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ABSTRACT

Jukkala, Henri

Quantum coherence in relativistic transport theory: applications to baryogenesis
Jyvéaskyld: University of Jyviskyld, 2022; 103 p. (+ included articles)

(JYU Dissertations

ISSN 2489-9003; 553)

ISBN 978-951-39-9190-6 (PDF)

We derive field-theoretic local quantum transport equations which can describe
quantum coherence. Our methods are based on Kadanoff-Baym equations derived
in the Schwinger—Keldysh closed time path formalism of non-equilibrium quantum
field theory. We focus on spatially homogeneous and isotropic systems and mixing
fermions with a time-dependent mass and a weak coupling to a thermal plasma.

We introduce a new local approximation (LA) method and use it to derive
quantum kinetic equations which can describe coherence and also include effects of
the spectral width. The method is based on a local ansatz of the collision term. We
also improve the earlier coherent quasiparticle approximation (cQPA) by giving a
straightforward derivation of the spectral ansatz, a new way of organizing the gradient
expansion, and a transparent way to derive the coherence-gradient resummed collision
term. In both methods the transport equations can describe flavor coherence and
particle—antiparticle coherence, and the related oscillations, of the mixing fermions.

In addition to formulating the local equations we apply them to baryogenesis
in the early universe. More specifically, we study the details of CP-asymmetry
generation in resonant leptogenesis and the evolution of the axial vector current in
electroweak baryogenesis (in a time-dependent analogue). We solve the equations
numerically, and perform extensive analysis and compare the results to semiclassical
(Boltzmann) equations. The results cover known semiclassical effects. We find
that dynamical treatment of local quantum coherence is necessary for an accurate
description of CP-asymmetry generation. When these details are known they can
then be partially incorporated into simpler (e.g. semiclassical) approaches. However,
coherent quantum kinetic equations are needed for accurate results across different
scenarios or wide parameter ranges.



TIIVISTELMA (ABSTRACT IN FINNISH)

Téassa viaitoskirjassa johdetaan kenttateoreettiset lokaalit kvanttikuljetusyhtélot,
joilla voidaan kuvailla kvanttikoherenssia. Kehittamadmme menetelmét pohjautuvat
Kadanoffin-Baymin yhtéaloihin, jotka on johdettu kiyttden suljettua Schwinger—
Keldysh-aikapolkua epétasapainon kvanttikenttateoriassa. Keskitymme spatiaalisesti
homogeeniseen ja isotrooppiseen tapaukseen ja sekoittuviin fermioneihin, joilla on
ajasta riippuva massa ja heikko kytkentd termiseen hiukkasplasmaan.

Muotoilemme uuden lokaalin approksimaatiomenetelmén ja johdamme sen avul-
la kvantti-kineettiset yhtéalot, joilla voidaan kuvailla koherenssia seké ottaa huomioon
spektraalisen leveyden vaikutus. Menetelmé perustuu vuorovaikutustermien lokaaliin
yritteeseen. Parannamme myos aiemmin kehitettya koherenttia kvasihiukkasapprok-
simaatiota antamalla suoraviivaisen johdon sen spektraaliyritteelle, uuden muotoilun
gradienttikehitelmaélle ja selkeédn tavan johtaa gradienttiresummatut vuorovaikutus-
termit. Molempien menetelmien kuljetusyhtéloilla voidaan kuvailla sekoittuvien
fermionien makutilojen vélistd koherenssia ja hiukkas—antihiukkas-koherenssia seké
néihin liittyvia oskillaatioita.

Lokaalien yhtéaloiden johtamisen lisédksi sovellamme niité varhaisen maailman-
kaikkeuden baryogeneesiin. Tutkimme erityisesti CP-epasymmetrian synnyn yksityis-
kohtia resonantissa leptogeneesissi seké aksiaalivektorivirran kehitysté sdéhkoheikossa
baryogeneesissé (analogisessa ajasta riippuvassa tapauksessa). Ratkaisemme yhtéa-
16t numeerisesti, analysoimme tuloksia kattavasti ja vertaamme niitd semiklassisiin
(Boltzmannin) yhtéloihin. Tulokset kattavat tunnetut semiklassiset ilmict. Lokaalin
kvanttikoherenssin dynaaminen tarkastelu on tarpeellista, kun tavoitteena on CP-
epasymmetrian kehittymisen tarkka kuvailu. Kun tdmén yksityiskohdat tunnetaan,
ne voidaan osittain siséllyttdéd yksinkertaisempiin (esim. semiklassisiin) menettely-
tapoihin. Koherentteja kvantti-kineettisia yhtaloita kuitenkin tarvitaan tarkkoihin
tuloksiin eri skenaarioissa ja laajasti vaihtelevilla parametreilla.
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1 INTRODUCTION

Coherence is a central feature of quantum physics. In classical physics waves are said
to be coherent if they have the same wavelength and frequency but may be displaced
in time or space. Coherence is related to the ability of waves to diffract and interfere,
and this description carries over to the quantum realm where also particles have
wave-like properties [1]. Indeed, according to the wave—particle duality of quantum
physics, all matter and radiation have both particle-like and wave-like aspects. This
is famously shown in diffraction and interference experiments with electrons and
photons, for example [2]. Also, coherence is more generally related to correlation
between physical quantities. Correlation functions are a central concept in quantum
field theory (QFT), and mixing of quantum fields is the fundamental property which
enables the formation of coherence and coherent oscillation of particles [3].

The smaller the considered objects are, the more significant quantum coherence
is, generally speaking. It is then no surprise that it is particularly important in
elementary particle physics, and by extension, in the very hot and dense state of
the early universe which is governed by elementary particle interactions. Known
elementary particles and their interactions (excluding gravity) are described by the
Standard Model (SM), and the evolution and properties of the observable universe
are explained to a large extent by the big bang model of cosmology. These models are
immensely successful but they have left several unsolved mysteries such as the neutrino
masses or the nature of dark matter and dark energy. The events of the very early
universe are also still in the dark: for example, the details of cosmological inflation
and the related reheating of the universe as well as the origin of the matter—-antimatter
asymmetry are unknown.

The universe has been observed to be practically completely devoid of antimatter,
while ordinary matter is ubiquitous. This disparity is known as the matter—antimatter
asymmetry of the universe. Ordinary matter has a share of approximately 5 % of
the total energy density of the present universe [4]. It consists mostly of protons,
neutrons and electrons which make up the interstellar gas and astronomical objects
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such as stars and planets. A tiny fraction of cosmic rays contains antimatter and
minuscule amounts of it have been produced in terrestrial experiments, but there
is no evidence of any cosmologically relevant amounts of antiprotons, antineutrons,
positrons, or other antimatter particles [5, 6]. This is a problem because the SM
lacks a mechanism for producing this asymmetry — the theory is too symmetrical
between particles and antiparticles — so it cannot explain how the present universe
could have formed from a symmetrical initial state (set by inflation).

There are many ideas and extended models that have been proposed to explain
the unsolved problems mentioned above, and coherence often has a central role
in them. For example, coherence between different flavor states of neutrinos is
behind neutrino oscillations [3, 7], and particle-antiparticle coherence is essential to
particle production [8] in the early universe. Coherence can also be important in
the generation of particle—antiparticle asymmetries through CP-violating processes,
which is relevant to the matter—antimatter problem. Prime examples are coherence
between particles reflected and transmitted by phase transition walls in electroweak
baryogenesis (EWBG) [9-11] and flavor coherence of heavy Majorana neutrinos in
leptogenesis [12, 13].

The use of QFT is required when studying coherent systems in high temperatures
and densities of particles. Conventional quantum mechanics is not sufficient for
relativistic processes where particle numbers change. Furthermore, evolution of
quantum coherence, including its formation and decoherence, is a dynamical process
and its description requires a full quantum transport formalism. Non-equilibrium
QFT [8] provides a framework of transport equations for correlation functions which
describe quantum processes including interactions and (de)coherence. However, the
resulting equations are generally very complex and difficult to solve. Approximations
such as the Kadanoff-Baym ansatz are conventionally employed to derive simpler
kinetic equations, but this reduction usually erases coherence information from the
correlation functions.

In this thesis we develop approximation methods for non-equilibrium QFT
which include quantum coherence. We apply our methods to the early universe and
specifically baryogenesis, which are introduced in chapter 2. Non-equilibrium QFT is
reviewed in chapter 3 where general quantum transport equations are presented. In
this work we concentrate mainly on fermions in spatially homogeneous and isotropic
systems. Our main results, the formulation of a new local approximation method and
improvements to the cQPA [14-22] are presented in chapter 4. The derived equations
describe both flavor coherence and particle—antiparticle coherence contained in the
local two-point correlation function. In chapter 5 we apply our methods to EWBG
(in a time-dependent example) and resonant leptogenesis, and we solve and analyze
the equations numerically. Finally, in chapter 6 we discuss the results and give the
conclusions.

We employ the natural units with ¢ = h = kg = 1 throughout this work.



2 THE EARLY UNIVERSE

Cosmology studies the universe as a whole. Modern physical cosmology [6, 23, 24]
rests on three main pillars: (1) observation of the expansion of the universe (i.e. the
Hubble expansion), (2) measurement of the primordial light element abundances and
explaining their formation via nuclear reactions (BBN, i.e., big bang nucleosynthesis),
and (3) detection of the cosmic microwave background (CMB) and measurement of
its properties. These findings lead to the practically indisputable conclusion that in
the very distant past the universe was in an extremely hot and dense state and has
been expanding and cooling ever since [6].

The hot primordial plasma of the early universe is governed by both gravity
and elementary particle interactions. The exact timeline of the earlier stages of the
universe is still unknown, but there is convincing evidence that before the hot big
bang there was a phase of rapid exponential expansion which is called the cosmological
inflation [25]. It is also conjectured that even earlier, before the inflationary period,
the universe was ruled by the enigmatic quantum gravity (at the Planck scale
~10' GeV and above). However, when studying cosmology below such enormous
energies it is conventionally assumed that a classical treatment of gravity is sufficient.
Gravity can then be described by the Einstein field equations of general relativity,
which are the basis for the big bang model. Next we introduce parts of the big bang
theory, and baryogenesis, which are necessary for our applications in this work.

2.1 Expanding spatially flat spacetime

The spatial curvature of the universe has been measured to be very close to zero at
large scales [4]. Spatial flatness is thus a very good approximation when studying
particle cosmology after the inflationary epoch. The curvature of the spacetime then
manifests only as the expansion of the universe. The universe may also be assumed
to be homogeneous and isotropic at very large scales, as shown by the high uniformity
of the CMB, for example. The spacetime of the universe may thus be described by
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the spatially flat Friedmann-Lemaitre-Robertson-Walker (FLRW) metric, which in
conformal coordinates takes the form [§]

ds® = g, dz dz” = a(n)®(dn® — dz?). (2.1)

Here a(n) is the dimensionless scale factor and the conformal time 7 is related to the
cosmic time ¢ by dt = a(n) dn. In the following we denote the cosmic time derivative
with a dot and the conformal time derivative with a prime: for example a@ = da/dt
and @' = da/dn. We use the metric signature convention (+, —, —, —), and denote
the Minkowski metric tensor by 7, so that g,, = a?7,, in equation (2.1).

Expansion of the FLRW universe is described by the Friedmann equations. They
can be expressed equivalently by the first Friedmann equation and the continuity
equation [24], which in the case of zero spatial curvature are given by

H? = %yp, (2.2a)
p=—3H(p+p). (2.2b)

Here H = a/a is the Hubble parameter, p and p are respectively the energy density
and pressure of the universe, and G is the gravitational constant. Provided with an
equation of state, p = p(p), one can solve the time evolution of the scale factor and
the energy density from equations (2.2).

After inflation the universe was reheated, resulting in the creation of the
primordial plasma consisting of elementary particles in thermal equilibrium, or
very close to it. The thermalization process also created an enormous amount of
entropy [25]. It can be shown, using basic thermodynamics, that the relativistic
particle species (i.e. radiation, with equation of state p = p/3) dominate the total
energy density and pressure of this plasma [6]. Hence, in the early radiation dominated
epoch it is useful to parametrize the energy density p and the entropy density s,
given by s = (p+p)/T, with

2

T
=_—q.(T)T* 2.
p 309() : (2.3a)
o2
=" g..(TT3. 2.3b
s 459() (2.3b)

Here T is the temperature and ¢.(7") counts the effective number of relativistic
degrees of freedom of the primordial plasma. Similarly, g.s(7") counts the degrees
of freedom for entropy. As long as there are no relativistic particle species which
are decoupled from the thermal bath, g.; = g. [6]. These factors are normalized so
that one bosonic and fermionic degree of freedom correspond to g, = 1 and g, = 7/8,
respectively. At high temperatures before the electroweak phase transition (EWPT)
all SM degrees of freedom contribute, adding up to a total of g, = 106.75 plus possible
beyond-the-SM degrees of freedom in extended models.



