here
the O(h?) terms actually go like h2M? [41]. This dependence emerges from the
retarded active neutrino self-energy, which appears in the kinetic equations in
the Higgs phase. At order h? we neglect terms of order §M?, because both h?
and 0M? are small quantities.

To determine the coefficients vy, vr7x, and v¢rxx we employ through
directly, without making use of . The latter relation turns out to be
very inconvenient here if there is more than one sterile flavor due to a UV divergent
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Chapter 2 Effective kinetic equations for out-of-equilibrium processes

contribution from the commutators, which only cancels against a divergence in

the first term in square brackets of (2.30)). Thus we consider

A7 X)) = (T A (X -+ X, ) (),

C

(2.65)

Again, we were able to replace §f — f and here also 6X — X on the right-hand side
of (2.65)), since we need only the connected correlator. We adopt this procedure
in the remainder of this section, understanding that all expectation values are
connected. As in , t is imaginary. fll;)\/ and the charge operators X,
commute at equal times. The O(h?) contribution to (2.65) becomes

Afle(ngXaf”Xan)(t) = /d4$1d4l‘2 (266)

< tr{ b (TN (@2)N(@1) fis (O Fpa(0)) (T (@) T (@2)(Xay -+ Xa,)(0)) .

C C

where the trace refers to both spinor and active flavor indices. Since we consider
the leading order in h, we can neglect the sterile-neutrino Yukawa interaction in
the expectation values on the right-hand side of . Our definition of a and
al allows us to substitute them for N and N in the path integral, and then work
with . The second expectation value in is now a correlation function
containing only Standard Model fields. When & is neglected, the charges X, are
conserved, and one can introduce chemical potentials px, such that

0 0
T - T A 7(x1 — 20,
aMXal a/J'Xan JJ( 1 2 M)]

<7'J(x1)J(:U2)(Xa1 . -Xan)(())> _

C

with
A5, =271 tr{TJa(m)jg(O) exp [; ( > px, Xy - HSM)] } (2.68)
ol

where Z = trexp [(27 px,Xy — Hgm)/T] is the partition function at finite
chemical potentials of the slowly varying charges, and Hgy is the Hamiltonian
containing all Standard Model interactions which are in equilibrium at the tem-
perature of interest. The traces in and in Z run over states with definite
values of the conserved charges, which is why only the slow charges appear in
the exponential. Note that one can introduce chemical potentials for the X, only
after expanding in h. Therefore one cannot write Ayy(w, ). We collect some
useful formulae for thermal two-point functions at finite chemical potentials in
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2.4 Kinetic equations for sterile neutrinos

appendix @ For vanishing h, (2.68)) is diagonal in the active flavor indices, so

that we can write
AJajﬁ = 5Q5Aa. (269)

The chemical potential of the operator J, in the sense of (D.5|) is uy, = —px, -
Therefore the function e#Xa™ A, (—iT,x, u) is anti-periodic in 7, see (D.4)), and
the Fourier decomposition of ([2.68) read@

Ao (—iT,x, 1) = TZe*(p()*“Xa)TAa(po,x, ). (2.70)
p()

The Matsubara correlator on the right-hand side of (2.70) can be expressed
through its spectral function] via

d(JJ/ ’

Bal=imw) = [ T e pale ) {1 = il = pix,)]
—O(=7)fr( — px) o (271

The spectral function satisfies

1 re aav
palk ) = = [ A5k, 1) — A (k)] (2.72)
and according to , the retarded and advanced correlators are given by
AL (1) = A (k + ul—px, % 0%, 1) (2.73)

with real £, where u = (1, 0) is the four-velocity of the plasma.
After summing over the Matsubara frequencies we analytically continue w
towards the real axis which gives the O(h?) contribution to the retarded correlator

(Fxi) 0 0

ret _ , f e
wAka (f o Xal X&n)( ) 5kp 5A)\ ﬂ(z:l) 2Ekz |:T aMXal T a'LLXan
(%] :

X{hElz}l}@%higﬂkiAA,rBet(kjvH)ukM h Bi zg ]lhlguklAAﬁ (k‘j,,u)uki)\ (2.74)

+h! TRTh g TINAG (=K 1) vkin — hElT}}Tﬁhw Uki,\A%dV(—kj»l‘)UkM}]

nx=0

308ee, e.g., chapter 8.1 of reference [67].
31The spectral function for fermionic operators is defined as in (2.25), but with an anticom-
mutator instead of the commutator.
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Chapter 2 Effective kinetic equations for out-of-equilibrium processes

with k; = (Fx;, k). Here and in the following we take w — 0 on the right-hand
side, as we did in equation (2.64)). Due to

[ﬂkj,\A]f;jB(qyﬂ)ukmv] = Uk'zxA 7 (¢ 1w, (2.75)

the right-hand side of is purely imaginary.

The computation of the correlator entering vy x is analogous to the one relevant
for vxx, with a few less extra steps. In the computation of the latter we make
use of , where the commutator vanishes, and obtain the contribution

ret ret ret ret
wim A (x.x) (@) = —Re [Aka(XaXa)( )+ A% oxa) @)+ A% (1, %) @ )}
(2.76)
to the master formula (2.27)). Since
[ASB(w)]" = A% i (—w) (2.77)

for bosonic operators A and B, the rightmost term in vanishes for w — 0,
and we are left with the two terms in which the charge X without time derivative
appears to the right of X. In these terms we can use the same line of arguments
as the one below after having expanded the correlators to quadratic order
in hﬂ relating averages like (7.JJX) to derivatives with respect to chemical
potentials of (7.JJ),. The time derivative of the charge is obtained from the
Heisenberg equation of motion and reads

- zZ/d?’ (8 X)hja o (t, X) — H.c.] . (2.78)

Using (2.75) and omitting terms of order 6M?2, we obtain (for n = 0, 1)

1 fft(Ex) o \"

ret _ F a

Re Aka(XaXn)(w) = (E' ') B e (Br) T TaﬂXg (2.79)
ij

E ) [e%

_fF(Eki + 1x.)
fr(px.,)

hlz] hzavki)\pa(_kia M)Ukj)\ }:|
ux=0

32Tn contrast to the computation of (2.74), here only one additional interaction is needed,
because X is already of order h, see (2.78)
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2.4 Kinetic equations for sterile neutrinos

Analogously, we use (2.29) to relate Aggt(fX . to AX(fX , where the com-

mutator vanishes once again. Using ) and - we obtain the correlators

ALt Zf (Bia) T“[ 0 p 9 (2.80)

w
Xa(firXpy - Xﬁn a,UX 8#}(&1

{hthUijpa(ku ) Ukix — ha] ;o Uinpa(—Fki, M)vij}] ,
px=0

where once again we have dropped terms of order §M?2.
The correlators containing only charges X are obtained similarly to the steps

that yield (2.79)). Equation (2.30]) gives

A 50 (@) = g [T () Xy (X X)) + ([ X X5 1)]
(2.81)

The first commutator on the right-hand side drops out when taking the imaginary
part in (2.27)). The second one vanishes because the charges ([1.17) commute at
equal times. We rewrite the first term on the right-hand side as

Argt — Argt . + Aret

ret
X&(XEX’Y). Xa(XBX“/) T Ax

X%y Xg) T B Xa((Xp.5%,]) (2.82)

where the third term on the right-hand side of (2.82)) does not contribute to ([2.27))
due to the relation ([2.77). Since X = O(h), at order h? the first two terms can
be obtained from

0
ret ret
A xax,) W) = [ Brix, A% x, W) . (2.83)

Then we take the thermodynamic limit replacing >~ — V[, and we find (the

trace runs over spinor indices)

1 1 fp(Exi)
Z Im ATE . =— 0,8V h, |2 JEVTR 2.84
SImAT G (o) = =0 V[ Sl ey (2.84)

Jr (B + px,)

xtr{kz[;(“ Ha) |, (ki) + et

5 pa(—ki,u)} }

2.4.2 Kinetic equations

In [47] the washout rate was written in terms of charges. Here we express all
kinetic equations in terms of the chemical potentials px, by making use of the
relations between charges and chemical potentials from section [2.3] In this case
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Chapter 2 Effective kinetic equations for out-of-equilibrium processes

one does not need the equilibrium values (2.42) and (2.43]). This is not true, if

the right-hand sides of the kinetic equations are expressed in terms of the charges.
From now on we understand the A, (k, ) to be defined in a grand-canonical
description, where the p label chemical potentials associated with all charges.
We expand our kinetic equations to quadratic order in slowly varying chemical
potentials, then the higher order terms in do not contribute. The term
with Zxxx on the right-hand side of cancels the second term in square
brackets in . The corresponding susceptibility of the occupancies Zy¢y,
which appears only in , leads to cancellation of the coefficient vysy, see
appendix and Eyypp in does the same with the coefficient vyrrr. At
order h° all other Z,, vanish identically, and the only other nonzero Zq.q are
those with four charges 0X which, however, enter only for a coefficient
multiplying three factors of X in , which is beyond our expansion to order .
The (inverse) susceptibilities of the sterile-neutrino occupancy read (without

sum over k or \)

Ea o, =TTy fr( B L — fr(Big)], (2.85)
4TeTb

=1 _ ij* ji
SERVN-S fr(Bxi)[1 = fr(Ej)] (2.86)

Plugging (2.64), (2.74), and (2.79)) into the respective master formulae (2.26))
through (2.28)) we obtain the kinetic equations

o
B 2Ekm

oo = g B b
3 [0 (a5 L e — (B, )]
— T DAY (ki 1) [(fied)in = O fr (B — um)])mu
+ Tk (hmaAfft(—kb Wl [ — O fr (B + px,)]
— P DS (=kt, )P [(fied)mt — S fo(Bra + pix., )] )Ukl)\] }
+ O(ud, h26M?, 6M*, h?), (2.87)

for those elements of the occupancy matrix for which |6M?2,,|/T < wast (including,
of course, the diagonal elements). For the other elements the right-hand side

34



2.4 Kinetic equations for sterile neutrinos

vanishes in our approximation. The sum is over indices [ for which [§M?2|/T <
weast- fk+ does not appear on the right-hand side of the kinetic equation for fi_,
and vice versa.