2.2 QUANTUM FIELDS IN EXPANDING SPACETIME

When solving transport equations for particle numbers in the early universe, it
is convenient to compare them to some conserved physical quantity. Often the total
entropy S o sa®
case it is said that the universe expands adiabatically, and the entropy density scales

is used for this purpose, as it is conserved in equilibrium. In this

as s o< a>. Also, when there is no net annihilation or production of any particle
species taking place, g, and g, in equations (2.3) are constants. Using the above
adiabatic entropy scaling law we then see from equation (2.3b) that the temperature

1

scales as T' o< a~'. Furthermore, when g, is constant we can use equations (2.2a)

and (2.3a) to express the Hubble parameter as a simple quadratic function of 7"
3 2
HT) =g, (2.4)
mpy
where mp; = 1/v/G =~ 1.2209 x 10" GeV [26] is the Planck mass. Using here T oc ¢~
and H = a/a we can then further solve the time dependence of the scale factor for
the radiation dominated universe: a o oc v/t
Furthermore, after reheating (i.e. in the beginning of the hot big bang) the
total entropy of the universe was so large that often it is a good approximation to
treat the expansion of the universe as adiabatic even when it is strictly speaking
not so [6]. Then we can continue to use the adiabatic expansion law s oc a™3 and
temperature scaling 7' oc a~!. This incurs only a small error to the description of a
given non-equilibrium process in the early universe, granted the process does not
produce too much entropy.

2.2 Quantum fields in expanding spacetime

The framework where QFT is studied in the presence of a classical background
gravitational field is called quantum field theory in curved spacetime [27]. As a
relevant example of QFT in a general curved spacetime, we now consider a generic
Lagrangian £ with a fermion field ¢, a complex scalar field ¢ and a renormalizable
interaction part Liy:

L = V=G| BV = mi )+ (0,6)(09) — (m3 + ER610| + Lo (25)

Here g = det(g,,) is the determinant of the metric, V,, is the covariant derivative for
fermion fields given by the spin connection, m,, and my are the masses of the fermion
and scalar fields, and the constant ¢ couples the scalar field to the scalar curvature
R |27]. Note that we included here the volume factor /—g¢ which stems from the
action integral. The gamma matrices v* are defined by the standard Minkowski
space relations {y#, 7"} = 271 and (4*)1 = 499440 [3].

We use the tetrad formalism [23, 27| for the treatment of spinors in general
curved spacetime. The covariant derivative for fermion fields in equation (2.5) is
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then given by the spin connection
Vao=Vo"0,+T,), (2.6)

where the tetrads V,/* satisty g, = V* MVﬁ vNap and the spin connection coefficients
are given by I'), = %aaﬁVa”ngm [23]. Here Vs,., = 0, Vs, — '}, Vs is the covariant
derivative of the tetrad with the usual Christoffel symbols I'*,,,, and o*? = i[’yo‘, 7P
are the Lorentz transformation generators for Dirac spinors.

Now we restrict to the flat FLRW metric (2.1) with the conformal coordinates.
We can then choose the tetrads as V¢, = a(n)d*,, whereby V,/' = 1/a(n)d," and
Vap = a(1)Nau- The results for the spin connection coefficients are

1 qf
Lo=0, Di=21"—, 2.7
0 ) 2'77 a ( )

where ¢ runs over the spatial indices 1,2, 3 only. Using these results we can calculate
the contracted covariant derivative:

1 3a
Vo= =10+ 551°). 2.8
V' V=70t 5 (2.8)
We can simplify the Lagrangian further by performing a conformal scaling of the
fermion and scalar fields, ¥ — a~3/%¢ and ¢ — a~'¢, and by using /—g = a* [27].
We also do the usual partial integration for the scalar field kinetic term. The resulting
scaled Lagrangian is (we now omit the tilde on the fields for clarity)

"

L = P(ir"d, — amy) v + ¢! {—nwaﬂay — a? (mg5 + &R — %)} O+ L. (2.9)
This takes the standard form of a Lagrangian in a Minkowski background, except
that the masses m,, and my have been multiplied by the scale factor and there are
additional contributions to the scalar mass term from the scalar curvature (now given
by R = 6a”/a® [3]). All renormalizable interaction terms in Ly, with dimensionless
coupling constants also take the usual Minkowski form.* This is because the conformal
field scalings used the same powers as the length dimensions of the fields, [¢)] = L™3/2
and [¢] = L™!, so they always produce a total factor of a=* which cancels the overall
a* from /=g.

To summarize, QFT in expanding flat spacetime is equivalent to QFT in a
Minkowski spacetime with time-dependent masses am; when using the conformal
coordinates. Also, the additional contribution to the scalar field mass term vanishes
in the radiation dominated universe where a” = 0 (or when using the conformal
value £ = 1/6 for the scalar curvature coupling).

'With the exception of derivative interaction terms which are not considered here.



2.3 BARYOGENESIS

2.3 Baryogenesis

In cosmology the asymmetry between matter and antimatter is called the baryon
asymmetry of the universe (BAU) [28|. The BAU is often quantified with the ratio of
the baryon number density ng = ny, — iy, to the photon density n., (here B denotes
the baryon number; ny, i, respectively are the densities of baryons and antibaryons).
The present value of this ratio np has been measured to be [4, 29]

g = Z—B = (6.129 % 0.039) x 1071, (2.10)
Yy
This value can be determined from essentially two independent sources: big bang
nucleosynthesis (BBN) and the CMB anisotropy power spectrum. Historically, it
was first determined from BBN where 7g is the input parameter which controls the
abundances of primordial light elements |6, 29]. Nowadays the CMB measurements
are much more precise [26, 29]. The agreement of the results from these two different
sources is a remarkable success of big bang cosmology. However, the origin of the
BAU is not explained in the big bang model; it is just a parameter.
Baryogenesis [28, 30-32| is the name for the hypothetical process that generated
the BAU dynamically from a baryon symmetric initial state |6, 24]. This is still a
highly speculative field of particle cosmology as there are many proposed baryogenesis
mechanisms and there is not yet strong evidence for any specific one. Strictly speaking
it is also not completely ruled out that the observed BAU could have been an initial
condition of the universe (or produced by quantum gravitational effects at the Planck
scale ~10' GeV). The problem with this explanation is that cosmological inflation
would have diluted an initial baryon asymmetry to a completely negligible level at
the end of reheating [28]. Thus, a dynamical explanation is still likely to be needed
for today’s observed BAU.

Sakharov conditions. There are three necessary generic requirements for baryo-
genesis. These are called the Sakharov conditions and they are (i) B-violation, (ii) CP-
and C-violation, and (iii) deviation from equilibrium [33]. The first condition is
obvious: baryon number must not be conserved. The second condition refers to the
charge (C) and the combined charge and parity (CP) transformations. In a CP-
and C-conserving system the B-violating processes which produce baryons and the
related processes which produce antibaryons would have equal rates, meaning that no
net baryon number could be generated [6, 30]. The third condition is needed because
in thermal (and chemical) equilibrium the B-violating processes and their inverse
processes would have equal rates, again implying that no net baryon number could
be produced [30]. Another way to understand this is that if the system starts with
B = 0 and stays in chemical equilibrium, the chemical potential(s) corresponding to
the baryon number would be zero and hence the baryon and antibaryon distributions
would be identical (ultimately due to CPT-invariance) [6, 24].
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It is now known that fulfilling all three Sakharov conditions for successful baryogenesis
requires physics beyond the SM, even though all of the ingredients are in some capacity
already there [34]. The quark sector of the SM already has CP-violation in the
CKM-matrix, but it is widely accepted to be too weak for baryogenesis [30]. The
expansion of the universe can provide non-equilibrium conditions, but there are no
suitable heavy particles in the SM that would have the required non-equilibrium
decays. A strong first order EWPT could also work, but it is known that the EWPT
in the SM is only a continuous cross-over with the known value of the Higgs boson
mass [35].

One of the Sakharov conditions is still fulfilled already in the SM and that is
the B-violation. This seems surprising at first because baryon number is conserved
in all perturbative particle interactions in the SM. This is only an accidental global
U(1) symmetry [31], however, and the electroweak sector actually breaks B via non-
perturbative processes and the axial anomaly |9, 36, 37]. This electroweak B-violation
in the SM is due to the non-trivial vacuum state structure of the non-Abelian SU(2)
gauge field. Under usual conditions in the present universe (zero or low temperature)
these B-violating processes are extremely suppressed but at very high temperatures
baryon number can be strongly violated.

Some of the most prominent baryogenesis mechanisms are GUT baryogenesis,
electroweak baryogenesis and leptogenesis [28, 32|. Historically, after Sakharov’s
initial work the development of baryogenesis first took off in the context of grand
unified theories (GUTs). Most GUTs naturally give rise to baryogenesis because they
contain suitable B-violating heavy particles. However, reconciling GUT baryogenesis
with inflation is challenging because the reheating temperature is usually below the
GUT scale (~10'® GeV).? Electroweak baryogenesis |9] is an interesting possibility
because it only involves electroweak-scale physics and should thus be testable in
present and near-future experiments [32]. It makes use of the electroweak B-violation
present already in the SM. Leptogenesis [12]| also uses the electroweak B-violation,
and more specifically, the possibility that a dynamically produced lepton number
(denoted by L below) may explain the observed BAU [28]. Leptogenesis is a very
attractive possibility because it is linked to the see-saw mechanism which may explain
the observed light neutrino masses.

2.3.1 Electroweak B-violation

The origin of the electroweak B-violation in the SM is the vacuum state structure
of the non-Abelian SU(2) gauge field [11, 30]. The gauge field has multiple vacuum
states labelled by an integer: a topological winding number called the Chern—Simons
number. The corresponding Chern—Simons current, on the other hand, is coupled to

2A higher reheating temperature is problematic in GUTs because of the gravitino-overproduction
problem [10, 28]. Most GUTSs also rely on supersymmetry which still has not been observed.
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the baryon and lepton axial vector currents via the Adler-Bell-Jackiw anomaly |11,
38, 39]. Hence, transitions of the gauge field vacuum state break B+ L and transform
baryons into antileptons or antibaryons into leptons (and vice versa) so that the
quantum numbers change as AB = AL = £3 [30, 31].

These gauge vacuum state transitions are negligible in zero temperature as they
proceed through instanton configurations (quantum tunneling through the potential
barrier) and are extremely suppressed |11, 36]. However, in very high temperatures
the suppression is relieved as the transitions can occur classically via macroscopic
saddle-point configurations called sphalerons [40-43] and the exponential suppression
disappears completely for even higher temperatures in the symmetric electroweak
phase [30, 44]. These high temperature B + L violating anomalous processes thus
occurred very frequently in the early universe and they were in equilibrium roughly
in the temperature range 100 GeV < T < 10'2-10" GeV [30, 32].2

The anomalous electroweak processes still conserve B — L, which is non-
anomalous in the SM, and they tend to reduce any excess baryon or lepton number so
that both B, L o« B — L in equilibrium [32, 42, 45]. This means that these processes
will wash out any baryon asymmetry if B — L = 0, and especially they alone cannot
generate a baryon asymmetry if initially both B and L vanish. On the other hand,
both baryon and lepton asymmetries will be generated if B — L # 0, even if one or
the other is zero initially. This is the feature utilized in leptogenesis.

2.3.2 Electroweak baryogenesis

In electroweak baryogenesis |10, 32, 34, 44] the BAU is generated by the anomalous
electroweak processes during the EWPT which is required to be strongly first order. In
such a transition bubbles of the electroweak broken phase nucleate in the electroweak
symmetric plasma. The bubbles expand and eventually fill the universe, and during
this transition there are suitable conditions for baryogenesis |34, 44|. First, particles
of the plasma scatter with the expanding bubble which results in a chiral asymmetry.
A part of this source asymmetry is then converted to a baryon asymmetry by the
unsuppressed electroweak processes in the symmetric phase outside the bubble.
Finally, some of the generated baryon number is captured by the expanding bubble
where it is protected from washout because the sphaleron rate is suppressed. Due to
this last point no B — L violation is needed in the process.

Electroweak baryogenesis is a theoretically very interesting process as it involves
the non-perturbative effects and vacuum structure of the electroweak gauge sector
and bubble nucleation dynamics of the EWPT. It is also attractive due to its
potential for experimental testing because it only involves processes at the electroweak
scale. Gravitational wave astronomy also provides an interesting new probe for the

3These processes are often collectively called “sphaleron processes” even though the sphaleron
configuration only exists in the broken state of the electroweak symmetry.
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EWPT [32]. As was already touched on above, successful EWBG requires extending
the SM in order to get a strong enough CP-violating source and a strong first
order EWPT. However, by now the results from the LHC and electron EDM
experiments [46] have strongly constrained most popular models, such as the minimal
supersymmetric SM, two-Higgs-doublet models and doublet-singlet models 32, 47—
50]. For some recent progress in EWBG models see for example [51-54].

2.3.3 Leptogenesis

Leptogenesis [32, 55-57| is a mechanism for baryogenesis in which the BAU is
produced from a dynamically generated lepton asymmetry. In leptogenesis the SM is
extended with (typically three) heavy singlet neutrino fields N; with masses m; (with
i =1,...) and they have CP-violating chiral Yukawa interactions and L-violating
Majorana mass terms. These Majorana neutrinos mix and their interactions with
the SM leptons and Higgs boson produce the lepton asymmetry which is converted
to the baryon asymmetry by the anomalous electroweak processes. Leptogenesis
is essentially a consequence of the type-I see-saw mechanism (see e.g. [3]) which is
a potential explanation for the lightness of the SM neutrinos [57]. The prospect
of having the same origin for the light neutrino masses and the baryon asymmetry
makes leptogenesis very interesting theoretically.

Leptogenesis has different variants which can be successfully realized at different
temperature ranges in the early universe. The most prominent is the original scenario
of thermal leptogenesis [12] which can be roughly divided to the unflavored (i.e.,
one-flavor) and flavored cases [32]. Resonant leptogenesis (RL) [58] is a further special
case of thermal leptogenesis with mixing quasidegenerate Majorana neutrinos where
the relevant CP-asymmetry is resonantly enhanced. Another notable scenario is the
ARS mechanism of leptogenesis [13] where the lepton asymmetry is produced during
the production and oscillations of heavy singlet neutrinos close to the sphaleron
freeze-out. For other leptogenesis scenarios see for example [32, 55].

In thermal leptogenesis the lepton asymmetry is generated in the non-equilibrium
decays of the Majorana neutrinos when they have slight over-abundances compared
to equilibrium. The asymmetry then freezes out once the washout processes drop out
of equilibrium. Leptogenesis has often been studied in the one-flavor approximation
(i.e. the unflavored case) where it is assumed that the asymmetry is generated equally
in all lepton flavors and it suffices to consider only one effective SM lepton flavor.
Within this approximation and in the case of a hierarchical Majorana neutrino mass
spectrum (i.e. in the “vanilla leptogenesis” scenario) successful leptogenesis implies
a lower bound of ~10° GeV for the Majorana neutrino mass scale [57, 59]. Strictly
speaking the one-flavor approximation is valid only when the SM lepton flavors
cannot be distinguished during leptogenesis. This is the case, roughly, if the masses
of the Majorana neutrinos are greater than ~10'2 GeV. This corresponds to the

10
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temperature above which all SM lepton Yukawa interactions are still slow enough to
be out of equilibrium [32, 55, 57]. On the other hand, if some or all of the SM lepton
Yukawa processes are in equilibrium during leptogenesis one needs to take them into
account and track the evolution of individual lepton asymmetries.* In the flavored
case the lower bound for the leptogenesis scale can then be significantly lower when
compared to the one-flavor case [32].

The leptogenesis temperature scale can be lowered even more when the Ma-
jorana neutrino masses are almost degenerate, as is the case in (thermal) resonant
leptogenesis. In RL the lepton asymmetry generation is enhanced for a quaside-
generate mass spectrum and this resonant enhancement is maximal when the mass
differences of the Majorana neutrinos are comparable to their decay widths. In this
case the CP-violation in the Majorana neutrino decays is dominated by the coherent
flavor mixing effects (the so-called self-energy contribution in the semiclassical ap-
proach, see below) [55, 56]. In RL the leptogenesis temperature can then be brought
down to the TeV-scale or even lower [32, 60]. Low-scale leptogenesis is also possible
in the related ARS scenario, which is also called “leptogenesis via oscillations” or
“freeze-in leptogenesis” [61, 62|. In fact, both RL and ARS scenarios require at
least two quasidegenerate heavy neutrinos and there are resonances and oscillations
in both [62]. However, in the ARS mechanism the BAU is frozen in during the
production of the heavy neutrinos, in contrast to the standard freeze-out scenario
of thermal RL. It has been shown that a unified description of both mechanisms is
possible and the parameter regions where they enable successful baryogenesis are
merged [62].

Semiclassical transport equations

The non-equilibrium evolution of the lepton asymmetry must be solved from transport
equations. Thermal leptogenesis is conventionally studied in a semiclassical approach
with Boltzmann equations where the interaction rates are supplied by perturbative
vacuum QFT [63-65]. Usually simplified momentum-integrated rate equations are
also derived, which requires some additional assumptions such as kinetic equilibrium
and Maxwell-Boltzmann statistics. The standard equations in the one-lepton-flavor
approximation, with decay and inverse decay processes only, are [32, 57, 65, 66|

d [ 7

dz +3Hn; = _(% _ 1)%, (2.11a)
dng, n; nr
— +3Hn, = K - — 1) 9P, — —7} (2.11b)
dt Z n;t 2n;

i
Here n; are the number densities of the Majorana neutrinos. The lepton asymmetry
density is n;, = ny — ny with the lepton and antilepton densities ny, n,. The corre-

4The SM lepton Yukawa interactions are an example of “spectator processes” in leptogenesis,
that is, processes which can affect the lepton asymmetry indirectly [32, 55].
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sponding equilibrium number densities are n;" and n,* and the reaction density for
the decays and inverse decays is denoted by ~; (explicit formulae are given in [I1]).
In the standard scenario the lepton asymmetry is generated mainly when T" < my,
where m; is the mass of the lightest Majorana neutrino. We have only included the
decay and inverse decay processes of the Majorana neutrinos because they give the
dominant contributions to Majorana neutrino production and lepton asymmetry
washout in this case [32]. Various scattering processes are relevant in higher temper-
atures T' > m, and also for T' < m;, and should be accounted for in more complete
(or phenomenological) studies.

A crucial part of the semiclassical equations (2.11) is the CP-asymmetry pa-
rameter 7 which quantifies the amount of CP-violation in the Majorana neutrino
decays. It is defined in the one-lepton-flavor case as

cP _ L(N; = £g) — D(N; — £9) (2.12)

" D(N; = 09) + T(N; — (g)’ '
where T'(N; — £¢) is the partial width for the decay of the Majorana neutrino N;
to the SM lepton and Higgs doublets, and I'(N; — £¢) is the corresponding partial
decay width with antiparticles. The CP-asymmetry vanishes at tree level and its
calculation involves the interference of tree level and higher order amplitudes of
the decay process. The two main contributions to ¢ at one-loop order are the
vertex contribution (also called &’-type or direct CP-violation) which arises from the
one-loop correction to the Yukawa interaction vertex and the self-energy contribution

(also called e-type or indirect CP-violation) which is related to the wavefunction
renormalization of the mixing Majorana neutrinos [67]. However, the self-energy
contribution cannot be calculated correctly in conventional perturbation theory and
a straightforward calculation with a one-loop external leg correction (i.e. a non-1PI
diagram) gives a diverging result in the limit of degenerate masses. Determining the
correct result for e¢F in the quasidegenerate case is highly non-trivial because the
Majorana neutrinos mix and are unstable [58, 67, 68]. Proper calculations, which
usually involve resummations, have been done with different methods in the literature.
However, the exact form of €'’ is uncertain because different methods yield different
results in the maximally resonant region [67, 68] (see also e.g. [69, 70]).

So far we have considered simplified transport equations for calculating the
lepton asymmetry. More complete studies should also include the effects of the
anomalous electroweak processes which redistribute the generated asymmetry among
B and L. A simple way to take this into account is to find the relation between
the number densities n;, and ng_r. At very high temperatures when the anomalous
processes are slow the relation is trivially n;, = —np_; (assuming zero initial B).
But when the anomalous processes are in equilibrium the relation is non-trivial and
depends also on other spectator processes [71-73|. In thermal leptogenesis these
processes are conventionally neglected during the generation of the lepton asymmetry

12



2.3 BARYOGENESIS

and one continues to use n;, ~ —np_r, (accurate to within 10 % [74]) [32]. Once
np—y is determined one can then use the standard equilibrium relations |32, 45]
28 51
np = -—-Np_L, ny = ——-Np_g, (213)

79 79

to estimate the final redistribution of the asymmetry by the anomalous processes.

CP-asymmetry in resonant leptogenesis

We now concentrate on RL and hence consider the self-energy contribution to e¢'* as
it is the dominant part in this case. We further restrict to the case of two Majorana
neutrinos (¢ = 1,2) which is sufficient in this work. The CP-asymmetry (2.12) in the
one-lepton-flavor approximation then takes the generic form [75]

* 0
op  Im[(yiye)?]  (m3—m3)m,r

o - Ul 2.14
T Tl i g U7 (214

Here y; are the relevant Yukawa couplings and FEO) = |y;|*m;/(8) is the tree-level
total decay width of the Majorana neutrino. The CP-asymmetry (2.14) is resonantly
enhanced for small mass differences Amo; = mo —my, and the resonance is regulated
by the factor R;;, in the degeneracy limit Amg; — 0. Different approaches and
approximation methods used in the literature lead to different forms of the regulator,
which we have labelled by x. Some of the most relevant ones are

(0)

Rijmix = mul} 7, (2.15a)
Rijaig = mifgo) — ij§0)7 (2.15b)
Rijoum = miT\” +m; 0 (2.15¢)
Rijesr = (mil“go) + mjl“g.o))\sin 0i;1, (2.15d)

which we call the mized regulator, difference regulator, sum regulator and effective
sum regulator, respectively [58, 67, 68, 75, 76]. In the effective regulator (2.15d) the
angle 0;; denotes the relative phase of the complex Yukawa couplings y; and y;:

sin(;;) = Im(y;y;) yj), cos(6;5) = Relyiy;) yj). (2.16)
[illy;] [illy;]
In the one-lepton-flavor approximation with two Majorana neutrinos the angle 6,5
determines the overall strength of the CP-asymmetry. This can be seen by writing
the prefactor in equation (2.14) as Im[(yiy2)?]/(|y1]?|y2]?) = sin(26;2).

Finally, it should be noted that some of the regulators lead to spurious en-
hancements of the CP-asymmetry in certain cases. For example, the difference
regulator (2.15b) vanishes when both |yo| — |y1| and mg — m;. Also, the effective
regulator (2.15d) overestimates the asymmetry for small 65 [76].

13
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Shortcomings of the semiclassical approach

The application of classical Boltzmann equations to leptogenesis is known to have
shortcomings [77]. It is also very non-trivial because the required CP-violation is
a purely quantum effect. The source for the lepton asymmetry arises from the
interference of a radiatively corrected and a tree level amplitude instead of a purely
tree level process. This results in subtle issues, such as the difficulty in determining the
exact form of the CP-asymmetry parameter (2.12), as discussed above. Furthermore,
the CP-asymmetry generation is fundamentally a dynamical phenomenon and not
always adequately captured by a static parameter such as (2.14) [76]. Another
fundamental problem is the double counting of real intermediate states (RIS) of the
scattering processes. The on-shell part of the s-channel exchange of a Majorana
neutrino is included both in the decay and inverse decay contributions and in the
AL = 2 scattering processes [55, 66, 74|. This results in a spurious CP-violating
source (in the decay and inverse decay part) which does not vanish in equilibrium [65,
66]. This is usually resolved by an ad hoc subtraction of the problematic part from
the equations, but this is a delicate procedure.