In equation (2.84) we express § through the completeness relation of the u or
v spinors. Together with equation , and taking the limit V' — oo, we obtain
the kinetic equation for the charge density nx, = X,/V

) 1 (_
nx, = (Z):A/k fki{ukuhmpa(ki, u)hljukm [(fir)ij — 6ij fr(Bxi — pix.,)]
— Ukirhjo pal(—ki, 1)h! v [(fin)ij — 6ij fr(Ewi + px,)] }

+ O(u®, h25M?, 1*). (2.88)

When additional processes are slow, one needs additional kinetic equations.
Around T ~ 130 GeV, this is the case for the B + L violating electroweak
sphaleron processes [27]. Then it is convenient to include a kinetic equation
for B [28,68], since B is not violated by the sterile-neutrino Yukawa interaction
so that only the sphaleron rate enters this equation. When 7" ~ 8.5-10* GeV, the
lepton number carried by right-handed electrons evolves slowly, and one has to
include the kinetic equation for L.g which we obtain in section and chapter

Using a different approach from ours, an equation similar to (2.87)) was derived
previously in [54][%| assuming M; < T for all Majorana masses, so that the
condition is satisfied. In [54] the chemical potential for L, appears in fp
instead of the one for X, which is nevertheless consistent: When electroweak
sphalerons are in equilibrium, our statistical operator which determines A,
contains px, X4, but no separate chemical potential for baryon number because
the latter is not conserved. In reference |54] uoLo + npB appears. However,
using the equilibrium conditions one can match the coefficients which gives
Pa = px,, and pp = — > px, /3. Therefore the chemical potentials appearing
in the distribution functions in our kinetic equations are consistent with those
in [54]. This is also true when baryon number B is slow. In the corresponding
temperature regime our statistical operator contains ux,Xq + ppB, while the
one in reference [54] is the same as in the high-temperature regime discussed
above. Matching the chemical potentials again yields pq = px,, and this time
pthere = yhiere 5™ 1. /3, so that again the chemical potentials in the distribution
functions appearing in the kinetic equations coincide.

33See equation (2.29) of reference [54].
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Chapter 2 Effective kinetic equations for out-of-equilibrium processes

Unlike the equation in [54], our contains not only scattering contri-
butions, see appendix but also dispersive ones, see appendix In [54]
the latter are incorporated at a later stage. Aside from that, the first term in
the curly bracket in (2.87)) (which contains the wu-spinors) is equivalent to the
corresponding one in [54]@ For vanishing Majorana masses coincides with
the corresponding equation in [54]@ Furthermore, for non-vanishing Majorana
masses, our contributions containing the u-spinors also appear there. The v-spinor
contribution is equivalent, after the replacement described in footnote [34]

In reference [41] kinetic equations for the spin averaged occupancies of sterile
neutrinos without near mass degeneracy and for lepton numbers in the Higgs
phase have been obtained. There the spin asymmetry of the sterile neutrinos has
been neglectedﬁ In reference [43] the same authors have obtained equations for
a hierarchical system with one light and two heavy sterile neutrinos in the Higgs
phase. There the kinetic equations are given in terms of the retarded correlator
of J as a function of slowly varying chemical potentials, like in our . The
terms multiplying these correlators are given to linear order in slowly varying
quantities. Using the relationf’]

T A (=g, 1) Vin = — g, AA2 Y (q, —p)ui,», (2.89)

(no sum over repeated indices) which is valid when the Standard Model CP
violation is neglected, together with , we can reproduce the kinetic equations
for the light flavor and the heavy ones@ as well as the one for the lepton
asymmetries@

2.4.3 Small Majorana masses & low-scale leptogenesis

In low-scale leptogenesis [33,34] the sterile-neutrino masses are small compared
to the temperature, so that typically M; < |k|. Then they can be neglected in
the terms containing their (also small) Yukawa couplings, so that the helicity
eigenspinors u and v are purely right- and left-handed. Since the operator J is
purely left-handed, the terms with vy or u_ drop out. Then we also have the

34The helicity diagonal contribution containing the v-spinors in [54] is not consistent with our
equation . However, it becomes consistent after applying (2.22) of [54].

35See equation (2.32) of reference [54].

36See equations (2.21) and (2.24) of reference [41].

37Since we have made the transition to the grand-canonical description, x in equation
now denotes the chemical potentials of all charges.

38See equations (2.5) and (2.6) of reference [43].

398ee equation (2.4) of reference [43].
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2.4 Kinetic equations for sterile neutrinos

relations Uy T4 = Vki_Uki— = Pr with the chiral projector Pr = (1 ++°)/2.
Furthermore, condition (2.62) is trivially satisfied, so that the kinetic equations
simplify to

1

(fier Jmn = 2|k‘{ (M2, ficr] (2.90)

+ Z tr [}é <hnaA2¢et(k7 :u')hj;l [(fk+)ml - 5mlfF(‘k’ - :uXa)]
al

S 0 i = G fo ] )|

(ficJmn = 2|Zk‘{ (M2 fie ], (2.91)

+ 2 (e A (= 1B [ = O fr (K] + pox, )]
A i B = S+ )] )]
and (again nx, = Xa/V)
o =3 | it o osnly [y = 8 (il = o)

= hjapal =k L, ()i — 0 fr(K| + px)] ] (292)

In through we have k” = |k|, the traces refer to spinor indices,
and we have neglected terms of order u?, as well as terms of order h2M?, M4,
and h?. Similar equations have been obtained in reference [35]. Keeping in
mind that they use the index convention of reference [57], we can reproduce their
kinetic equation@ for the sterile neutrino occupancies by setting tr [kAraet(k, u)] =
tr[FAY (B, )]" — —T2%/4 + ilk| (YO + pay?) in our and (2.91), and
neglecting terms quadratic in chemical potentials. Recalling , we can also
reproduce their kinetic equatiorﬂ corresponding to our in the same way.
Setting p = 0 in the spectral function p, in and expanding the Fermi
distribution to linear order in 1 x,, one obtains the washout term which was found
in [47).

40See equation (2.14) of reference [35].
41See equation (2.18) of reference [35].
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Chapter 2 Effective kinetic equations for out-of-equilibrium processes

6R<k) >

er (k)

Y

Figure 1: Example of a momentum changing process that keeps right-handed
electrons eg in kinetic equilibrium. The wiggly line is a U(1) gauge boson, and
the thick line represents a generic weak-hypercharged particle in the plasma. This
process does not involve the electron Yukawa coupling he, but only the much
larger U(1) gauge coupling ¢'.

2.5 Kinetic equations for right-handed electrons

Here we apply the formalism of section to the equilibration of right-handed
electrons. At temperatures T' below 102 GeV, weak hypercharge interactions
are much faster than the Hubble expansion,@ and the right-handed electrons are
kept in kinetic equilibrium (their spectrum is given by a Fermi-Dirac distribution)
by processes like the one in figure [I} This way, unlike for sterile neutrinos, only
the total number of right-handed electrons L.g in is a kinetic variable,
while the momentum-resolved occupancy is not. Due to the smallness of the
electron Yukawa coupling the lepton number L.g carried by er takes much longer
to equilibrate than the establishment of kinetic equilibrium. For sufficiently small
deviations from equilibrium the time evolution of L.g can be described by the
linearized version of , which generally reads

Ler = — YoopLerOLerR — VLog X0 0Xa + -+ - (2.93)

without Hubble expansion. If the X, are not slowly varying at the time when L.g
comes into equilibrium, which is the case if low-scale leptogenesis is not realizedﬁ
then the terms with ~r_, x, are absent. A term containing the departure from
equilibrium of baryon number 6B does not appear in , because by the time B
is a slow variable L.gr has long come into equilibrium, as we will see around .
In principle there are also non-linear terms, like, e.g., the ones we took into account

42Ty see this, let us apply our argument from section to the weak hypercharge gauge
coupling g’. Setting the ratio in equal to unity and evolving the coupling g’ we obtain the
equilibration temperature ~ 3.2 - 10'® GeV, such that for @ not much smaller than 1073, the
claim holds.

43This is also the case, if low-scale leptogenesis is realized, but at temperatures much lower
than the equilibration temperature of Ler.
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2.5 Kinetic equations for right-handed electrons

in the kinetic equations for the X, in section Here we work only in the linear
regime.

To keep the discussion of the kinetic equation of L.gr as general as possible,
it is convenient to strip off the dependence of the susceptibilities in the master
formulae, and to work with a kinetic equation that contains chemical potentials
on the right-hand side. This is possible by making use of the relation , such
that together with the general kinetic equation reads at linear order

7;La = — Fab,ub (294)
for the charge densities n, = Q,/V, with
1
| — % }Jlg}) W ImATS (w). (2.95)

For the purpose of determining the rates in (2.93)), we will only need the coefficient
I'= FLeRLeR’ (296)

which we demonstrate in turn for three scenarios in which the equilibration of
L.r plays a role. Therefore we need the inverse susceptibilities y~! treated in

section [2.3]

1. Only Standard Model interactions, Ler is the only slow variable. Then
the terms 7z, x, are absent in (2.93). Assume X, to be non-zero, and

X, = X; =0. Then (2.32) gives

Hr, _
% = (O Do (Ler — L) (2.97)
and using (2.35]) and ([2.47]) we obtain
eq — —1 (Xﬁl)LeRXe
Leg = = ELerlen (X )LepxeXe = — o= Xe (2.98)

(X" )LerLen
Combining this with (2.94) yields

hLeR - = /yLeRLeR (nLeR - n'ziR) (299)
with
’YLERLER = TV(X_l)LeRLeRF' (2]‘00)
Collecting the susceptibilities from equation (2.40|) then gives
4266
PYLERLeR = 481 T2 I (2101)
185
ngl = =17 e (2.102)
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Chapter 2 Effective kinetic equations for out-of-equilibrium processes

2. Only Standard Model interactions, L.y is the only slow variable, so that
again terms containing vy, , x,, vanish in (2.93). Now allow for all X, to be
non-vanishing, with the constraint B — L = X, = 0. Then, by means

of (2.32) and ([2.40)), we have

. . [4266 30 24
Mgy = =T 70 | o = anx + 5 (nx, +nx) [ (2.103)

This equation can be recast in the form of (2.99) with (2.101]) and now

1
ngl = 37X (2.104)

which agrees with the result in [45].