These issues stem from the fact that the semiclassical approach is an ad hoc
combination of vacuum QFT calculations and classical transport equations. Another
shortcoming of this approach is that the radiative calculations do not include thermal
corrections. All of these problems can be avoided by using a different approach where
the non-equilibrium and quantum aspects are unified in one dynamical framework,
such as the CTP method. The Schwinger—Keldysh CTP method is a first principles
approach to non-equilibrium QFT and it has been widely used to study leptogenesis,
see for example |75, 76, 78-97| (a more comprehensive list is given in [II]). As a
field theoretic and fully-quantum method, it is very well suited to study the delicate
features of leptogenesis such as the coherent transitions of the Majorana neutrinos
and details of the CP-asymmetry generation. However, full implementation of this
method is very difficult and various approximations are usually needed (see e.g. [77—
79]). Therefore, some questions about the exact form of the CP-asymmetry, especially
in the case of RL, have still not been settled |75, 76, 91, 95, 98]. This shows how
non-trivial the CP-violation is in leptogenesis, and it calls for clear and concise
treatments of the subject. It is our modest hope that the present work helps to
clarify this important issue.

14



3 NON-EQUILIBRIUM QUANTUM FIELD THEORY

Non-equilibrium quantum field theory is needed to study the time evolution of
high-energy thermodynamic systems where quantum effects are essential for the
dynamics. Such situations arise in cosmology in the hot and dense early universe and
also during the brief existence of the extreme form of matter in high-energy heavy-ion
collisions [99, 100]. Ordinary vacuum QFT or the imaginary time formalism of
thermal QFT are not sufficient for describing the time evolution of such systems
because the boundary conditions are different: vacuum QFT is used to calculate
vacuum-to-vacuum transition amplitudes over a large time interval and thermal QFT
applies to static systems with no time-dependence.

In thermal equilibrium the quantum density operator of the system takes the
form of a time evolution operator with an imaginary time variable. This enables the
study of QFTs in finite temperature: thermal expectation values can be formulated
as ordinary QFT transition amplitudes over the Euclidean time [101, 102]. This
approach, known as the imaginary time QFT formalism, however relies on the specific
equilibrium form of the density operator. With general density operators one needs a
real time formalism instead. There exist different formulations but common for all of
them is that two real time branches are needed in the time-contour, one forward and
one backward, and the imaginary part of the contour must be non-increasing [101]. In
this work we consider the simplest realization, called the closed time path formalism,
which we will turn to next.

3.1 Schwinger-Keldysh formalism

A framework for non-equilibrium QFT is provided by the Schwinger—Keldysh closed
time path (CTP) method, which was developed by Schwinger [103], Keldysh [104]
and many others [105-110] (see also e.g. [111]| and references therein). The CTP
method is a rather general idea and it has been applied to various problems in
different contexts [111]. In the context of QFT, one way to understand the need
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Figure 1. The Schwinger—Keldysh closed time path C for a considered initial time t;,
and a final time parameter t;. The arrows on the path show the direction of increasing
contour-time. We have also indicated the infinitesimal displacements +icp required for
convergence and correct boundary conditions.

for the closed time path (shown in figure 1) is as follows. Consider for example a
two-point correlation function of a real scalar field ¢ in a system with a quantum
density operator p:

<Gg(371)<5(5€2)> =Tr [Pé(xl)qg(ﬂbﬂ (3.1)

The density operator p fully describes the quantum state of the system. The
operators O = p, ¢ in equation (3.1) are written in the Heisenberg picture. In terms
of Schrédinger picture operators Og

~

<<ZA5(331)<13(372)> =Tr [,0 Uty i) os(20)U (b1, tin) Ulta, tn) s (22)U (L, tin)] . (3.2)

where t;, is the initial time where the density operator p = ps(ti,) is prepared at,
and U(ty,t2) is the full unitary time-evolution operator of the Schrédinger states.
Now, when the density operator is generic and does not have any specific form (such
as p = e "M in the canonical ensemble) the only way to evaluate (3.2) is to use two
separate time branches or “histories” [8, 101, 111].

We can understand the need for two time branches by writing equation (3.2) in
the functional integral form using standard QFT methods. To do this we use a basis
of field eigenstates |,) of the Schrodinger field ¢s (i.e. ¢s(2)|@a) = @a(T)|@a)) Which
is complete and orthonormal: [ Dy, |0a){pal = 1 and {@a|ps) = d[pa —@s) [112, 113].
We also need the Feynman path integral formulation of the transition amplitude,®

(Ut t]a) = [ Do exp(isiol) (33

5We use the following shorthand notation for constrained functional integrals:

$o

D¢ --exp <1S[¢]if) = /D(/) e eexp (IS[(/)]E)

$(t1,@)=pa(x),
¢(t2vm):90b(m)

where the action integral is S[¢]2? = tf diz L]¢(x)], and f:f diz = :12 dt [ d3.

Pa

ti — Jt
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Using these we can express the operator trace in (3.2) as the functional integral

~

(p(x1)P(x2)) = /D%D%D%Dw {a] p|en) (0| U (t1, ti) | 0c) 0e(e1)
X <<Pc‘U(t17 t2)|90d><90d|U(t2, tin)|¢a> wa(x2)

Pc *
"= D Doy Do (palplin) | D™ ¢~ (1) exp (iS W]ifn)
o
x [ Dt () exp(islo7):)

Pa

- /D¢+D¢‘ (@"lpl¢™) ¢ (21)9™ (x2)

x exp(iS[o7N, — S0V ) oo - (34)

=¢~ (tfvm)

The final time parameter ¢; here must be chosen so that t; > max(t, t5) but otherwise
it is arbitrary. Note that we have written the second equality leading to (3.4) explicitly
for the case t; > t5 but the final result is valid more generally when ¢, < t; < t; with
i =1,2. Also, the states |¢*) in the final result correspond to the field configurations
¢* (tin, ).

The result (3.4) for the two-point function indeed contains two time branches:
a forward branch for ¢ and a backward branch for ¢ . Both functional integrations
are independent except for the boundary condition which identifies the fields at the
final time. Thus, the result can be interpreted as a single functional integral along
the CTP shown in figure 1 ¢f we also specify at which branch the fields at x; and
xy are evaluated on [8]. Finally, we note that the form of equation (3.4) with the
two time branches and the initial density matrix (¢™|p|¢~) is generic to any n-point
correlation function, and not only to the two-point function used in this example.

Generating functional

The development of the CTP formalism then proceeds along the lines of conventional
QFT where one defines the generating functional of the n-point functions. The
generating functional for non-equilibrium systems, also called the in-in generating
functional, can be defined as [114]

t t
ZlJy;p) = Tr{p T exp {—i/ f d*z J_ (a:)qg(x)} T exp {1/ f d*z J+(x)<;§(a:)] } (3.5)
tin tin
There are contributions from both branches of the CTP which have their own external
source and time-ordering: the forward branch with J, and usual time-ordering T
and the backward branch with J_ and reversed time-ordering 7.
The generating functional of connected n-point functions is defined as usual as
the logarithm
WlJy; p] = —ilog Z[J; p). (3.6)
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The physical n-point functions can be generated from (3.6) by functional differentia-
tion with respect to the sources and taking the limit of vanishing sources in the end,
similarly to conventional QFT. However, there are now multiple ways to generate a
given n-point function because the amount of sources is doubled. As an example, we
show how to generate the one-point function and also the two-point function (3.1)
used in the previous example:

SWIT; p]
0J_(z)

= (¢(x)), (3.7a)

_ OWJ;p]
J_>0 5J+(:L’)

W1J; p]
5J+($2>5J (1)

J—0

= ($(x1)d(x2)). (3.7h)

J—0

In the calculation of (3.7) we used the normalization of density operators, Trp =1 [§],
which implies that Z[0;p] = 1. Note that equation (3.7b) gives just one of four
different two-point functions which can be generated from (3.6). Not all of them will
be independent functions however, as we will see later on.

The generating functional (3.5) admits a path integral form which can be derived
similarly to equation (3.4). The result is |8, 114]

Z[Js: gl /D¢+D¢ (¢71plo™)
x expli(Sfotly, + Juot) —i(Slo N + T o7 )]

te,x)

(
&~ (ts,x)
= [P @7 1plo) exoli (ol + °07)]. (33

o

where we also introduced some often used notation for the CTP components. In this
notation a = + is the CTP branch index, repeated indices are implicitly summed

over, and one defines a “metric” ¢

= cqp = diag(1, —1) using which the indices may
be raised or lowered [114]. Furthermore, we suppress the spacetime arguments and
integrations where appropriate, so that for example J,¢* = tl:. dz Jo(2)¢™(x). We
also deﬁned the shorthand S.[¢?];F = S[¢T]; —S[¢7);'* for the CTP action, and the

subscript ‘¢’ in the integral designates the closure condition ¢ (tr, ) = ¢~ (t¢, @).

Non-local sources

An important property of the initial density matrix (¢*|p|¢~) is that it is a functional
of the field configurations ¢*(¢;,, ). It can then be expanded functionally using the
field configurations as [114, 115]

<¢+|p|¢ ) = exp[ (K-|— Kagba ab¢a¢b 1Kabc¢a¢b¢c + . )] (3.9)

The constant K and the infinite sequence of functions K,, K., Kape, ... parametrize
the density operator p.® They have support only at the initial time, and hence they

6More precisely: K,(z) = IN(a(:B)(S(xO —tin), Kap(z,y) = IN(ab(ac,y)(S(a?O — tin)0(y° — tin), etc.
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can be viewed as initial-time sources. Note that we used here the notation defined
below equation (3.8): repeated CTP indices are implicitly summed over and K,,¢%¢”
denotes ftti d*z d*y K (2, y)0%(2)¢°(y), for example.

We can now write the original non-equilibrium generating functional (3.5) in a
remarkably simple form. By using equation (3.9) in (3.8) and absorbing the constant
K to the normalization of the integral measure, we get [114, 116]

Z[J:t, Jaa Kzzb7 Kabca s ]

/ Dg¢* exp {¢a]§;+3a¢“+%Kabq%u%Kabcqﬁ%%w...)],
(3.10)

where J, = J* + K, = ¢®J, + K,. Equation (3.10) is an exact result and it
demonstrates that a general non-equilibrium field theory can be formally described
in the CTP formalism by including all possible n-point sources in the generating
functional.” Of course, the infinite number of initial-time sources is only necessary
when describing arbitrary density matrices. For specific situations like a vacuum or
a thermal system one can make additional simplifications. For example, in the case
of a Gaussian initial state only the sources K, and K, are necessary [113].

3.2 Generalized effective actions

Now that we have the non-equilibrium generating functional (3.8) and a path integral
representation for the n-point functions we could try to evaluate them in specific
theories using the conventional methods of perturbative QFT. Here one runs into
problems however. For example, perturbative expansions of the non-equilibrium
n-point functions contain so-called secular terms [115] which grow with increasing
powers of time at each order, and this ruins the expansion even for small coupling
constants |99, 117]. Description of thermalization and late-time universality also
generally require non-linear dynamics and conserved charges (e.g. energy conservation)
which are usually absent in more conventional approaches [99, 113, 115].

While the secularity problem can be solved by resummation, a more sophisticated
and efficient solution is to use a generalized effective action from which equations for
the n-point functions can be derived by a variational principle [115, 118, 119]. The
non-equilibrium generating functional (3.10) and its logarithm W serve as the starting
point for this method. The generalized effective action is defined as the multiple
Legendre transform of W[J,, Kup, Kape, - - -] With respect to the infinite sequence of
sources Ju, Kup, Kape, - .. |114]. Stationarity conditions of the effective action then
lead to an infinite set of coupled equations of motion for the full n-point functions,

"Note that in [99, 113, 115] already the operator representation of Z is given with the non-local
sources, in contrast to [114]. We have used the simpler approach in (3.5), leading to (3.10).
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which is analogous to the BBGKY hierarchy in classical statistical mechanics [8, 114].
This hierarchy of equations then fully describes the non-equilibrium evolution of the
system.

In practice the infinite hierarchy is impossible to solve exactly in realistic
interacting theories and one needs to use approximations. First of all, the hierarchy
of equations can be truncated by only taking into account the n-point sources
up to some finite n when doing the Legendre transformation [8, 114, 115|. This
leads to the n-particle irreducible effective action (RPIEA). In classical mechanics
and thermodynamics different Legendre transforms lead to different but equivalent
descriptions of the same physics. The nPIEAs for different n € N are in this sense
also equivalent when no other approximations are used [113]. However, further
approximations are usually needed.