3. Type-I see-saw models realizing low-scale leptogenesis, like in section [2.4]
We reiterate the fact that if leptogenesis takes place around the same time as
the equilibration of right-handed electrons, then both the X, and L.g have
to be treated as slow variables, and both terms appear on the right-hand side
of . We make use of to relate the retarded two-point functions
of the charges to those of their time derivatives. The one of L.y is due to
the Yukawa interaction in and reads

Ler = — i/d3x (aheme — H.c.) : (2.105)

Noting that the two commutators on the right-hand side of do not
contribute, the time derivatives of X, in are uncorrelated with ,
and therefore the rate coefficients I'z,_, x,, vanish. Now holds again,
and so does . This time the terms with nx_, do not contribute to

n'zqR, but constitute individual source terms, so that n'iqR =0 and
e €

30

VewXe = ~ T3l (2.106)

24
= T = . 2.1
VLo Xo 33 (= p,7) (2.107)

These considerations imply that in the kinetic equation (2.93)) for L.g can be

written as

AL = —Tpp, - (2.108)
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2.5 Kinetic equations for right-handed electrons

In order to obtain I' we make use of (2.30)) again to relate the retarded two-point
function of L.g to the one of its time derivative (2.105]). Here the commutators
on the right-hand side of (2.30)) vanish trivially, and we have

1., 1 X
I = V})%;ImAf;RLeR(w). (2.109)

The determination of the coefficient I' at leading order in Standard Model couplings
is the subject of the following chapter
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Chapter 3

Equilibration rate of right-handed electrons

In this chapter we improve on previous calculations of the equilibration rate
VL.rL.r Of right-handed electrons er by correctly treating various thermal effects,
including for the first time contributions from multiple soft gauge interactions in
collinear emission processes. We also compute the conversion rates vy, x, in the
scenario of low-scale leptogenesis around the egr equilibration temperature. Both
of these rates factorize into the mutual rate coefficient I in and different
inverse susceptibilities, see section The latter are determined by equilibrium
thermodynamics, see section and the more intrigued coefficient I'; which we
compute here, encodes the kinematics. According to , this quantity is
determined by the correlator AE":R Pon which can most generally be visualized as
in figure [2| The imaginary part in (2.109)) corresponds to cutting the diagram.
The processes contributing to the rate coefficient I' are very similar to those
in the production of ultrarelativistic sterile neutrinos [69,(70], which we briefly
discuss in appendix There are two different types of contributions at leading
order, which is h2g? where g denotes a generic Standard Model coupling and h, is
the electron Yukawa coupling. The first type includes the (inverse) 1 <> 2 decay
of Higgs bosons into right-handed electrons and lepton doublets, corresponding to
including only the thermal mass resummations in the gray blob in figure [2| This
decay is kinematically allowed when the thermal Higgs mass is sufficiently large.
One also has to take into account 1n <> 2n scatterings with soft gauge boson
exchanges, which can be visualized as below in figure 4l Due to their collinear
nature these processes are not suppressed. On the contrary, they lead to strong
enhancement compared to the rate for Higgs decay, because they open several
new channels, which also happens in sterile neutrino production [70]. Therefore
the multiple scatterings of 1n <> 2n particles with arbitrary n have to be included,
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Chapter 3 Equilibration rate of right-handed electrons

Figure 2: Diagrammatic representation of the correlator entering the rate coeffi-
cient I'. In order to give a contribution, the gray blob must contain additional
(self-) interactions. There is also a contribution from the same diagram but with
reversed direction of fermion number flow, according to the two terms in ,
which we do not show.

which is known as Landau-Pomeranchuk-Migdal (LPM) resummation |[71-73].
A complication compared to sterile neutrino production is that right-handed
electrons have Standard Model gauge interactions, because they carry weak
hypercharge. Therefore they are also affected by multiple scattering, similar
to gluons in QCD [74H76]. We discuss the (inverse) 1 <> 2 Higgs decays and
the generalization to multiple soft scattering in section The second type of
processes are 2 — 2 scattering processes, which we discuss in section [3.2] where
we also show the diagrams that result from cutting the corresponding versions of
the one in figure

The chiral anomaly violates Legr conservation in the Standard Model. Therefore
Ler can be converted into hypercharge electromagnetic fields, changing the value of
Ler, and leading to terms including the hypercharge gauge fields on the right-hand
side of . In the absence of long-range gauge fields this is a non-linear effect.
However, complete equilibration may in fact lead to long-range hypermagnetic
fields |77]. These effects can be neglected as long as the growth rate of the gauge
in . In the Standard Model this requires that
the chemical potential conjugate to L.g satisfies (see appendix

fields is smaller than v7,_, 1.5

lp,| < 1.4-1073T (3.1)

when v . 1., 1S comparable to the Hubble rate, i.e. around 7" ~ 8.5 - 10* GeV,

see (357).

44Gee figure [5| below.
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3.1 Higgs decay and multiple soft scattering

The importance of electron equilibration was first pointed out in [44], where
it was noted that the final baryon asymmetry is exponentially sensitive to the
equilibration rate. A computation in [44] included only the inverse Higgs decay.
The importance of 2 — 2 scattering was noted in [45]. The equilibration of
heavier lepton flavors in thermal leptogenesis was studied in [61,/78]. It was
pointed out that multiple soft 1n <> 2n scattering processes also contribute at
leading order |78|, and the corresponding rate was estimated, but it has not been
computed so far.

We evaluate I" at vanishing chemical potentials, which is appropriate when the
charge densities are small. This way we avoid the problem of infrared divergences
in processes with Higgs bosons in the initial or final state. In [54] this problem is
discussed in the case of rates entering the kinetic equations for sterile neutrinos.

3.1 Higgs decay and multiple soft scattering

The bulk of particles in the plasma have hard momenta, p ~ T. In the symmetric
phase, the Standard Model particles carry thermal masses. For the Higgs boson
the thermal mass is momentum independent and is given by [79]

2 _ 1

Mo = 16

[392 +g% +an? + 8)\] (T2 — T2), (3.2)

with Ty = 160 GeV. For hard fermions one has to use the so-called asymptotic
thermal masses [79], which for the left- and right-handed leptons are given byﬁ

1

mf = == [39° +¢°] T2 (33)
1,0

m? = 1g’ T2 (3.4)

For T' > T, the Higgs bosons have the largest mass, and for certain values of
the couplings their decay into left-handed electron lepton doublets £, and the
right-handed electrons is kinematically allowed. With increasing temperature the
top Yukawa coupling decreases quickly such that above a certain temperature m,
becomes smaller than my, + m., and the channel closes. Since my, > my, > Mmey
at any temperature well above the electroweak scale, no other 1 <+ 2 decay channel
opens up at a higher temperature.

“5For fermions the asymptotic mass is a factor v/2 larger than the one at zero momentum |79).
In [45] the zero-momentum fermion masses are used. The thermal lepton doublet mass in (3.3)
is actually flavor independent, and the same is true for the singlet mass in (3.4).
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Chapter 3 Equilibration rate of right-handed electrons

g@ /’
- ;\_ - 0, ’
(o E ' Cr
Figure 3: The interference of these two exemplary 1n — 2n processes with n = 2
needs to be taken into account. The gauge bosons have soft momenta ¢ ~ g7,

and the short lines at the bottom ends of their wiggly lines represent particles in
the plasma.

Since the masses are small compared to T', the particles participating in
the decay process are ultrarelativistic. Furthermore, their momenta are nearly
collinear, with transverse momenta p | of order g7". The wave packets of the decay
products have a width of order 1/p,. They overlap for a time of order 1/(g*T),
the so-called formation time. Here the formation time is of the same order of
magnitude as the mean free time between scatterings with soft momentum transfer
q ~ ¢gT'. Thus the particles typically scatter multiple times before their wave
packets separate, so that the scatterings cannot be treated independently. We show
two exemplary diagrams in figure [3| This situation is similar to bremsstrahlung
in a medium in QED [7173}/80] (see also |81]), and in QCD [74H76.[82.[83], where
it leads to a suppression of the emission probability. In the case of sterile neutrino
production, on the other hand, it gives a strong enhancement, because new
kinematic channels are opened [70]. We compute the Higgs decay in section
and include multiple soft scatterings in section [3.1.2

3.1.1 Higgs decay

We start from the imaginary time correlator
1/T
B i lion) = [ dre ™ (Lun(=ir) Lon(0), (3.5)
0

with bosonic Matsubara frequency w,. Without soft gauge interactions, the

correlator (3.5)) reads

Aj i (iw) = —2VR2T?Y / 0[S0, (9) Ser, (k)] A (p — K + o)

PO k0

+(iwy, = —iwy),  (3.6)
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3.1 Higgs decay and multiple soft scattering

with u = (1, 0) the four-velocity of the plasma. We write the scalar field propagator
as
-1

Balp) = (v-p)(©-p) —p2 —m2’

(3.7)

Here, v = (1,v) with a unit vector v, which defines the longitudinal direction,
and ¥ = (1,—v). Chiral symmetry is unbroken, even with thermal masses.
Therefore the non-vanishing components of the fermion propagators in the Weyl

representation can be written as 2x2 matrices,

Se.(p) = o - pAs,(p), (3.8)
SeR(p) =0 pAeR(p),

where o#, * are the usual Pauli matrices. There are two different kinematic
situations which we have to take into account: either all momenta satisfy v-p ~ ¢*T,
v-p ~ T or the same but with v <> . The second case gives the same result
as the first but with iw, — —iw,. For v-p ~ ¢?T the scalar propagator can be
approximated as

1

) =5,

Da(p) (3.10)

where p| = v - p is the large component of p, and

-1
Da(p) = . 3.11
= = ) ) 4y
Similarly, the fermion propagators can be written as (see e.g. [70])
St.(p) = n(P)n' (P) De. (p), (3.12)
Ser (p) = X(P)X' (P) Der, (p) (3.13)

with the spinors

o) = 1= 50 o p)] (i’) , (.14

x(p) = [1 + 2]1% (o - m)} <1> : (3.15)

In (3.12)) through (3.15) we keep only the leading order contributions to the
equilibration rate. It is convenient to associate the spinors in (3.12)), (3.13) with
the adjacent vertices rather than with the propagators.
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Chapter 3 Equilibration rate of right-handed electrons

After performing the sum over Matsubara frequencies we encounter a factor

F(py. ky) = fe(ky)) [felp) + falp) — k)] - (3.16)
We can then analytically continue iw, to arbitrary complex w which gives

oF
oF —w

F(p, ky) it

A; i (w) =202V
Fenker kp k| —p|

x(X)x" (k)n(p) + (w = —w),

(3.17)
where

me + k7 B m; +pi B m2 + (ki —p1)?

SE = 6E(p, .k, ) =
(p1 ko) 2k 2p 2(ky —py)

(3.18)

is the change of energy in the decay ¢ — ¢, ér. When we take the imaginary part
of the retarded correlator

ArLe:R i W =4 o (w i0™) (3.19)

with w real, JF becomes equal to +w. For both signs one obtains the same
imaginary part. Since we need this to compute the rate using we can drop
terms of order w? and higher. Pulling out a factor nf(p)x(k), corresponding to
the leftmost vertex in figure [4f (without gauge bosons) we may write

F(p, k
Im Aft - (w) = 8h*VwIm 7@” ) nt

k)j(pL,k 3.20
rber o F D] p)x(k)j(pL k1) (3.20)

where j satisfies

(98 —i0%)(p1. k1) = 5x' (n(p). (3.21)

Note that due to the relation

1

.
g e PV; Find(x) (for real x) (3.22)

in the integrand of 1) the delta function ¢ (5E) appears which enforces energy
conservation for the (inverse) Higgs decay. The coefficient I" is then obtained by

plugging (3.20)) into ([2.109).
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3.1 Higgs decay and multiple soft scattering

B

Figure 4: Typical diagram of multiple soft scattering the imaginary part of which
gives a contribution to the er equilibration rate. V stands for either a W or a
hypercharge gauge boson B. All gauge bosons are soft and their propagators are
hard thermal loop (HTL) resummed, as indicated by the thick dots. This diagram
is one of the cases contained in the generic diagram in figure

3.1.2 Multiple soft gauge boson scattering

Now we include the effect of multiple scattering mediated by soft electroweak W
or B gauge bosons, as sketched in figure The result can again be described

by (3.20]), where j now satisfies

d?qy
(2m)?
+ €' (q?) (ygo ye.[F(pL, ki) —j(pL —aqur ki)

OE(pL, ki) j(pLi, ki) — Z/ {%((ﬁ) j(pL ki) —j(pL —qu ki)

+ e, Yer [J(PL, kL) —j(PL —qi. ki —qu)]

o [ipr k)~ i(pr ks —a)] )} = X (). (32)

46The range of the gauge interactions is one power of g smaller than the mean free path of
the fermions and the Higgs. Therefore crossed gauge bosons, rainbow self-energies, or gauge
boson vertex corrections do not contribute at leading order.

49



Chapter 3 Equilibration rate of right-handed electrons

Here q is the transverse momentum of an exchanged gauge boson. We have

introduced

3 1 1
€)= S¢*T < — > , 3.24
(al) 4 a2 ot +m (3:24)

¢'(al) = g°T (12 - 1,2> (3.25)

with the Debye masses [84]

md = %QQTQ, mp? = %g’QTQ. (3.26)
In the integral in the terms containing j(p, k] ) correspond to self-energy
insertions, which can be easily checked by an explicit calculation@ The terms
with ¢ and ¢’ correspond to interactions mediated by W or B bosons, respectively.
By themselves, the self-energies are infrared divergent due to the 1/ qi term in
¢ and ¢’. The subtracted terms in the square brackets in (3.23)) correspond to
gauge boson exchange between different particles and render the q-integrals
finite. The first two square brackets in also appear in the computation of the
production rate of ultrarelativistic sterile neutrinos [70]. The other two represent
the exchange of weak hypercharge gauge bosons by the right-handed electrons.
Replacing the integral in by 07, one neglects multiple soft scatterings and
one recovers the equation describing Higgs decay.

Thanks to three-dimensional rotational invariance, the solution to can
be found as a function of a single transverse momentum [85],

j(pL,kl) :J(P), (327)
with
P =uzip, —xpky, (3.28)
Ky P
x = , Tp= ——. (3.29)
p|— Ky p|— Ky

In fact, (3.18)) now takes the simple form

SE =B (P?+ M%) (3.30)

*"Note that yeye, + ye,Yer — Yoler = (Yo + Ui, + yer) /2.
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3.1 Higgs decay and multiple soft scattering

with
_ Pk (
Sl B 3.31)
2P|k
and
m2  m? m?2
MAGZ=p"1|2 - —= £ : (3.32)
’ 2k 2p 2(k) - pp)
The right-hand side of (3.23)) turns into
1 B ,
X )n(p) = =2 (P —iP). (3.33)
The function J(P) can be expressed as
25 )
J(P) = 7 [fo(P) —ify(P)], (3.34)
where the two-component vector f is a solution to
—i6E f(P) — CF“{%( 2)[E(P) — £(P — 2q.)]
(27_[_)2 q; kAL
+%"(a?) (4 e, [£(P) — £(P — 2yq1)]
+ 3, Yer [F(P) = £(P + q)]
Yo er [F(P) — £(P + mpa1)] ) | = 2P (3.35)

This is the same integral equation as in [70] (with the appropriate hypercharge
assignments), but with two additional terms representing the gauge interaction of
right-handed electrons.

Now we choose the unit vector v in the direction of k. Using f(P) o« P and

integrating over the transverse momentum k , we obtain

o0 0 3
h2 —k 2P
P - 2 / dk / dp (”k)y(p”,k) Re / P f(P) (3.36)
P

(2m)?
0 —o00

for the rate coefficient. We solve (3.35) using the algorithm described in [70] and
numerically integrate (3.36), see appendix .
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Chapter 3 Equilibration rate of right-handed electrons
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Figure 5: Diagrams for the 2 — 2 processes producing an er. First line: Quark
contributions, second line: V@ — f.egr, third line: VI, — per, fourth line:
l.p — Ver. Here and in the diagrams we denote V = B, W. The exchanged
fermion in ¢-channel is an £, in the second column and an eg in the third column.
Time runs from left to right.

3.2 2 — 2 processes

At order h2g? there are also contributions from 2 — 2 scatterings. The correspond-
ing diagrams are shown in figure [5] At leading order all external particles have
hard momenta, p ~ T, and we can neglect their thermal masses. For s-channel
exchange the internal momenta are hard as well, and we can neglect thermal effects
on the propagators@ However, momenta exchanged in the ¢-channel become soft
at leading order. We treat these contributions in section

Again, the processes are similar to the ones encountered in relativistic sterile
neutrino production in [69]. However, as in the case of the 1n <> 2n processes,

in er equilibration one encounters diagrams in which the produced particle itself

481n |45] the thermal Higgs mass is included in the Higgs propagator for the process tQ3 — fcer.
This leads to the complication that the propagator can become on-shell, and a subtraction has
to be performed. This problem does not arise in a strict leading order calculation.
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3.2 2 — 2 processes

couples to a gauge boson B, which leads to additional terms in the matrix elements.
In particular, the exchanged particle can be an eg which can become soft in the
t-channel. This contribution has to be treated separately.

3.2.1 Hard momentum transfer

We first consider the case that the exchanged particles have hard momenta. Then
the 2 — 2 scattering contributions to the equilibration rate can be determined
via the Boltzmann equation [86,87]. We can write the time derivative of the L.g
density as

) _
NLg = /k g [fx — fx] (3.37)

where fx and fyx are the occupation numbers of right-handed electrons and
positrons, respectively. We replace the time derivatives on the right-hand side by
the collision term for 2 — 2 particle scattering. It contains the occupancies of the

participating particles in the form

fifa[L £ f3][1 = fi] = [1 £ AL £ fo] f3fx (3.38)

corresponding to gain and loss term. The upper and lower signs are for bosons
and fermions, respectively.

All Standard Model particles (including the er) are in kinetic equilibrium due
to their fast gauge interactions. Therefore their occupancies are determined by
the temperature and by the chemical potentials of the slowly varying charges
and of the strictly conserved ones. To compute I at lowest order in chemical
potentials, we can set all chemical potentials except pur, , equal to zero. For the
occupancy of right-handed electrons we can therefore write

fio = fo(K® = pie) (3.39)
with &% = K|, fter = 1 n, see (2.39), and for the other Standard Model particles
fi = fBr(0)) (3.40)

where p? = |p;|. In thermal equilibrium the gain and the loss term cancel,

fufall £ f3][1 = fe(k%)] = [1 £ AL+ fol ffe (k) =0, (3.41)
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Chapter 3 Equilibration rate of right-handed electrons

so that the collision term vanishes. Expanding to first order in p.; and making

use of (3.41)) together with

fi =~ el = ), (342

the contribution to the rate coeflicient becomes

2 S |#)?
r2—2hard _ 2 Z / 2)4s@ s —k
T . 16p? pg pg k’o ( 7T) (pl + D2 p3 )

processes )P1,P2,P3

fifoll £ f3][1 = fr(K%)] o (343)

ar

Both terms on the right-hand side of (3.37) give the same contribution which
gives rise to the factor 2.
One can write (3.43)) in terms of the eg production rate at vanishing er density,

2 3 d4neR

7 | = )] 2mp? S

which is closely related to the production rate of sterile neutrinos computed

F2~>2,hard —

: (3.44)

Nep =0, hard

in [69]. The difference between the two processes is that the sterile neutrinos
have no Standard Model gauge interactions, and therefore do not interact once
they are produced (at leading order in their Yukawa couplings). In contrast, the
right-handed electrons carry weak hypercharge. Scatterings mediated by soft
hypercharge gauge bosons contribute to the leading order rate, as discussed in
section [3.1] However for the 2 — 2 scattering of hard particles the soft scattering
is a higher order effect and can be neglected here.

The diagrams contributing to er production are shown in figure [5| The matrix
elements for the processes with quarks and W bosons can be read off from [69] by
setting ¢’ — 0,

quarks : Y|.#|* =6 h?h2, (3.45)
W% — loer: S|4 = 3g% h2 % (3.46)
Wl, — per : Y| |? = 3g* h? —?u’ (3.47)
0.7 > Wer:  S|#|? =3¢ _it (3.48)
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3.2 2 — 2 processes

where (3.45)) holds for any of the processes tQ3 — leer, Q3le — ter, tle — Qser.
For the processes with hypercharge gauge bosons we find

_ r At
Bp —leeg: S|P =g°h? |4+ % + ] : (3.49)
u
I —u 4
Bl.— gen: Sl =g*h -4+ ?“ + _Z] , (3.50)
r A(—t
lep — Beg : E\///\zzgahg —4+_it+ (s )] . (3.51)

In through we have summed over polarizations, color and weak
isospin. The Boltzmann equation can now be integrated as in [69], with some
additional integrals due to the terms containing a factor 4 in through .
We rewrite the contributions proportional to 1/(—u) as a process proportional to
1/(—t) by interchanging the incoming particles, which may change the statistics
of particles 1 and 2.

In the integrals describing lepton exchange in ¢t-channel we need to handle
the infrared divergence appearing when the momentum of the exchanged lepton
becomes small. We proceed as in [69] by introducing a transverse momentum
cutoff geyt for the exchanged particle with g7 < eyt << 1. We isolate the piece
which is singular for g.yy — 0 and integrate it analytically. Its logarithmic geyt
dependence drops out when combined with the soft contribution (see section
which includes only transverse momenta less than g.,t. The remaining finite
integral is then computed numerically. We treat the integrals appearing on the

right-hand side of (3.44)) for the various matrix elements (3.45)) through (3.51)) in
appendix [H]

3.2.2 Soft momentum transfer

The soft contribution is obtained from the retarded correlator using , where
either of the lepton propagators is HT'L resummed. The corresponding diagrams
are shown in figure[6] A straightforward computation in imaginary time, in which
we make use of the sum rule found in [69], and analytic continuation to real

frequency leads to

h2T
soft — 762% [mi log (z;zt) + ng log (g;ut )] . (3.52)
e €R
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Chapter 3 Equilibration rate of right-handed electrons
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Figure 6: Imaginary time correlator of the time derivative of L.g with one soft
fermion. The corresponding propagator has to be HTL resummed, as indicated
by the respective blob. The diagrams with iw, — —iw, are not shown.

3.2.3 Complete 2 — 2 rate

Adding the hard singular and finite as well as the soft contributions, gcut drops
out, and the contribution from 2 — 2 scatterings to the rate coefficient I' is finite.
Evaluating the remaining integrals numerically, we find

RN JYY +(3 2 4 ’2> ¢y, + log ———
20487 | AT\ TI )| T8 g 0
4¢"? log 3.53
+ 49 |Ceg + og@ (3.53)
with
e = 2.82, c, = 3.52, Cor, = 2.69. (3.54)

3.3 Results

For our numerical results we evaluate the 1-loop running couplings at the renormal-
ization scale wT', which is the first eg Matsubara mode, see appendix [l We have
checked that increasing the renormalization scale by a factor 2, corresponding to
renormalization at the first non-zero Higgs Matsubara mode, changes our results
by less than 3% in the entire temperature range we consider.