For a given nPIEA one also usually needs some approximative method to
calculate the effective action itself. This can be done, for example, by truncating a
loop expansion or by using a 1/N-expansion in theories with N field components [113,
117]. When approximated this way the different nPIEAs are no longer equivalent but
form equivalence hierarchies [115, 118]. In practice different nPIEAs have restrictions
on what kind of dynamics and initial states they can adequately describe. Which
nPIEA to choose then depends largely on the problem at hand and the order of
the approximation. Typically the 2PI, the 3PI or the 4PI effective action already
provides a complete description of the problem in feasible approximations [115].

Next we turn to the 2PIEA method which is used to derive the non-equilibrium
evolution equations used in this work. The 2PIEA method [119] was developed
originally for non-relativistic many-body theory in [120-122] and later in the functional
formulation for relativistic QFT in [123]. Its adaptation to non-equilibrium QFT
using the CTP was given in [111, 114]. We present some details on how the formalism
is derived, following mostly [8], culminating in the derivation of the general equation
of motion for the two-point function.

3.2.1 2PI effective action on the CTP

The starting point for the CTP 2PIEA method [8] is the generating functional
Z|Ja Ko = / Do exp i Selo i, + Jud” + HKa0"0" ) |, (3.11)

which is a truncation of the general non-equilibrium case (3.10). The notation
was defined below equation (3.8). As in the previous section, we continue to use
real scalar field theory as an example on the development of the formalism. The
generating functional (3.11) is equivalent to the full Z[J.; p] only for Gaussian initial
density matrices or a vacuum initial state, and otherwise it must be considered an
approximation. The effects of non-trivial initial correlations tend to be short-lived
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however [124], so this should be a sound approximation when the focus is on the
dynamical evolution rather than the intricacies of the initial conditions.

The connected generating functional W[J,, K] = —ilog Z[J,, K is defined
like in equation (3.6), but there is now a difference when the physical n-point functions
are calculated from W. When taking the limit of vanishing sources also the initial
density matrix gets discarded in the process, which is also reflected in that Z0, 0] # 1.
But because the initial density matrix (3.9) has support only at ¢ = ¢;, one can
compensate for this loss of information by adjusting the initial conditions of the
n-point functions suitably [115]. Hence, the physical n-point functions can still be
calculated by the standard method where the sources are removed in the end.

To formulate the 2PIEA we still need to keep the sources, of course. We first
define the mean field ¢%(x) and the fluctuation propagator G%(z,y) by

_ SW[J, K]

¢ (x) = STa@) (3.12a)
6 01) = 25 L ) (3.120)

In the limit J, K — 0 both of the mean fields ¢* reduce to the physical one-point
function. The function G® describes the propagation of the field fluctuations around
the mean value. It thus reduces to the physical two-point function when both the
mean field and the sources vanish. The 2PIEA is defined as the double Legendre
transform

_ SW SW
Lopr [¢a> Gab} =WlJa, Kap] — Jaﬁ - Kab(sTb
_ 1 _ _
= Wy, Koy — Jud® — 5Ka,,((;ab n ¢a¢b>. (3.13)

The meaning of the Legendre transform here is that we switch from the functional
W and its independent variables (functions) J, K to the effective action I'yp; and
¢, G. The inverse relations of (3.12) are then given by

Oleer _ —Jy — K@, (3.14a)
5¢°

olpr 1

Soa = (3.14b)

In the first equation we also used that for a real scalar field the two-point source is
symmetric: Kqp(z,y) = Kpo(y, ). This follows from the corresponding property of
the propagator G%(x,y).

Equations (3.14) give the stationarity conditions of the effective action in the
limit of vanishing sources. That is, eventually they yield the equations of motion for
the full one- and two-point functions. To this end, we need to eliminate the sources
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CHAPTER 3. NON-EQUILIBRIUM QUANTUM FIELD THEORY

J, K from I'sp;. Exponentiating equation (3.13), using (3.11) and (3.14) and shifting
the functional integral variable to the fluctuation field p® = ¢* — ¢® leads to the
compact equation

il _ a : ~a alls 5F2PI a 5F2PI a, b ab
eil'2p1 _/CDgp exp{1<50[¢ + ¢ Lm— 53 ¥ SGa (go ' -G ) . (3.15)
Equation (3.15) gives an exact self-contained formula for 'spy in terms of ¢, G only.
If we could solve I'spr from it we could then calculate the variations on the left-hand
sides of equations (3.14) and take the limit J, K — 0 to get the equations of motion.

This is of course not possible to do exactly for realistic interacting theories so some
approximative method is needed.

Expansion of the 2PIEA

We will now use a loop expansion to calculate T'ypr.® To proceed from equation (3.15)
we must extract the lowest order parts of I'sp;. This can be done by using the
background field method [8] where the shifted action S.[¢? + ¢%];f is functionally
expanded around the mean field:

0Sc[¢] 4 10°Sc[¢"]

Sc [(_ba + Spa:| = Sc [&a] T =% +

b ¢ a. Ja
S 2 sateg PP Sa[@%; 9] (3.16)

Here S,[0% ¢?] is defined as the rest of the terms which are cubic or higher order in
the fluctuation field ¢; the reason for this notation will become clear below. Next we
define the function [115]

02 Sc[¢ T,
0 (x)60"(y)”
which is a generalization of the inverse free propagator in the presence of the mean
field. The quadratic term in equation (3.16) can then be written as %G& L.

As an effective quantum action, I'sp; should contain the classical CTP action
plus quantum corrections: ypr = S.[?] + O(h) [8]. We can already verify the
classical part by using equation (3.16) in (3.15); the term S.[$?] can be factored out

of the functional integral. We will now construct the rest of the terms. The first
quantum correction is the “one-loop part”, that is, the Gaussian functional integral

iG(Izlzb(x . Y)

(3.17)

which corresponds to the functional determinant of the propagator:
a 1 -1, a b 11
/Dgp exp<—§Gabgp © ) x (Det G™") 2. (3.18)

To get this contribution to the right-hand side of equation (3.15) we need to add
a term to I'yp; which yields —%G;bl from the variation 6I'9p1/ dG%. The correct

8The expansion parameter, number of loops, technically corresponds to powers of A [123].
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term is given by the functional identity & Tr[log G™!]/6G* = —G,', which leads
to Tapr = Sc[¢?] + £ Trflog G™'] + const. + O(h?). The addition of the one-loop
term also 1ntroduces an infinite constant —1 Tr1 = —1G,'G" = —i ftti d*z 6(0)
which, however, does not affect the statlonarlty condltlons [8]. Lastly, we also add
an extra term to I'apr to cancel the quadratic part of equation (3.16) in (3.15). The
term is L Tr[Gy'G] = IG& 1G9 and it is required for the stationarity conditions to
eventually produce the correct Schwinger-Dyson equation for the propagator.
The final parametrization of the 2PIEA is then [8, 115, 123]
[op1 [&“, G“b} =S, [q_ba] ifn + %Tr [GglG} + %Tr [log Gil] +I'y [5“, G“b} + const.
(3.19)
Equation (3.19) is essentially a definition for the non-trivial part I's, that is, the
higher-order quantum corrections. Due to the construction we expect it to consist of
diagrams with two or more loops. To derive an equation for I'y we first calculate the

variations
_ -
5F_2PI _ 553[925} + 1 ﬁs Sf[qb]_ G + 51:2, (3.20a)
S0 s 28000000 0o
0lgpr 1 ol
(5Gab = 2G0 ab Gab + 5Gab' (32Ob)

By using equations (3.16), (3.19) and (3.20) (and the identity log[Det G™!] =
Tr[log G™']) in (3.15) we can then derive the result

e = (Det G~! 5/1)90 exp[( G 0" + Sa[p®; ¢°]

— Jup® = Koy (07" — G“"))} : (3.21a)
where
o~ 3 P -~
LSO IS S VS
8¢ 209%5¢P5¢° 0G*

This is a self-contained equation for I'y in terms of ¢, G. At first glance it seems even
more cryptic than equation (3.15), but it actually has a very specific meaning.

It turns out that il's consists of the 2PI vacuum diagrams where the propagator
lines correspond to G, that is, the full propagator of the original theory, and the
interaction vertices are given by Ss[¢% ¢%] [8, 115, 123]. This is a consequence of the
constraining sources ja and I?ab in equation (3.21a). To understand this, consider a
system with a generating functional corresponding to the functional integral in (3.21a).
The form of the sources is precisely such that the exact connected propagator in this
system is fixed to G and the exact one-point function vanishes [123, 125|. This can be
shown from the invertibility of the Legendre transformation by taking variations of
'y with respect to ¢ and G [8]. Furthermore, because the one-loop part was already
extracted, the diagrams contained in I'y have two or more loops, as expected.’

9The Det G-factor in equation (3.21a) cancels to lowest order due to (3.18).
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Physical equations of motion

We can now finally obtain the equations of motion for the (full) physical one- and
two-point functions. Combining equations (3.20) and (3.14) and taking the limit
J, K — 0 results in coupled non-linear equations for ¢ and G® in terms of the
actions S.[¢?] and T'y[¢%, G*]. We are mainly interested in the propagator equation
which can be written as

G(;bl (I, y) = G(;,clzb(‘ra y) - Hab<x7 y)7 (322>
with
Hab(x, y) = 215GT(I77J). (323)

Note that equation (3.22) is generally a very complicated non-linear equation for G
because of the dependence on I's.

Now, we know that G is the full connected propagator because of its defini-
tion (3.12b). This means that equation (3.22) is nothing else but its Schwinger-Dyson
equation. Therefore I1,,, given by (3.23), must also be equal to the proper 1PT self-
energy (i.e. it does not contain propagator insertions) [123]. There are thus two
different perspectives for Il,;: it is the (whole) perturbative series of proper 1PI
self-energy diagrams (with internal lines corresponding to Gy) and, on the other
hand, it can be calculated from 'y (in terms of the full G).! This is one of the main
points of the 2PIEA method: a large class of diagrams is automatically resummed
in I'y. The 2PIEA method is however more than just a resummation scheme as the
equations of motion are derived self-consistently from a variational principle [119].
The method is consistent with global symmetries of the theory and it provides an
efficient and systematic way to derive approximations [118].

The main 2PIEA results which we use in this work are equation (3.22) and the
method to calculate the self-energy (3.23) from the 2PI loop expansion. Although
equation (3.22) has the form of the usual Schwinger-Dyson equation, the viewpoint is
now very different compared to the standard perturbative approach: equation (3.22)
is a non-linear equation of motion for the full propagator.

Generalization to other types of fields

So far we have considered only a real scalar field theory when we introduced the
CTP and the 2PIEA and derived the equations of motion in this chapter. Already
the derivation of the path integral form of the propagator, given by equation (3.4),
is much more complicated for other types of fields. The formulation of the 2PIEA
method is also considerably more complicated in more realistic situations, such as
in gauge theories [126, 127]. Furthermore, in an interacting theory with different

10This provides another way to see that I's can only contain 2PI diagrams (with internal lines
corresponding to G) as otherwise Il,;, would contain propagator insertions [115, 123].
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types of fields (e.g. quantum electrodynamics) one generally has to consider in the
intermediate steps also all mixed propagators (like e.g. a photon-fermion propagator)
and all mixed non-local sources to get the correct equations of motion [126].

In these more realistic cases the final physical equations of motion are luckily
not so complicated and they are mostly analogous to the real scalar field case. The
main differences are that the 2PIEA parametrization (3.19) contains additional
one-loop and inverse free propagator terms for each degree of freedom separately,
the functional determinant has a different numerical coefficient depending on the
type of field (like in standard QFT), and the propagators and self-energies have more
complicated symmetry properties in the spacetime-arguments and CTP indices [123,
126, 128, 129]. We will not give these results explicitly but from now on just quote
the relevant parts when needed. As a final remark we point out that in these more
general situations the non-trivial part I's of the 2PIEA is still calculated as the sum
of all 2PI vacuum diagrams but it is then a functional of all physical propagators
and mean fields of the system. Also, when all mean fields of the system vanish, the
action Sy (used for calculating I's) consists of the same interaction vertices as the
classical CTP action of the theory.

3.3 Non-equilibrium evolution equations

In this section we present the non-equilibrium evolution equations based on the
Schwinger-Dyson equation (3.22) derived in the CTP 2PIEA formalism. From now
on we are working with vanishing mean fields in which case the non-equilibrium
evolution of the system is completely described by the propagators. We first give the
definitions of the CTP propagators, one of which was already used as an example in
equations (3.1) and (3.7b). Then we present the general evolution equations which
are written in the form of Kadanoff-Baym equations [130, 131].