Figure [7] shows the various contributions to the equilibration rate. The
2 — 2 processes are dominant over the entire temperature range considered. The
largest contribution comes from scatterings off hard gauge bosons. The 1n < 2n
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3.3 Results
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Figure 7: The rate coefficient I' as function of the temperature. The curve labeled
‘full’ incorporates all leading order contributions, ‘2 — 2 total’ shows the full
result of whose contributions by gauge and quark scattering we show as
‘2 — 2 gauge’ and ‘2 — 2 quark,’ respectively. The curve labeled ‘LPM’ shows
the result of and is the sum of the resummation of 1n < 2n scatterings by
soft gauge boson exchanges and the (inverse) Higgs decay labeled ‘1 <» 2.” The
dotted vertical line denotes the equilibration temperature .

contribution is about a factor 0.4 smaller than the total 2 — 2 rate. Except at
very low temperature the (inverse) Higgs decay gives a negligible contribution,
and it vanishes completely above T'~ 6 - 10* GeV. In table [1| we show numerical
values for the total 2 — 2 as well as the LPM resummed contribution along with
the full result for T

The LPM resummed rate is a complicated function of the coupling constants
and there is not such a simple expression like for the 2 — 2 rate. Inspired by
the form of we have fitted the LPM contribution with a similar expression,

23
LPM heT

~ 20487T {h?dt + (392 + g/2)d£e + 4g12deR} ‘ (355)
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Chapter 3 Equilibration rate of right-handed electrons

Table 1: Numerical values of the contributions from 2 — 2 and LPM resummed
multiple soft scattering to the equilibration rate coefficient I'. The numerical
uncertainty in the LPM contribution is below 2%.

| T/GeV || T272/(h27%) | TMPM/(n2T%) | T/(h2T?) |
1.00-10% | 1.26-1073 4.89-107% | 1.75-1073
4.00-10% | 1.22-1073 4.75-107% | 1.70-1073
1.60-10* || 1.19-1073 4.62-107* | 1.65-1073
6.40-10* | 1.17-1073 451-107* | 1.62-1073
2.56-10° || 1.15-1073 443-107* | 1.59-1073
1.02-10% | 1.13-1073 4.36-107* | 1.57-1073
410-10% | 1.11-1073 431-107*% |1.54-1073
1.64-107 || 1.10-1073 4.26-107* |1.53-1073
6.55-107 || 1.09-1073 4.22-107* | 1.51-1073
2.62-10% | 1.07-1073 4.18-107*% [ 1.49-1073
1.05-10° || 1.06-1073 4.14-107*% | 1.47-1073

We find that with
dy = 1.48, dg, = 0.776, dep, = 2.03 (3.56)

the relative error between I'"" and the fit is much smaller than our nu-
merical uncertainty throughout the temperature range 103 GeV < T < 10? GeV.

We comment on the generalization of our findings to the equilibration of
charges carried by the right-handed ug or 7g leptons in appendix [J} There we
also obtain the fit parameters analogous to the ones in for the higher
temperature ranges.

The right-handed electron lepton number comes into equilibrium around the
temperature Tiq at which vy ;1 ., equals the Hubble rateF_gI . Using
we find for the equilibration temperature T¢q of the right-handed electron lepton
number in the Standard Model

Teq = 8.5-10* GeV. (3.57)

This value lies in the temperature region in which leptogenesis through neutrino
oscillations [33,34] can take place, see e.g. [35,136]. In this case X, and L.g

“In [45] a different definition of the er equilibration temperature is used.
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3.3 Results

Table 2: Relative increase of I' when hypercharge gauge interactions are included.

] T H 103 GeV | 106 GeV | 107 GeV

LPM 21% 30% 39%
2 =2 34% 44% 53%
total 30% 40% 49%

are violated on similar time scales, and the kinetic equations must describe the
evolution of all four quantities.

It is interesting to see how hypercharge gauge interactions affect the eg
equilibration, since they give rise to diagrams which are not present in sterile
neutrino production. We find that they substantially boost the equilibration rate.
In table [2] we show the increase in the complete rate compared to the result with
g = 0. Despite the relative smallness of ¢, its effect on the equilibration rate
is quite significant, and it increases with the temperature due to the different
running of ¢’ and g.

The first calculation of the er equilibration rate was performed in [44],
where only the 2 — 1 inverse Higgs decay is taken into account and thermal
fermion masses as well as the final state distribution function are neglected. At
T =103 GeV our result is about 5 times as large as the one obtained in [44].
Around the equilibration temperature the inverse decay is not even kine-
matically allowed when thermal fermion masses are included, here we obtain a
result that is about 6 times the one obtained by the approximations of |44].

Reference [45] includes 2 <+ 2 processes as well as the (inverse) Higgs decays
while neglecting 1n <> 2n scattering. We can compare the 2 — 2 scattering rates
involving quarks. Therefore we recompute ¢; in using Maxwell-Boltzmann
statistics for all particles, leading to c}® = 2.14, which is a relative error of 24%
compared to the correct quantum statistics, as anticipated in [45]. Our result for
classical statistics is 9% larger than the one obtained in [45]. We can also compare
the gauge contribution to the 2 — 2 scatterings. With the values for the gauge
couplings of [45], our result is about 50% largei’| which could be due to the use
of classical statistics and of zero-momentum thermal fermion masses in [45].

The equilibration of right-handed muons and taus in a temperature regime
between 107 and 10'* GeV is considered in 78], by including the (inverse) Higgs
decays and 2 <> 2 scatterings. By removing the inverse susceptibilities and the slow

S0Cf. equations (25) through (27) in [45].

99



Chapter 3 Equilibration rate of right-handed electrons

Yukawa couplings, we can compare our results for I'/h?, because it is lepton-flavor
independent. We find our full rate to be 2.8 times their result. The authors also
estimate the effect of multiple soft scattering@ The relative magnitude of the
effect of multiple soft scattering is estimated in [78] as 'ylii\/[LeR / 7%:;2%11 ~ 0.25,
while we obtain about 0.4. Our result for the quark contribution to 2 — 2
scattering is 2 times the result in |78|, and both our logarithmic contributions to

272 are 2.2 times as large as the ones in [78].

1See equation (97) in [78].
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Chapter 4

Summary & Outlook

We have developed a framework for obtaining non-linear kinetic equations for a
type of out-of-equilibrium problems in which certain quantities equilibrate much
more slowly than most others. Therefore we have generalized the ideas of [47]. To
determine the coefficients in these equations we have matched not only real time
two-point functions in the effective kinetic equations for thermal fluctuations to
those in thermal field theory, like in [47], but also higher point functions.

We have discussed the strictly conserved charges as well as the susceptibilities
providing relations between the slowly evolving charges (the time derivatives
of which appear on the left-hand sides of our kinetic equations) and chemical
potentials (which we introduce on the right-hand sides) in different temperature
regimes, where we have focused on temperatures in the symmetric phase of the
Standard Model. We have worked at leading order in Standard Model couplings
following the approach of [47].

We have applied the resulting master formulae to sterile-neutrino phase space
densities and charge densities carried by Standard Model particles. The sterile
neutrinos have been integrated out using a path integral over their Fourier
coefficients which correspond to their creation and annihilation operators. We have
included only the leading order in their Yukawa coupling, which is k2, and in their
Majorana mass squared differences 6M?, neglecting contributions of order h25M?2.
This way we have obtained relations between the rate coefficients and real time
correlation functions of Standard Model fields, evaluated at finite temperature
and chemical potentials for charges which are conserved or slowly violated (in the
case of L. or B for certain temperatures) by the Standard Model interactions.
The rate coefficients are infrared safe in the sense that they are well behaved when

a parameter characterizing a slow interaction vanishes. Our kinetic equations are
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Chapter 4 Summary & Outlook

valid to all orders in fast Standard Model interactions, but we have neglected the
very small CP violation inherent in the Standard Model.

The kinetic equations for sterile neutrinos and the relations for the rate
coefficients that we have obtained are mostly consistent with the ones obtained
in reference [54] the authors of which use a different starting point by making
an ansatz with a non-equilibrium density matrix which contains the chemical
potentials from the very start, even though we differ at intermediate steps.

Our equations are valid for an arbitrary number of sterile flavors ng with
any mass spectrum, and they can be applied to low-scale leptogenesis and to
sterile-neutrino dark matter production, resonant or non-resonant, in the Higgs
phase of the Standard Model, as well as to scenarios jointly describing the two.

It would be interesting to apply our equations to theories with more than one
sterile neutrino dark matter candidate and to see, e.g., which role oscillations
between sterile flavors play in this context, or how much lepton asymmetry (if any)
is needed in order to explain all of the dark matter abundance. Ultimately, it
would be desirable to conduct parameter space scans, which is possibly quite
tedious already for ng = 2.

We have computed the leading order correction of departures from equilibrium
of the charges to the dispersion relation of the sterile neutrinos in the symmetric
phase. There we have considered only the leading order contribution from Standard
Model couplings. It would be interesting to measure the effect of this term in
numerical studies of low-scale leptogenesis. Once O(g?u) terms in this expansion
have been obtained, it could be interesting to numerically compare these terms to
the one we have obtained and to see whether these terms, despite being suppressed
by one additional power of g, have a sizable effect due to their flavor dependence,
which is absent in the leading term we have computed.

We have applied the linearized version of our framework, which coincides with
an equation found in [50] (and in this case also with the one in [47], since here
the spectral function is real), to the dynamics of right-handed electrons. We
have subsequently computed their equilibration rate in the symmetric phase by
including, for the first time, all Standard Model processes at leading order in the
couplings. We have found that the dominant processes are 2 — 2 scatterings.
Leading order contributions are also given by (inverse) Higgs decays and addi-
tional soft scattering which was included by Landau-Pomeranchuk-Migdal (LPM)
resummation. We obtain an equilibration rate which is substantially larger than
approximations presented in previous literature. Our result shows that the process

62



of er equilibration cannot be neglected in low-scale leptogenesis, if the latter
happens at temperatures not too far from 7' = 8.5 - 10* GeV.

In the kinetic equation for L.r we have taken into account only the leading
terms 1, n L.z and v X., Where applicable, and it could be interesting to obtain
also a non-linear kinetic equation for this variable. In low-scale leptogenesis we
expect Ler S Xo, and the necessity for non-linear kinetic equations for X, might
raise the question whether a non-linear kinetic equation for L.g is needed as
well. In this case one should revisit our argument about the ability to neglect the
non-linear dynamics of hypermagnetic fields. Relating the charges to the set of
chemical potentials as we have done in section will then make a computation
analogous to the one in chapter [3] necessary, but this time at finite chemical
potentials, which in the context of rates concerning sterile neutrinos is known to
be more complicated due to infrared divergencies associated with soft Higgses
appearing in the 2 — 2 scatterings [54], but we expect the technique of [54] to
apply also to the correlators relevant for eg equilibration.

The kinematic considerations entering the rate coefficient I for eg equilibration
also apply to the equilibration of the heavier lepton flavors ur and 7r, after
stripping off the Yukawa coupling, because the thermal masses in the symmetric
phase of the Standard Model are flavor-blind. Therefore, by revisiting the relation
between charges and chemical potentials, one can obtain relaxation rates of (non-
abelian) charges broken by the Yukawa couplings h, and h,. This could be
especially interesting in scenarios of thermal leptogenesis happening around the
respective equilibration temperatures, usually called flavored leptogenesis, which
are roughly 10° GeV (for ug equilibration) or 102 GeV (for g equilibration).
The correct results for the respective equilibration rates have not yet been obtained,
because the contribution from multiple soft scattering had only been estimated
so far, and because, to the best of our knowledge, a correct analysis of the
susceptibilities has not yet been presented. We have made a step towards the
complete result for these rates by evaluating the contribution from multiple soft
scattering also in the corresponding higher temperature regimes. It would be
interesting to complete the derivations of the rates for these heavier flavors and to
check how correctly including the dynamics of the respective right-handed leptons
influences the results of the flavored leptogenesis processes.

Even though we have made a connection between low-scale leptogenesis and the
equilibration of right-handed electrons for the first time, we have not investigated
the quantitative effect of this intertwinement. The task of solving (momentum
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Chapter 4 Summary & Outlook

resolved) equations for low-scale leptogenesis is usually more intrigued than solving
the ones describing thermal leptogenesis, because due to the oscillations of sterile
neutrinos there are multiple time scales present. Therefore involved numerical
studies like the one presented in [36] are needed. It would be very interesting
to conduct a detailed study to see, e.g., in which temperature regime including
the dynamics of right-handed electrons changes the produced baryon asymmetry
significantly, how large the effect is maximally, or how it changes the allowed
parameter space for successful baryogenesis, which might potentially be a very
complex problem. From first principles, it is also not obvious whether the effect
of right-handed lepton equilibration on the generation of the baryon asymmetry
of the Universe is larger in the case of er in low-scale leptogenesis, or in the case
of the heavier leptons in flavored leptogenesis, and it would be interesting to
compare these scenarios.
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Appendix A

Smeared occupancies

The theory of quasi-stationary fluctuations and the framework developed in
chapter [2|is applicable to quantities with (no summation over a),

\/Eiaa = <yaya> <K Ya, (Al)

where the average is taken in an ensemble with fixed values of the strictly conserved
charges. The relation is not satisfied by the sterile-neutrino occupancies
the fluctuations of which are not small, Z¢; ~ §f. In order for the approach in
sections and to be applicable, we consider occupancies averaged over a
certain momentum space region 2y around k,

FkE

> o (A.2)

(27)3
| ot

14

The volume of this region || is taken to be independent of the spatial volume
V, with (27)3/V < |Qk| < T3. The susceptibilities of Fx are of order
(V|Qx|)~"!. Now we have \/Zp, r, < 6Fk, and the assumption is satisfied.
We should also consider smeared occupancies in the microscopic correlators
appearing in section However, since the volume || is small compared to

characteristic momentum scales over which the correlators in ([2.26)—(2.28]) vary,
they can to a good approximation be replaced by

v (27)°
AF?:(Fleu-X) (W) = dae V Q| Af(:ct(kau-x) (W), (A.3)

so that the dependence on V|| drops out when plugging (A.3) and Zpp into the
master formula (2.26]), and one can effectively use the unsmeared occupancies f.
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Appendix B

Perturbative solution
of the equations of motion for Huctuations

The fluctuations of y, satisfy with an additional Gaussian noise ¢, and a
y-independent term that does not play a role once we consider for departures
from equilibrium (see footnote [16/on page . We solve the equation of motion by
one-sided Fourier transformation. Neglecting non-linear terms and expanding as

in (2.13)), one obtains (2.9). Now inserting (2.13)) up to y(!) into (2.2), including

the term with 4. and dropping the one with 7,44, We obtain

1 ) _ dw'
yf (@) = =3 [(=iw+9) "] 4, Yoo / 50Oy V-, (B
where we have used that
dw’ —iw!
) = [ Gre W), (B2)

Considering now the correlator C;r(bc) and inserting 1' yields averages like
(Cy(0)) which vanish. We then consider frequencies much larger than the rates vy,
approximating [(—iw + 'y)_l]ab ~ i0qp(w+i01) 7. The disconnected contribution
vanishes, and we obtain

duw’ i i

+ _i = =20 e B
Ca(bc)(w) > 2w Yajk [H]b Ske T Zje Hkb]/ 21 (W' +1i0%) (w — w’ + i0F) (B.3)

along with a contribution from v,;. Solving the integral and making use of the
symmetry Yo ik = Yakj, W€ arrive at .

The perturbation caused by 7.peq is obtained by inserting into (2.2)),
this time keeping also y(?). Having obtained already y*(© and y*(*) we can now
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Appendix B Perturbative solution of the equations of motion for fluctuations

solve for y* @ which reads

v (w) =—

1
a1 [(_iw + 7)71]ab bede

3
dw' [ dw"
< [ o [ O W O - ). (Ba)

s

Considering the same limit w > v, we find contributions of orders 1, Va5, Vabe
and vgpeq in the correlator (2.20). The O(1) contribution is time-independent and
does not contribute to the real part. The contributions from 74, and .. are
obtained in the same manner as before. The contribution from =44 reads
ct ! =T == = m, =
a(bed) (w) > T30 Yajkl [ujb Ske 20d T Zjb 2kd 2ic T Zje Skb 2id
+ Zje Zkd Zib + Zjd Eb Zie + Ejd Ee Eip)
dw' dw" i 1 1

21 21 (w4 i0%) (W’ 4 i0%) (w — W' — W +i0F)

(B.5)

Because Cqy(pcq) contains only the connected pieces, no contractions like === cq
appear in the square brackets in , and because of we can neglect
the connected part of the six-point function (ypycyay;vryi). Making use of the
symmetry of v, under permutations of the last three indices, can be solved
for the rate coefficient. Carrying out the integrals and collecting the contributions
from 7y, and g eventually leads to (2.21)).
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Appendix C

Cancellation of the rates ~v;;; and ;5

Here we demonstrate that the coefficients vy and 7yfss in the equation of
motion for f vanish at order h?. For simplicity we will assume that the a and
al appearing in all occupancies in this appendix correspond to sterile neutrino
generations satisfying . First consider 7. According to (2.27) it consists
of two pieces containing only f operators (suppressing momentum indices k),

Yo goge = TwTm [ AT o (@) = A (@)(E ) pops g page | (C.1)
(E_l)fdfb(E_l)fefc.

Classically, the kinematic variables commute at equal times, which is not the case
in the microscopic theory. Therefore one should replace the product f¢f€ in
by its symmetrization {f?, f¢}/2. In turn we demonstrate the cancellation of the
terms with the ordering as in , the one with d <+ e is analogous.

We obtain the generalized susceptibility

= papope = fr [1 = fr] { 1 frl tr(T“TbTC> - (T“TCT”> } (C.2)

where frp = fr(Fk). The mass in Fy is one of the relevant (nearly) degenerate
masses, and a change in this mass gives only a correction of order h26M?, which
we neglect. We now consider the correlators as a function of imaginary time
t = —it, before Fourier transformation and analytic continuation to real frequency.
Then, using and the susceptibility , the second expression contains a
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Appendix C Cancellation of the rates v;;; and v;ss¢

term
Agago(D)(E ™) popsZps page 3 4VE = Te{ = fe(B)] (T°T°)
~ (B (T'T),, }
VT t i
/0 dndTg{(aq(tl am (0))(Ta (t2)al (t) Y (a; (t)al (0))
~(Tal(t)a; (1) {ar(t2)a] (0))(al (Ham(0)) }

/d?’{l}l d31'2 ﬂq+hqa<Ja(t1, l’l)jg (tz, $2)>h;rur+. (03)

lm

To meaningfully define the object Aja(sase)(t) in the path integral over the
sterile neutrino fields, we separate the quantities at ¢ = 0 by replacing f%(0) by
/hm f(t), taking the limit in the end when the ambiguities have resolved, which
is t(ile case after the expectation value has been reduced using Wick’s theorem.
The equivalent expression to the one in now contains 8 terms which fall in
either of the following two categories: (i) a product of 4 two-point functions of
operators a and af, in which exactly one operator is at time ¢ = 0, and the other
one at a time that is integrated over, or (ii) a product of 3 two-point functions
in which the operators are at different times, multiplied by one fg or [1 — fF]H
The 4 expressions of type (i) are t-independent, since operators at ¢ are always to
the left of those at time 0 so that they are not affected by time ordering, and the
time evolutions of a;(t) and aj(t) cancel up to effects of order h20M?, which we
neglect. Time-independent parts do not contribute to our master formula. The
remaining four terms of type (ii) are canceled by the terms in . The other
contributions which we have not written in are canceled in the same way,
and we obtain ysrr = 0.

The master formula for the coefficient vf¢f; also contains only f operators at
order h?. The contribution from vfff vanishes, and the two remaining terms read

Vgogigess = Twlm[ AR o rr o (@) = A @) E ) gigi Epigeps o (C.4)
X (E_l)fefb(E_l)fffc(E_l)fgfd.

2Here the time-ordering decides which one of the two expressions fr or [1 — fr] is generated,
and the temporal separation of f¢ and f¢ plays a role.
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Using , we obtain the generalized susceptibilities
= apopepa = fr [1— fr] { - fp]2tr<T“TbTCTd> — fe[l— £l tr(T“TdeTC>
—fell— fe] tr (T“TCTde) ~ fell— fe] tr (T“TCTdTb>
—fr [l — fr] tr(T“TdTbTC> + 2 tr(T“TdTCTb> } (C.5)
The cancellation is now analogous to the one above, after replacing £¢(0)f/(0) by

lim lim fe(¢") 7 (#') with ¢ > #'. The rates vrrrx,VxffVx x> and Yx sy

t"—0t+ t/—0+
are canceled in the same fashion.
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Appendix D

Green’s functions at finite temperature
and chemical potentials

Here we present slight generalizations of some relations in [67] for imaginary time
correlators which we use in our calculation. In the presence of one conserved
charge @) the 2-point function of operators A and B reads

Aup(—it) = Z_ltr{e(“Q_H)/TT [A(—iT)B(O)]} (D.1)

with the partition function Z = tre@Q—H)/T and the time ordering 7 with

respect to 7 is defined as

T [A(=iT)B(0)]

O(1)A(—iT)B(0) + O(—7)B(0)A(—ir). (D.2)

The upper/lower sign is for bosonic/fermionic operators. The correlator (D.1)) is
defined for —T~! <7 < T~!. We assume that A carries a definite charge,

(@, A] = qaA. (D.3)
Then
Aap(t+i/T) = te P/TA 4 5(t) (D.4)
where the chemical potential of A is defined as
PA = qaft. (D.5)

Therefore the function e #ATA 45(—i7) is (anti-) periodic, and can be expanded

in a Fourier series with coefficients

1T '
ANG (iwy) = /0 dr eWn=raAT Ay p(—iT). (D.6)

75



Appendix D Green’s functions at finite temperature and chemical potentials

can be analytically continued to arbitrary complex frequencies off the real
axis, and we denote the resulting function by A%B. We need to calculate the
retarded correlator

Alfb(e) =1 [ e 1 ([A(1), BO)]5) (D7)

where w is real. It can be analytically continued to the complex plane. We denote
the resulting function by A 4p, and then we have A% (w) = Agp(w +i0™). The
two analytic continuations are related by

ANp(w) = Aap(w — pa). (D.8)
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Appendix E

Correlators of Standard Model fields for
sterile neutrinos in the symmetric phase

Here we would like to explore the correlators of Standard Model operators that
enter the kinetic equations for sterile neutrinos. We restrict ourselves to the
symmetric phase of the Standard Model. The processes contributing to the
dissipative part share some similarities to the ones responsible for er equilibration.
However, there are some differenceslig] especially in the LPM contribution which
we discuss in the following section. We subsequently discuss the dispersive
contributions in section where we include the modification of the dispersion
relation of sterile neutrinos due to non-zero charge densities. These contributions
do not appear in the kinetic equations for er equilibration.