3.3.1 Closed time path propagators

The CTP propagators with real time arguments can be conveniently packaged into
one object by using contour-ordered (complex) time arguments on the CTP [101,
129]. Using this “contour notation”, we define the propagators of a fermion field
and a complex scalar boson field ¢ as [129]

1S(u,v) = <’7E [w(u)@(v)} >, (3.24a)
iA(u,v) = (Te[p(u)d! (v)]), (3.24b)

where u?,v° lie on the CTP and 7¢ denotes the contour-ordering (indicated in
figure 1).'" Also, 1) = 177° denotes the usual conjugated fermion field, and we now

1'We use an explicit imaginary unit in the definitions (3.24). This is different from the convention
used for G in section 3.2.1 which is what is usually used in the 2PIEA-literature.
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suppress the hats on the operators. The expectation values are taken with respect
to the non-equilibrium density operator of the system as in equation (3.1). In the
definitions (3.24) the ordering of any discrete indices of the fields, such as flavor
or spinor indices, follows the ordering of the spacetime arguments. For example,
the fermion propagator (3.24a) reads iS,s(u,v) = (Te[ta(u)s(v)]) when written
explicitly with the Dirac spinor indices.

The component propagators with the CTP branch indices a,b = + and real
time arguments can be found by evaluating the time-ordering in equations (3.24)
for the different cases. There are four of these real-time propagators and we denote

them as
S<=-8"", iS;“l;(u,v) = —<1Z5(v)wa(u)>, (3.25a)
S =57, 1S4 (u,v) = (Ya(u)s(v)), (3.25b)
ST = g++, 1S54 (u,v) = <T[1/Ja(u)z_bg(v)] ), (3.25¢)
ST=5", iS5 (u,v) = (T [Ya(u)ibs(v)]), (3.25d)
for the fermion and
A< =AY, AT (u,v) = (97 (v)d(w)), (3.26a)
A”=A"T A (u,v) = (p(u)g' (v)), (3.26b)
AT = AT AT (u,v) = (T [p(u)d'(v)]), (3.26¢)
AT=A, A (u,0) = (T [¢(w)o! (v)]), (3.26d)

for the scalar [8, 129]. The symbols 7 and T denote the usual time-ordering and
reversed time-ordering metaoperators, and the minus sign in the definition of S*~
is due to the fermionic time-ordering. The functions S<> and A<~ are called the
Wightman functions, and we use the convention where the fermionic function S< is
defined without the sign: i55,(u,v) = (Ys(v)tha(u)) (cf. [129]).

The different propagators in equations (3.25) and in (3.26) are not independent,
as we briefly mentioned already below equations (3.7). Writing the time-orderings
explicitly we get directly

Sf(u,v) = Ou® —v°)S>(u,v) — 0(v° — u°)S<(u,v), (3.27a)
ST(u,v) = —0(0° — u®)S<(u,v) + 0(v" — u®)S> (u,v), (3.27b)

and similarly for the scalar propagators. Here it is evident that only two of the propa-
gators, say S~ and S<, are independent. It is a general feature that two independent
propagators (per field) are needed to describe non-equilibrium systems [111, 115].
However, the functions we have given so far are not optimal for arranging and solving
the equations of motion and often various other combinations of the propagators are
introduced. Next we give these for the fermion field; the bosonic case is similar and
can be obtained by replacing first S< — —S< and then S — A.
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Profusion of propagators

An often used pair of independent propagators are the statistical propagator S¥ and
the spectral function S [115], which we define as

SF = %(s> ~59), St= (54 sY), (3.28)
Statistical observables of the system, such as occupation numbers or current densities,
can be extracted from S¥. The spectral function S# describes the spectrum of the
system and it is constrained by the canonical equal-time (anti)commutation relations.
It does not contain direct information on the state [8, 115].

The spectral function S* can be used to further define the retarded and advanced
pole propagators

i7" (u,v) = 20(u® — v°)SA(u,v), (3.29a)
15%(u,v) = —20(v° — u®)SA(u, v). (3.29Db)

They are useful for deriving kinetic equations in the limit ¢;, — —oco of the CTP.
In this context it is also convenient to define the “Hermitian part” S™ of the pole
propagators which satisfies S™* = S™ iS4 where the minus (plus) sign corresponds
to S™ (S*). Using the relations (3.27) and the definitions of the different propagators
we can then derive the following general identities:

1

St=5(5+5% = %(ST — ST, (3.30a)
§4 =257 =87 = 5(57 +5), (3.30D)
§" = (57 +8T) = (57— 5°). (3.30¢)

These relations are useful for converting between different formulations of the equa-
tions and in practical calculations of the self-energies.!?
We also make frequent use of the Hermiticity conditions of the various propaga-

tors, which follow directly from the definitions. For the fermion these are

S<> (u,v)t = <7 (v, u), (3.31a)
SHA(y, v)F = STA (v, u), (3.31Db)
ST (u, )t = S (v, u), (3.31c)

where we also defined the barred propagators S<> = iS<>40, Sm¢ = S™%49 and
SHA = GHAN0 - Note that the pole propagators S™® are swapped under Hermitian
conjugation in equation (3.31c). The scalar propagators satisfy similar Hermiticity
relations with the matrix 4° omitted.

12 Also, the spectral relation S™(u,v) = —isgn(u® —v°)S*(u,v) follows directly from (3.29).
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3.3.2 General CTP equations of motion

The generalizations of the 2PI equation of motion (3.22) for the fermion and complex
scalar boson are [126, 128, 129]

Sor (2,Y) = Sg ap(2,9) = Zap(, 1), (3.32a)
A (2, y) = Ay, y) = Ma(z,y), (3.32b)
with the self-energies
ol

YT, y) = —1——", _

b(z,y) = —i 550y, 2) (3.33a)
ol

IT =]—. .33b
ab (T, Y) ARy ) (3.33b)

The different numerical factors in the definitions (3.33) compared to the real scalar
case (3.23) reflect the different scalings of the Gaussian path integrals in the fermionic
and complex scalar cases. In the case of vanishing mean fields we can write the
inverse free propagators explicitly as [113, 129]

Soan(@:y) = (i, — my) 0 (x —y) can, (3.34a)
Agap(t,y) = (=07 —m3)8W (@ —y) cu, (3.34D)

where m,, and m, are the masses of the fermion and boson fields, respectively.'®

From now on we only consider explicitly the fermionic case as we only need the
fermionic equation (3.32a) further in this work. More details on the bosonic case can
be found in [129], for example.

Self-energy functions

The four real-time CTP self-energies (3.33a) are similar to the propagators (3.25).
One important difference however is that the self-energies may contain a singular
part [129]. We can extract it by defining

Zab(l‘a y) = Cab 5(4) (ZE - y)zsg(x) + iab('r? y)7 (335)

where iab are non-singular. Note that the singular part has the same structure as
the mass term in (3.34a). Hence, it can be absorbed to the inverse free propagator
in equation (3.32a) as a spacetime dependent mass shift [113, 129]. We do this by
formally replacing the mass m with the effective mass

m(z) = m + 3%(x). (3.36)

13We also assumed here the standard form of the classical action in the Minkowski spacetime.
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Now we may further define the non-singular self-energy functions
Yy =-nt, y=xnt T=9tt 2T=3-, (3.37)

analogously to (3.25). Note that in these definitions the CTP branch indices are
raised instead of lowered which would be the “natural” position according to equa-
tion (3.33a).

Relations between the self-energy functions (3.37) depend on the approximation
scheme used to calculate the 2PIEA. In reasonable approximations the following
relations, which are analogous to (3.27), are expected to hold: [129]

Ef(u, v) = Ou’ —0")E> (u,v) — 0(0° — u)X<(u,v), (3.38a)
S u,v) = —0(0° — u”)X<(u,v) + 0(v° — u°)S> (u,v). (3.38b)

Assuming this is the case we can then define the rest of the functions ¥4, ¥"¢ and
M like in section 3.3.1 so that all of the relations (3.28)—(3.30) hold analogously
also for the self-energies. The self-energy functions should also satisfy the same
Hermiticity conditions (3.31) as the corresponding propagators. However, we define
the barred self-energies slightly differently compared to the propagators, with the
matrix 7° on the other side: <> = ip?L <>, Y1 = 08" and ¥4 = 40X HA, This
is convenient when manipulating the equations later on.

Kadanoff-Baym equations

In practice the Schwinger—Dyson equations in the form (3.32) must be inverted to solve
them. The equivalent integro-differential form can be obtained by contracting the
equations from the right by the full propagators. Equation (3.32a) then becomes

tr
(i, — m)S®(z,y) = W (z — ) + Z c/ d*z2 2% (2, 2)S%(2, ). (3.39)
c=% tin
This is a coupled set of non-linear partial integro-differential equations for the four
real-time CTP propagators (3.25). The form (3.39) of the equations is still not
very convenient for practical purposes because the statistical and spectral sectors
are mixed together. This is where the various propagators defined in section 3.3.1
(and the corresponding self-energies) come in handy. Next we give three different
equivalent formulations of equations (3.39) which are all useful in their own contexts.
We also introduce the notation for the generalized convolution integral

(F*G)2(v,y) = / 2 d*z F(z,2)G(z,y) (3.40)

t1

and the effective inverse free propagator
551(3:, y) = [ﬁx — 771(93)}5(4) (xr —vy) (3.41)

to make for a more streamlined notation in the subsequent equations.
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First formulation. This is the most economic formulation with respect to the
number of functions involved. It is possible to write a set of equations equivalent
to (3.39) using only the statistical propagator ST and the spectral function S*:

te

(So % SA) (2,y) = —2i(2A % SA);EE(Z’, v), (3.42a)
(55" % ST (2,) = —20(24* S7)7 (2y) + 28(5 54! (2,y),  (3.42D)

in

1
4, ) 8(2° = 4°) = 51° 6D (@ ). (3.42)

Second formulation. Here the statistical and spectral propagators are replaced
by the Wightman functions S* (with s = <, >) and the pole propagators S? (with
p = r,a), respectively:

(St =%9) + 87 (2,) = 00 (z —y), (3.432)

in

[(Spt —2r) = SS]? (z,y) = (E° * S“)Zn(a:, Y). (3.43b)

in

Third formulation. The last formulation is a direct variant of equations (3.43)
where the pole propagators have been traded for S™ and S4:

[(So ! = =M)=8M]}! () + (245 574, (2,9) = 6D (x — ), (3.44a)
[(So ! =S84 () = (54 % SY) ) (2,9) =0, (3.44b)

tin

(x,y) — (Zs * SH)z;(:z:,y) = +Ceon(z,y), (3.44c¢)

(55! —=")=5°];

in

where the + corresponds to s = <, and

1 < < > t
CCOH({E, y) = §<E> k S — E * S )tfn (I’, y) (345)
Equations (3.44c) are known as the Kadanoff-Baym (KB) equations where (3.45) is
the collision term [129, 132].

All three sets of equations (3.42)—(3.44) are separately equivalent to (3.39) and hence
also to each other. As we can see the original four equations (3.39) contained redun-
dant information: the amount of equations was reduced to three in equations (3.42).
Furthermore, equation (3.42c) is just the position-space representation of the spectral
sum rule [101] which can also be derived directly from the canonical anticommutation
relations.'* In practice the sum rule fixes the equal-time values of the spectral func-
tion, including the value at the initial two-time point (%, ti,). This shows that the
initial conditions of the system are not directly reflected in the spectral function.
The form (3.42) of the equations is useful because the structure of the convolution
integrals shows that the equations are causal: only the past values of the propagators

4Nevertheless, the result (3.42) shows the consistency of the formalism: the canonical
(anti)commutation relations are built-in even though they were not explicitly used in the derivation.
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3.3 NON-EQUILIBRIUM EVOLUTION EQUATIONS

determine their future values [115]. Hence, the convolution integrals are also often
called “memory integrals” as they integrate over the history of the time evolution.
Being manifestly causal, equations (3.42) are also convenient for direct numerical
calculations [115]. However, in realistic applications a full numerical implementation
and solution can be very demanding because the complexity of the equations increases
considerably with more degrees of freedom.

A commonly used approach to simplify the equations is to Fourier transform
them into a mixed position-momentum representation. It is then possible to perform a
gradient expansion to get more tractable equations [113, 129]. In equations (3.42) the
time integration limits are finite and depend on the external arguments z°, y° however,
and this complicates the use of Fourier transforms. Equations (3.43) and (3.44) avoid
this problem as all of the integration limits are extended to t;, and ¢; (which can then
be eventually taken to —oo and +00). In these two formulations there are again four
equations but in practice not all of them are needed due to the relations (3.30).

Equations (3.44c) [or (3.43b)] are called the Kadanoff-Baym equations and
equations (3.44a) and (3.44b) |or (3.43a)] are the pole equations. The KB equations
are the main statistical evolution equations while the pole equations describe the
dynamics of the spectral and dispersive properties of the system. The variant (3.43)
of the equations is more compact to write down but equations (3.44) are physically
more transparent because all of the interaction terms have clear interpretations. This
makes the latter variant more convenient for spectral quasiparticle approximations,
for example. The terms in (3.44) which explicitly contain X and ¥4 describe the
dispersive corrections and the width of the propagators, respectively. Also the ¥¢ % SH-
term is related to the width [15, 133]. The collision term Cgo on the right-hand side
of the KB equation consists of generalized gain and loss terms which describe the
equilibration process [129].

The KB equations can be used as a basis for deriving simpler kinetic equations
which describe the evolution of particle distribution functions. For example, the
equations can be reduced to semiclassical Boltzmann equations [77, 78, 132, 134].
In the context of kinetic transport theory the limit ¢, — —oo is taken for the
CTP contour which enables the use of the mixed representation and the gradient
expansion.'® This limit also discards the effects of the initial conditions set at t;,.
The propagators are then prescribed at some finite time ¢, instead. This is a
suitable approximation for systems with efficient equilibration processes (such as the
electroweak plasma) [129] or when solving the equations for late times |77, 113].

Wigner representation

We now define the mixed momentum-position representation, called the Wigner
representation. It is useful when considering kinetic equations but it is valid also

15The upper limit ¢; of the CTP can always be taken to be arbitrarily large, see equation (3.4).
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more generally. The equations can be transformed to this representation by using
the Wigner transform (with ty, — —oo) [115, 129

F(k,z) = / dre*" Fz+ 4,0 -1), (3.46)

o0

where F'(u,v) is any two-point (or self-energy) function in the position representa-
tion.'® The inverse transform is given by

Ak, u+v
F(u,v)z/(27r)4e ke( )F<k, ; ) (3.47)

Equation (3.46) is essentially a Fourier transform in the relative coordinate r = u — v.

In this transform the dependence on the pair of spacetime points (u,v) is exchanged
to the four-momentum k and the average coordinate x = (u + v)/2. In order
to transform the equations of motion we also need the Wigner transform of the
generalized convolution (3.40) (where t; 5 — FF00). The result is [8, 113]

(Fx Q)2 (k,2) = e F(k,2) }{G(k,2)}, (3.48)

where the right-hand side is called the Moyal product [135, 136] and we defined the
derivative operator ¢ = %(83(61) : 8,22) - 8,531) : 83(52)) [129]. Note that the only meaning
of the curly brackets in (3.48) is to denote the first and second “slot” on which the
derivatives O and 0® operate.

The pole and KB equations (3.43) can now be written straightforwardly in the
Wigner representation by using equations (3.46)—(3.48):

(F+ 50.) P — e O3PS} = 1, (3.492)
(F+ 1d,)8° — e O{E}{S*} = e 02 }{5}. (3.49b)

Here we denoted XP(k,z) = m(x) + XP(k,z) for both p = r,a as it is now more
convenient to group the mass term with the self-energy [m was defined in (3.36)].
We also suppressed the arguments (k, z) of all propagators and self-energies here for
brevity. In the Wigner representation the sum rule (3.42c) also takes the more usual
form

/OO dk? SA(k, z) = 1. (3.50)

e T
Equations (3.49) are still exact and non-linear and they are equivalent to the original
equations (under the simplification t;, — —o0). Instead of the non-local convolution
integrals these equations contain infinite series of exponential gradient terms. The
advantage of this form is that outside of periods of rapid oscillations it can often
be assumed that the functions change slowly in the average coordinate x [113, 129].
Higher order terms in the gradient expansion can then be discarded and this reduces

the complexity of the equations.

16We use the same notation for functions in both the position and the Wigner representation as
these can be inferred from context.
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Translational invariance. An important special case is when the propagators and
self-energy functions are fully translationally invariant in their spacetime arguments
and the mass m is constant (here we denote m by simply m). This implies that the
Wigner representation functions have no dependence on the average coordinate x.
The full equations (3.49) are in this case reduced to the algebraic matrix equations

(¥~ m — (k) SH(k) = 1, (351a)
('% -—m-= E;(@)Sé(k) = X5 (k) S5 (k). (3.51b)
which have the (formal) solutions
Sak) = (K —m = Si(k) ", (3.522)
Si(k) = 54 (R) 24 (k) S (k). (3.52b)

Thermal equilibrium. If the system is also in thermal equilibrium the Wightman
functions (3.52b) satisfy the Kubo-Martin-Schwinger (KMS) condition S, (k) =
eﬁ"’OS;q(k) [101], where g = 1/T. The KMS condition follows from the (anti)peri-
odicity of the field configurations in the standard way when the density operator p
has the equilibrium form [101]. It may be described by adding the imaginary branch
to the CTP |8, 113]|. The thermal equilibrium solutions satisfy (3.52) and using the
KMS condition the Wightman functions can be further simplified to

1S5, (k) = 252 (k) fep (), (3.53a)
152, (k) = 252 (k) (1 = fep(k%)). (3.53D)

Here frp(k°) = 1/(e®* 4 1) is the Fermi-Dirac distribution.'” Equations (3.53) are
equivalent to the fluctuation-dissipation relation iSE, (k) = 254 (k) (5 — fep(k?))
which is satisfied only in equilibrium [115]. The Kadanoff-Baym ansatz, which
is often used to derive kinetic equations, is a generalization of (3.53) where the
equilibrium distribution function frp is replaced by a more general non-equilibrium
function |77, 115].

3.3.3 Spatially homogeneous and isotropic case

We now specialize to time-dependent systems which are spatially homogeneous and
isotropic. This means that the propagators and self-energies have translational
invariance in the spatial arguments and the singular contributions such as the mass
m can only depend on the time variable. This special case is relevant for cosmology
(e.g. leptogenesis) and other time-dependent phenomena which happen uniformly
throughout space.

1"Bosons have analogous solutions with the Bose-Einstein distribution fpg(k") =1/ (eﬂk0 —1) [11].
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In this case it is useful to introduce another transformation of the two-point
functions and self-energies: the two-time representation

Feltity) = / Er e T F (11, 7), (6, 0)). (3.54)
This is the spatial Fourier transform with the three-momentum k. Its inverse is
Bk .
F(u,v) = / 2n)? e* () F (u,0"). (3.55)

In the representation (3.54) the pole and KB equations (3.43) become

[(Sok = Zh) * SEL;! (b1, t2) = 6(t1 — 1), (3.56a)

[(Soi = Zh) * S5t (b o) = (Si+ Sp),1 (11, ), (3.56b)
where B

Sor(trste) = [17°0, — v -k —m(ty)]6(t — ta), (3.57)

and the convolutions are defined with only time integrals. The sum rule (3.42c) can
be written in this case as

257(t,t) =1 for any ¢. (3.58)

Equations (3.56) are still very complicated, despite the reduction in the dimensions
of the domain when compared to the more general equations (3.43).

The Wigner representation (3.46) can also be employed in the spatially ho-
mogeneous and isotropic case. The Wigner-transformed functions then have no
dependence on the spatial average coordinate & and the corresponding spatial deriva-
tives are dropped from equations (3.49). One can move between the Wigner and
two-time representation (when ¢;,, — —o0) by doing the Wigner transform (3.46)
and its inverse (3.47) with only the time and energy variables (see [I1] for the explicit
transformations). However, the two-time representation has the advantage of being
more general as the initial time ¢;, can be kept finite.

Free time evolution

We first consider the free theory and introduce the associated free time evolution
operator before analyzing the solutions in the full theory. This serves as an example
of the solutions and, more importantly, it elucidates the special role of the spectral
function and an important local property of the free solutions.

The free theory equations corresponding to (3.56) are

(Sok * Sh), (t
t

Jl2) =4t — t2), (3.59a)
(Soi * Si)y (f1,t2) = 0

) =0, (3.59b)

1
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with the free pole propagators S§ and Wightman functions S§. The equations are
decoupled so it suffices to consider only the free KB equation (3.59b) which can be
rewritten as

00, 551, 1) = —1 (1) S5 4 (t1, 1a). (3.60)

Here Hg(t) is the Hermitian free Dirac Hamiltonian and we used the barred prop-
agator notation defined below equations (3.31). The solutions to the free pole
equations (3.59a) can be obtained from the spectral function Sé‘}k after solving the
Wightman functions from the free KB equation.

Equation (3.60) has a form similar to the general Schrédinger equation and thus
its solutions can be found similarly by using a time-evolution operator [2]. We define
the time-evolution operator Uy (t1,t2) of equation (3.60) as the unique solution
with the initial condition Upk(tin, tin) = 1. It is given explicitly by the time-ordered
exponential (also called the Dyson series) [112; 137]

t1
Uok(ti,te) = ’Texp(—i/ dt’ Hk(t’)>. (3.61)
to

It has the properties that Uy (t,t) = 1, Uy x(t1,t2)" = Upx(ta, t1) and
Sk(ti,t2) = Upr(t1,t)Sk(t, ) Uos(t, t2), (3.62)

for any ¢,t1,t, > t;, and where Sy stands for any solution of equation (3.60). These
properties mean that Upy describes unitary time-evolution. Equation (3.62) implies
that the complete solution Sy can be calculated from its local value at any time
t. In particular, the solution to equation (3.60) can be obtained from the initial
value S (tin, tim) by setting ¢ = t;, in equation (3.62). Furthermore, because the free
spectral function 5’6‘},6 is also a solution to (3.60) and because it satisfies the sum
rule (3.58) it actually coincides with the free time-evolution operator:

2§ék(t17 ta) = Upi(th, t2). (3.63)

This result then yields the solutions to the free pole equations (3.59a) via the general
definitions (3.29) and (3.54).

Formal full solutions

We now consider some exact properties of the full solutions to equations (3.56). To
this end, we first rewrite the equations in the equivalent integral equation form:

Sk = Sox + S0 x* xS, (3.64a)
Sk = Sox T Sor* xSy + Sp*x Vg xSk + Sp * X+ Sy (3.64Db)

Here we suppressed the external time arguments (¢1,t3) of all terms and the time
integration limits ¢;,, ¢y of the convolutions. Equations (3.64) can be derived straight-
forwardly by writing the Schwinger—Dyson equations (3.39) in the integral equation
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form by contracting with the free propagator from the left. Equations (3.64) then re-
sult from using the definitions (3.25) and relations (3.30) for the different propagators
(and the corresponding results for the self-energies).

We can obtain exact formal solutions to the integral equations (3.64) by suitably
resumming them |11, 138]. The result is

1

Sp=(Sox—2%) . (3.65a)
Slf: - Slslom,k + Sisnh,k7 (365b)

with the homogeneous and inhomogeneous Wightman functions

Stomk = (SexS4) *So.k* (Sor*Sk), (3.66a)
bk = SpAXp* Sy (3.66D)

The homogeneous solution (3.66a) can be further simplified to
Som (t1:t2) = 285 (11, tin) Som i (fins in) 25% (i, 1), (3.67)

when ¢ty > t;, [LI]. It is a solution to the KB equation (3.56b) with a vanishing
right-hand side. The inhomogeneous solution (3.66b) is a particular solution to the
full KB equation. It is notable that the homogeneous solution (3.67) has the same
structure as the free solution given by equations (3.62) and (3.63). Even though
in the full interacting case there is no such unitary time-evolution operator, the
homogeneous solution is still “evolved” from the initial value by the full spectral
function. However, a big difference to the free case is that in interacting dissipative
systems the spectral function is exponentially damped in the absolute difference of
its time arguments [II]. This means that the solution (3.67) is transient in nature
and vanishes quickly when 1,25 > .