E.1 Dissipative contributions

Deep in the symmetric phase one has to distinguish two temperature regimes.
When M; > ¢gT, at leading order in the Standard Model couplings the dissipative
(imaginary) part of A*(k;, ) is determined by hard 2 <+ 2 scattering processes.
For M; < ¢gT, nearly collinear 1 <+ 2 decays and inverse decays involving a Higgs
boson, a SM lepton and a sterile neutrino, plus the same process with additional
soft scatterings (1n <> 2n processes), also contribute at leading order [70].

The multiple soft scatterings need to be LPM [71H73| resummed. The result
gives an imaginary contribution to ALf*(k;, u) which can be computed along the
lines of [66,/70]. It can be expressed in terms of a the 2-component vector function
f;(b) and the scalar function v;(b). Analogously to [70], they are solutions to
two ordinary differential equations which depend on the 2-dimensional impact

53Gee also chapter
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Appendix E Correlators of SM fields for sterile neutrinos (symmetric phase)

parameter vector b (we denote b = |b|),

—iB (A = M o) £(b) — A (b) £5(b) = —2i V5 (b), (E.1)
—iB (A — M7 o) ¥j(b) — Hx(b) v;(b) = 6 (b), (E-2)
with
p(p) — k) (p) — |kI) |
M g = TM]? ST M 7+ @ (E.3)

and f as in and [70]. Here mg and m,, denote the thermal masses of the
Standard Model partlcles |79] see and . In contrast to % in , the

function £y in and Satlsﬁes [70]

_ 392T 2 72 /
JN(b) = = —P(mpd) +y;. g7 T (mpb) (E.4)

with the Debye masses and Z as in . Only one term with ¢’ 2 appears
in , because only two particles participate in weak hypercharge interactions
here, unlike all three in the case of er equilibration. In the latter case also the
analog to the scalar function v in does not appear, because there is no mass
term for the er, unlike for the sterile neutrinos. It is straightforward to generalize
the analysis of [70] to non-zero chemical potentials which giveﬁ

A (k) = '/C;];“ [k - : [fB (1=t + 57) + o (o1 = b+ 557

P, tl)igb{ (’yo k- «,) Re;(b) + 812 (70 +k- 7) Im V- fj(b)}. (E.5)
Here Py, = (1 —~s5)/2 is a chiral projector, and k = k/|k|. The second term in the
curly bracket is of order g? times the first. Nevertheless, it has to be kept because
when sandwiched between the u- and v-spinors, the first term gets multiplied
by M ]2 which is assumed here to be O(g?T?) or smaller. The LPM contribution
was computed in [54], where the result does not contain a chiral projectorﬂ
Aside from that, it is consistent with equation (the second term in the curly

54Note that the Higgs and active lepton chemical potentials appear in the distribution functions
in . We were able to translate these to the chemical potentials of slow charges X, and the
one of strictly conserved weak hypercharge Y, because the relation between them is independent
of temperature, cf. equations and as well as the discussion in between. However, the
expression of puy in terms of slowly varying chemical potentials does depend on the temperature

regime, see 1), (50, and (50,

5See equation (3.4) of reference [54].
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E.2 Dispersive contributions

Figure 8: Diagram representing the leading correction of the dispersion relation of
sterile neutrinos by non-vanishing charge densities, corresponding to the expression
in (E.6). The thick blob indicates that the Higgs propagator is thermal mass
resummed.

bracket differs from the corresponding one in [54] only by higher orders in g).
Chiral projectors were correctly included in [54] when the result was sandwiched
between the v and v spinors which makes it consistent with ours (cf. footnote
on page . The 2 — 2 scattering contributions to the rate coefficients have been
computed in [54].

E.2 Dispersive contributions

The imaginary parts of the 2-point functions in , have been computed
in [54] at nonzero chemical potentials. Here we compute the real part in the
symmetric phase which modifies the dispersion relations of the sterile neutrinos.
We include the chemical potentials to linear order and we work at leading order
in Standard Model couplings, assuming M; < |k|. The leading order is contained

in the 1-loop contribution, which reads

o~ 2PL(p + puea th)
Aol = TZ/ o+ i [k —p+ppu?—mg O

v

in imaginary time. This expression can be visualized as in figure [§ where
the four-momentum (p°, p) runs in the loop. The factor 2 is the dimension
of the representation of the weak SU(2). The chemical potentials in are
the ones carried by the particles. They have the opposite sign compared to
the chemical potentials carried by the field operators which annihilate these
particles, cf. . Note instead of ugs we have expressed in terms of p,

(see (2.38])), corresponding to equations (2.39)) and (2.51)). The relation between
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the hypercharge chemical potential py and the chemical potentials of the slowly
varying charges depends on the temperature, see section

The leading contribution from is due to soft Higgs momenta, which are
cut off by the thermal Higgs mass |79] given by in the Higgs propagator,
which gives rise to an infrared enhancement.

After summing over the imaginary fermionic frequency p® we analytically
continue to real k” according to (2.73), and obtain

Retr[FAY (k, p)] = — — — po + O(g%, 1), (E.7)

with £ = |k|. The g in the higher order terms in stands for a generic
Standard Model coupling. The first term on the right-hand side of gives rise
to the thermal mass. The p-dependent contribution is not simply a correction of
the thermal mass, but it depends on momentum. In particular, it is enhanced at
small k. The leading correction from chemical potentials is independent of a.. We
expect higher order, e.g. O(g?uy, ), terms in to generate an a dependence,
but we have not computed those terms. Equations , , and are
consistent with 1], where the Higgs chemical potential is defined as the one carried
by the field operators. In reference [56] an expression corresponding to in
the broken phase has been obtained [

6See equation (5.7) of reference [56].
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Appendix F’

Conversion of L.r to
hypercharge gauge fields

Even without the Yukawa interaction in (|1.19)) the conservation of L.y is violated
by the chiral anomalyE]

y2 g/2
8Nng == ;Syﬂ_g EuupJFuprav (Fl)
with
ng = @r}ﬂueRa (F2)

such that L.g = fx ng(X). In F,,,, denotes the hypercharge field strength,
and we use the convention £°123 = 4-1. This may lead to interesting effects, such
as the generation of primordial magnetic fields [46,[89]. In this appendix we want
to see when the anomaly can affect the long time and large distance behavior of
jer- Even if there are no gauge fields present initially, there is an instability in the
gauge fields for non-zero py,_,, leading to exponential growth [46]. We compute
the maximal growth rate of the unstable modes in order to derive a bound on
|t | below which the growth is smaller than the equilibration rate vz 1., and
can be neglected in the kinetic equation (2.93)).

The hypercharge electric and magnetic fields E and B with wavelengths
greater than the particle mean free path are described by magneto-hydrodynamics.
In the presence of the anomaly , in addition to the usual ohmic current
jonm = oE with the hyperelectric conductivity o, one has to take into account

®"One can find different prefactors on the right-hand side of (F.1)) in the literature, which are
related to different conventions for the weak hypercharge. Ours is the same as in [88].
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the contribution [46},90]

y2 g/2
janomaly = - ZP;Q MLERB- (F3)

1

The fields evolve on time scales much larger than o~!. Therefore E is much

smaller than ¢E, and can be neglected in the equations of motion which become

12
E=-|vxB+Y8L B, (F.4)
o 4
B=-VxE. (F.5)
Using V - B = 0, these can be recast as
. y2 g/2
B+ - |-AB+ leTQ iV x Bl =0 (F.6)
ollowing , we Fourier transform B(f,x) = k(t)e™®* to obtain
Following [46], we Fouri form B 1 Bk (t)e™ to ob
. y2 g/2
0Bk + k’By +i i? .k x B = 0. (F.7)

Now decompose By = 27,2:1 b;e;. The e; are an orthonormal basis in the plane
orthogonal to k. The equations for b1 = by £ iby decouple,

: vy
oby = —|k| | |k| F Zﬂz PL.p | b+ (F.8)
For
2 12
YerY

K| < PR g (F.9)

there is an instability with the growth rate

K| (y%g”
Vinst = 7 ZRTI'Q ’,ULeR‘ - ’k’ . (FlO)

The maximal growth rate is

2 4 14
max __ NLeRyeRg
st T 647‘(40’

The linear kinetic equation neglecting the dynamics of the long wavelength

(F.11)

hypermagnetic fields is valid as long as the magnetic dynamics happen on longer
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time scales than the perturbative ones characterized by the equilibration rate

VLeRLeﬁa
Yingt. < VLerLen- (F.12)

In the leading logarithmic approximation the hyperelectric conductivity is [91]

T
o=C—s" F.13
77051/ 1
with C' = 7.05 in the Standard Model with one Higgs doublet@ At the equi-
libration temperature (3.57)) in the Standard Model, (F.12) translates into the
condition (3.1)).

Consider again the case of low-scale leptogenesis, corresponding to example 3

of section Here the constraint (3.1]) implies

1110 312
Ler ™ o6 " Xe

1266 (Yx, +Yx,)| <34-107° (F.14)

for the yield parameters Y; = n;/s with the entropy density s. The Yx_, are
typically on the order of 1072...1078 [35/[36]. Since the dominant source terms
in the kinetic equation for L.r are the X, we expect Y7,_. to be of similar size,

and (F.14)) is easily satisfied.

58 Adding further Higgs doublets decreases the conductivity.
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Appendix G

Solving the LPM integral equation
for L.gr equilibration

Here we elaborate on how the integral equation (3.35)) resumming multiple soft
gauge boson scatterings contributing to the equilibration of L.g can be solved.

The Fourier transformation

2
f(B)E/éﬂ];eiP'Bf(P) (G.1)

turns the integral equation (3.35)) for f(P) into a differential equation for f(B),
i (A — M%) £(B) = #(B)£(B) — 2i V5 (B), (G.2)
where the differential operators act on the two-dimensional impact parameter B.

We denote B = |B| and we have introduced

3¢°T

4
+ QIQT[y@yge Z(zkmpB) + Yo, Yer 2 (MpB) — YoYer 2 (2ympB) |

%/(B) = @(kaDB) (G3)

with

D) = o [ + Kollw) +1og] 2] (G.4)

g is the Euler-Mascheroni constant and K is a modified Bessel function. In
terms of the Fourier transform the real part in (3.36)) becomes

2
Re/ (Z&P f(P) = éiglo ImV - £(B). (G.5)
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Appendix G Solving the LPM integral equation for L.g equilibration

Writing f(B) = B h(B), we arrive at the following ordinary differential equation
for h(B), valid at B # 0,

2
i3 {ddBZ + %% - Mgﬁ} h(B) — #(B)h(B) = 0. (G.6)

In terms of h, the relation (G.5) becomes

2
Re/ (CQZW];P f(P) = 2%?1210 Im h(B). (G.7)

For B — 0 the function h has a singularity which is determined by the delta

function in (G.2)),

B—0 1
~Y

T 2BBY (G.8)

and which is insensitive to J#. Being purely real, this singularity does not
enter (G.7). We write h = h9°¢a 4 53t where h9°°® contains only the (inverse)
Higgs decay contribution. We obtain it by solving with [d?q {---} —
0" £(P) and then taking the Fourier transform. This gives [92]
—wiBKl(mB) (M > 0)

m

25B

hdecay(B) — (Gg)

[Yi(mB) — isign(8) Ji(mB)] (M2 < 0)

with m = 1/‘Me2ﬁ , and the (modified) Bessel functions K1,Y; and J;. Then we
solve the differential equation for A" numerically as described in [70].
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Appendix H

Integrals appearing in the
2 — 2 contribution to er equilibration

In this appendix we handle the integrals describing 2 — 2 scattering processes
contributing to the L.r equilibration rate. After summing over all leading order
processes the production rate on the right-hand side of (3.44) can be written as

d2n€R thF(k()) 2 40
=<1 ' /1
dtdk®|, _, 1287 [ B S

+(3¢% + 9°) { Ao + Fopt + I}
+4g” {Aom + Fopt + Tibp + Fibt — 25 } } (H.1)

with £ = |k|. Here we have already integrated over the direction of k. The %%,
are the different phase space integrals appearing in . The lower indices refer
to the statistics of the particles 1,2,3 and the upper index n = 0, 1 is the power
of the ratios of Mandelstam variables in equations through . The
exact definitions of the .# are given below.

Like in [69] we carry out some integrations analytically until there are two
integrals over the variables ¢+ = (¢° £ |q|)/2 left. If not stated otherwise, ¢ is
the exchanged 4-momentum. For each process we decompose the products of

occupancies in (3.43)) as

~~

fif2ll £ f3] = fe(K0)fF, (H.2)

where fis a function of ¢+ + ¢— and of the energy of one incoming particle only.
Most of the integrals appear in sterile neutrino production as well. For the sake
of completeness, we list them in this appendix, adopted to our notation. We
also give the analytic integrals which were not computed in [69]. The terms
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Appendix H Integrals appearing in the 2 — 2 contribution to er equilibration

containing 1/t are infrared divergent when integrated over gi. All divergent
contributions encountered here already appear in sterile neutrino production
(see |69] for details).

The integral Zgr. This integral is exclusive to quark scattering. Since the
squared matrix elements do not depend on the Mandelstam variables, we may
choose ¢ = p3 + k for both s- and ¢-channel. We find

f=rolas +¢-)+ frlar +a- —°) (H.3)
F=1-frlay +a- — Ea) — fr(Ea), (H.4)
and we have
oo KO a4
e = /dQ+ /d(J— f/dEz I (H.5)
k0 0 q-

Only n = 0 appears, and the integral of J? over Es is given by equation (A.10)
of [69].

The integral %,a,. This integral appears in s-channel processes, so that g =
ps + k. We have

f=felar +a-) + folas +q- — k%) (H.6)
F=14folgs +q- — E2) — fr(Es), (H.7)
and we need
00 k0 q+ n
A= [daw [doF [aEaF <<_;‘>> (H3)
kO 0 q—

where (—u) is the Mandelstam variable u averaged over angles,
(—u) @} + ¢ — (gr +q-) (B2 + K°) + 2E5k°
s (¢+ —q-)? ‘
The result of the Ey integration is found in equation (A.13) of [69]. For the n =0

integral we obtain

(H.9)

7dE2 f: —(q+ —q-)+T [log (—1 + €2q+/T) — log (—1 + 62‘1—/T>} . (H.10)

q—
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The integral #,p¢. This function arises in ¢-channel processes, so that ¢ =
p1 — p3. We obtain

F=1+f0E —qr —q2) — frlas +qo) (H.11)
F=rfa(Br)+ fe(Br — g —q-) (H.12)
such that
k0 0 0 n
= [aa. [ 7 [am 7 () (1.13)
0 —0o q+

Here we have

(u) _ 2q4q- + 2E1k° — (q4 4+ ¢-)(E1 + k°)

— . H.14
t (a+ —q-)? (H.14)
The E; integral with n = 1 is equation (A.24) of [69], while for the case n = 0 we
get
o0
/dE1 f=ar+q_+T [log (1 + e_q*/T) — log (—1 + eq+/T>] . (H.15)
a+

The integral Zg,,. We encounter this integral in ¢-channel, so again ¢ = p1 —ps.

Here
F=1+fo* —ar —q-) — felar +q-) (H.16)
F=fe(B) + f(Br— a4 —q-) (H.17)
and we have
k0 0 00 < >
Iy = [dar [ do— f [ dE J?<_8> (H.18)
Jou [ -7 o7 (5

We write (s)/(—t) = 1+ (u)/t with (u)/t from (H.14). We only need n = 1, and
the corresponding integral over Ej is found in [69] in (A.20).
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Appendix I

One-loop renormalization group equations

Here we briefly review the renormalization group equations at one-loop level for
the various couplings entering the numerical evaluation of the rates in the kinetic

equation for L.gr. For
2
7
t=1 — 11
og (mQZ ) (1.1)

with the renormalization scale ;1 and the Z boson mass myz, and three fermion
generations as well as one complex Higgs doublet, we have the differential equations

for the strong and weak gauge couplings [93]

d , Ty

%gs(t) = —@gs(t), (L.2)
d , _ 19 4

79 (t) = 9627 (1), (I.3)
d 41

J). (L.4)

12
- t) =
a9 =552

Because of the independence of ([.3]) and (I.4]) of Yukawa couplings and the Higgs
self-coupling, these equations can be solved in a first step, yielding

_ 9 1

0 =0 [1+ 755 (15)
9 ~1

70 =g0) |14 550 (16
2o e | 41970 ]

g (t)=4g"(0) _1_9671'2t] . (I.7)
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Appendix I One-loop renormalization group equations

The renormalization group equations for the Yukawa couplings read [94]@

3on SU(0) = 3[0°() — DAO)U7(H) + 2[00~ Ap(O] U0, (18)
327 %D%) =3[D%(t) - U*()] D*(1) + 2[S(1) - Ap(1)] D*(1),  (19)
3272 %LQ(t) = 3L4(t) + 2[X(t) — AL(H)] L (1), (L.10)

for the matrices U = diag(hy, he, he), D = diag(hg, hs, hy), L = diag(he, by, hr).
The determination of the running of the lepton Yukawa couplings necessitates

including all other fermionic Yukawa couplings as well, since in equations ([.8))

through (I.10) we have

Y(t) = tr [3D*(¢) + 3U*(t) + L*(t)] (1.11)
Au(t) = 8(0) + 1070 + 129 (1), (L12)
Ap(t) = 80 + 16%(0) + 159 (0), (113)
AL(t) = 3070 + (0. (114)

and therefore quark Yukawa couplings are not power suppressed in . The
coupled set of renormalization group equations for the Yukawa couplings can
only be solved numerically. Finally, neglecting all but the (dominant) top quark
Yukawa couplings the Higgs self-coupling A satisfies the renormalization group
equation [93]

1672 %)\(t) = 12X2(1) + AR (1) — 3R (1) — SA(1) [30°(0) + 9 (1)

b o [t + (20 +o%0) . (115)

It is now straightforward to solve the system of renormalization group equations
with the initial conditions [3]

g3(0) = 1.488, U?(0) = diag(1.597 - 10719, 5.363 - 107°,0.9874),

g*(0) = 0.4246,  D?*(0) = diag(7.288 - 107%°,2.977-1077,5.764 - 10~%),

¢%(0)=0.1277,  L?(0) = diag(8.614 - 107'2,3.683 - 10~7,1.042 - 10~%),
A(0) = 0.1292. (1.16)

9t is more useful for our purposes to work with the squared Yukawa couplings and their
renormalization group equations. They are easily obtained from the equations in [94] by
multiplying with the matrices U, D, L.
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Appendix J

The coefficient I' at temperatures
relevant for ur or Tr equilibration

Our results in chapter [3| can be applied to higher temperatures, corresponding to
the coefficient entering the equilibration rates of right-handed charges carried by
the heavier leptons, to some extent.

The contribution to I' from 2 — 2 scattering remains unchanged, up to
trivial exchange of the corresponding Yukawa coupling (which is, of course, also
needed for generalization of the LPM resummed rate), and one just has to evolve
the large Standard Model couplings appearing in to the corresponding
scale. This is due to the fact that in the symmetric phase the particles carry only
thermal masses and these are flavor-blind. The LPM contribution, however, has
to be reevaluated at the higher temperatures, since the couplings enter at various
steps in the numerical computation. Table [3| shows the numerical results for
temperatures between 109 GeV and 10'® GeV, and it constitutes the continuation
of the results found in table [1

We now revisit the fit to the LPM contribution in . For the temperature
interval 8.5 - 10 GeV < T < 3- 10! GeV which we expect to play a role in the
equilibration of charges violated by h,, we obtain the fit parametersfﬂ

dy = 0.600, dy, = 1.56, dey, = 1.08, (J.1)

while in the range 3 - 10% GeV < T < 10'® GeV which we expect to be relevant
for charges carried by the g, we find

dy = 0.819, dy, = 1.44, dey, = 1.18. (J.2)

SOWe stick to the notation of (3.55)), even though in this context the denomination of the fit
parameters de, and d., might be a bit misleading.
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Table 3: Continuation of table [1] to higher temperatures. Again the numerical
uncertainty in the LPM contribution is below 2%.

| T/GeV | T272/(n27%) | TVPM/(R2T3) | T/(h2T?) |
4.19 - 10? 1.06-1073 411-107% | 1.47-1073
1.68-100 || 1.05-1073 4.09-107% | 1.46-1073
6.71-100 || 1.04-1073 4.06-107*% | 1.45-1073
2.68-10' || 1.03-1073 4.04-107% | 1.43-1073
1.07-102 || 1.03-1073 4.03-107% | 1.43-1073
429102 || 1.02-1073 4.01-107% | 1.42-1073
1.72-103 || 1.02-1073 4.00-107% | 1.42-1073

Like in the electron case, the fits for the heavier flavors have a way smaller error
than our numerical uncertainty in the evaluation of .

The considerations in this appendix need to be supplied with an analysis of
the relevant (flavor non-diagonal) charges and the respective susceptibilities at
the higher temperatures in order to obtain results for the complete equilibration
rates. We leave this examination to future studies.
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