Despite the formal solutions (3.65) appearing simpler than equations (3.64) they
are generally still implicit non-linear integral equations because the self-energies gen-
erally depend on the Wightman functions S® and the pole propagators SP. However,
the exact equations (3.65) are useful as a starting point for deriving approximative
solutions. This is so especially if the self-energies >* and P are some externally
given functions or if they can be approximated so that they do not depend on the full
solutions S® and SP. This is the case for example when the self-energy is dominated
by a thermal equilibrium part. We will use this approach and put these results to
use when we present the local approximation method in the next chapter.
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The KB equations (3.43) describe the full non-equilibrium dynamics of fermions with
all quantum effects, including quantum coherence. The price to pay for this generality
is that the equations are very difficult to solve in realistic situations as they are coupled
non-linear integro-differential equations for the two-point correlation functions S
(with a = s, p). The convolution integrals make the equations inherently non-local, as
the evolution of the functions depends not only on their values at a local neighborhood
of a given point but also on the values of the functions arbitrarily far away. In the
equivalent formulation (3.42) of the equations this non-local time-evolution manifests
explicitly as the causal memory integrals. In the Wigner representation (3.49), on
the other hand, the non-locality is encoded in the exponential gradient operators,
making the equations no easier to solve without approximations.

In this chapter we introduce two approximation methods to simplify the
fermionic KB equations (3.56): the cQPA and the more general LA-method. The
goal of these methods is to obtain quantum kinetic equations (QKEs) which are
straightforward to solve while still containing all relevant quantum coherence effects.
Both methods ultimately revolve around making the equations local. There is also
the problem of several types of time-evolution mixed together in the propagator
(e.g., there are several types of coherence). Next we describe the parametrization
used to separate these different components of the propagator before getting into
the approximation methods themselves.

4.1 Projection matrix parametrization

An essential part of the local quantum kinetic methods presented in this chapter is
the projection matrix parametrization [I, 1, 20, 21|. The fermion two-point function
generally has both a Dirac and a flavor matrix structure. The components of the
propagator have complicated time dependencies because the propagator describes
different physical quantities and properties such as the abundance of the particle
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species or the flavor and particle-antiparticle oscillations. The main purpose of the
projection matrix parametrization is to efficiently separate the time-scales associated
with the evolution of these different features.

The projection matrix parametrization can be motivated by the generic form of
the free dynamical equation

0,84(1) = [Hi(t), Se(1)]. (4.1)

Here Hy, is the free Dirac Hamiltonian and Sy represents the local value of a generic
fermion two-point function. As we will see later, the relevant equations of motion
will take the form (4.1) in both the two-time representation (the equal-time or local
equation) and the Wigner representation (the k°-integrated equation). We assume
that equation (4.1) is given in the mass eigenbasis, that is, Hy(t) = a - k +~v"m(t)
with e = 4%y and a diagonal and positive-semidefinite mass matrix m(t).

The projection matrix parametrization for the flavored two-point function in a
spatially homogeneous and isotropic system is then defined by [I1]

Sklj Z 73k:hzg k:hzy( ) (42&)
h,s,s'=
with
=Pii,;
Pk:hz] = Nljfn'j thpijﬂopi?j . (4.2b)

Here Py, and Py, are the helicity and energy projection matrices, respectively.
The basis matrices P,j;j;j = thP,jﬂOP,j; span the subalgebra of Dirac matrices
consistent with homogeneity and isotropy and hence there is no loss of generality by
using this parametrization |II, 20]. The quantities ,jfl;-j are generic complex-valued
components of the local two-point function which can be viewed as generalized phase
space distribution functions, and N,j,sl;j are arbitrary normalization factors. The
aforementioned projection matrices are given by

1 ~ 1 Hy;
th:§<1+hhk>, P,ji:§(1+s ’“) (4.3a)

Wi

where

hy =a -k, Hyi=a-k++"m;, (4.3b)

are the helicity operator and the diagonal element of the Hamiltonian, respectively.
The helicity and energy indices take the values h, s = +1, and wy; = /|k|? + m;?
is the free on-shell energy for the flavor state i. More details about the projection
matrices and the parametrization can be found in [I1]. However, unlike in [I1], in
this chapter we keep the normalization factors NV, ,j,sl/ij unfixed in all equations.
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The main idea of the parametrization (4.2) is that it separates different oscillation
frequencies described by equation (4.1). Technically this happens because of the
property

that is, the Hamiltonian gets projected to the frequencies wy; when it acts on
the energy projection matrices. The parametrization thus separates the fast and
slowly varying parts of the two-point function: each component f,ﬁfl;j has a distinct
well-defined oscillation frequency. Finally, we define some notation for different

combinations of the frequencies which are needed later:

u_)kz'j = (wki —+ wkj)/2, (45&)
Swiij = (wri — wiy) /2, (4.5b)
A@iﬁ; = Swii — S Wk (4.5¢)

4.2 Coherent quasiparticle approximation

The idea of cQPA, originally developed in [14-22], is to provide tractable QKEs
where quantum coherence is included dynamically with interactions and decoherence.
In practice, cQPA is a two-step method to solve the Wigner representation KB
equations (3.49) in a spectral approximation. First the phase space structure is
determined from the free equations with all gradients neglected. The resulting spectral
(quasiparticle) shell structure contains the usual mass shells for all propagators and
additional coherence shells for the Wightman functions. The second step is to use
this spectral form, including coherence, as an ansatz for solving the full equations.

We consider here cQPA in the spatially homogeneous and isotropic case for
fermions with a time dependent mass matrix. We present the improved way to
derive both the cQPA ansatz and the resummed equations of motion given in [I], and
review the main features of cQPA. We also generalize the treatment in [I] slightly by
including multiple fermion flavors.

4.2.1 Spectral phase space structure

In the first step we derive the constraints for the phase space structure of the
cQPA propagators. We start by dropping the collision terms and all gradients. The
Hermitian part of equation (3.49b), which is also called the constraint equation, then
becomes

2k°S=(k,t) = {Hy(t), S<(k,t)}. (4.6)

We assume a flavor-diagonal free Hamiltonian as described below equation (4.1),
resulting in free theory dispersion relations. Generally in cQPA it is also possible
to consider quasiparticle dispersion relations which originate from the interaction
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terms with the dispersive self-energy H, but this is not necessary for the scope of
this work.

Next we use the projection matrix basis (4.2b) to parametrize the Wightman
function in terms of component functions Dh”(k:, t) 1]

S< k t Z thz] hzg ) (47)

h,s,s’

After using the parametrization (4.7) in equation (4.6) and taking relevant projections
and traces of the resulting equation we get the constraints [with notation (4.5)]

(K — swpi;) Dy (k. t) = 0, (4.8a)
(k? — s0wri;) Dy (K, t) = 0. (4.8b)
These equations admit the distributional solutions
thg( ) fkhz] 27T5(k - kal]) (49&)
Dfn]s< ’ ) fkhz] 277.5( o Sawkij)’ (49b)
where the unknown quantities
fkhzy = I;I;L:i':j’ fkhz] kh’L] (410)

are called the mass shell functions and the coherence shell functions, respectively |20,
21]. Substituting the solutions (4.9) back to (4.7) we obtain the flavored spectral
cQPA ansatz of [21] for the Wightman function:

S< k t — 27T Z (thz]fl:}lz; 6 S@kl]) + thz] fkhl] ( S(SW}CU)> . (411)

The ansatz (4.11) contains four different kinds of spectral shells and their
corresponding phase space distribution functions f. These describe the usual mass
shell excitations and different kinds of quantum coherence information as shown
in table 1. Note that with this naming convention the mass shell functions f,’:,fnf
contain not only the flavor-diagonal particle and antiparticle excitations but also the
off-diagonal flavor coherence which resides on the average energy shells k° = +@y,;
(with ¢ # 7) in the phase space.

The same construction can naturally be done also for the other Wightman
function S>(k,t) and the spectral function S4(k, t), as they obey the same constraint
equation (4.6). However, the spectral function is subject to an additional constraint,
the sum rule (3.50). It fixes the spectral function in cQPA to a completely non-
dynamical quantity with vanishing coherence shell functions [21]. In fact, when using
free dispersion relations in cQPA the full spectral function has the same form as in
free theory |21, 101].
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f 1,7  Particle type Information Dispersion  Osc. freq.

f,:;f i =7j particle/antipart. mass shell excit. kY = +wy; v=20

fuwi; 17 particle/antipart. flavor coherence  k® = +@g; v = [20wp;]
c, & . . . . 0

khij ©=J particle-antipart. coherence k=0 V= 2Wg;

f,j’hfj i #j particle-antipart. flavor coherence £° = Fowgij V= 200k,

Table 1. Phase space distribution functions f,fhfj (x = m,c) of the projection matrix
parametrization (4.2) and the type of information they describe (mass shell excitations
or quantum coherence |21]). Given are also the dispersion relations of the corresponding
(spectral) shells and the leading oscillation frequencies of the functions.

4.2.2 Dynamical equations

In the second step we derive the dynamical equations for the phase space distri-
bution functions f™ and f¢. This is done by using the cQPA ansatz (4.11) in the
antihermitian part of equation (3.49b), including all gradients and collision terms,
and integrating over k. However, in practice there is a complication which we need
to handle first. To see this, let us consider the free theory where the dynamical
equation is

i0,5<(k,t) = Hp(t)S<(k,t) — H.c. (4.12)

Here Hy,(t) = a - k +1°m(t) e~3990 is the free Dirac Hamiltonian where we have
included the exponential gradient operator originating from equation (3.49b) [21].

Now we insert the spectral ansatz (4.11) of the Wightman function into (4.12)
and integrate over k° (and divide by 27). Note that the resulting equation has the
form (4.1). Taking again relevant projections and traces of the equation yields the
integrated free dynamical equations

Or finiy = —2i80wrij froniy — Linig [f1, (4.13a)
8tfl$}fz'j = _213@kijfl§fij - ngiij Lf]- (4.13Db)
Here £ [f] (with 2 = m, c) contain the terms proportional to the time-derivative

of the projection matrices. Using analogous notation for £ as for f in equation (4.10)
(i.e. Lm* = L*F and LT = £*T), we can write

o e =[P 0P

In the end these terms are directly proportional to 9;m and f. We can now see from
equations (4.13) that the coherence functions f¢, and also fj7 for i # j, are very
rapidly oscillating and the leading oscillation frequency is given by the first term on
the right-hand side (see also table 1). These terms will give the leading behavior of
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the distribution functions also in the full interacting equations, at least in the case
of weak interactions. However, the main point that we wished to make here is that
the oscillation frequencies are not suppressed by time-gradients.

4.2.3 Reorganized gradient expansion

Now that we understand the leading time-dependence of the cQPA propagator, we
can see that there is a problem in the full interacting equations (3.49b). If we use the
standard Moyal product (3.48) for the interaction terms the gradient expansion will
include time-derivatives which operate on the rapidly oscillating coherence functions.
This results in terms that grow at each order of the expansion. It is then not
guaranteed to get valid approximations for the full equations by truncating the
standard gradient expansion. This problem can be solved by resumming the leading
behavior of the coherence function gradients to all orders, as was done in |20, 21].
The result is that the arguments of the self-energy functions are shifted so that they
are always evaluated at the ordinary flavor-diagonal mass shells k° = Fwy;.

A more direct way to derive the resummed equations is to rewrite the Moyal
products in equations (3.49) so that the leading coherence gradient resummation is
more transparent. The equations with the reorganized gradient expansion are [I|

PSP — e 3% 0[S (D, 2)SP] = 1, (4.15a)
PS® — e 3% 0[S (D, 2)S°] = e 3% %52 (D, )57, (4.15b)

where D =k + %896 and we defined the “out-transform”
S (k. 7) = / Az F =) S 2) = o3, 2). (4.16)

In equations (4.15) the Moyal products have been reorganized into total k-derivatives
and the exponential spacetime derivatives operate only on 3. This form is useful
already for the fact that the exponential gradient operator reduces to unity when
integrating over k°. However, the main point is that the self-energy functions have
been generalized (via their Taylor expansions) to derivative operators which operate
on the propagators. This can then be used to see directly how the coherence functions
in S* shift the arguments of the self-energy functions [I].

Next we illustrate how the gradient resummation shifts the argument of the
self-energy in the multi-flavor case. Consider the k°-integrated equation and a generic
interaction term (in the spatially homogeneous and isotropic case)

dk° —107-9,0 0_ i < _ dk” 0_ i <
/ S 5, (K + 0) S5 (k1) = / SR+ 50) S5k 1), (417)
where i, 7,1 are any flavor indices. When using the cQPA ansatz (4.11) here and
performing the k%-integral using the delta functions, the terms with f™ and f¢ can
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be approximated according to
= SWg;

. —_——
Zli (/{0 + %@)f,ﬁ’fj (S(ko — kaij) — Eli (Saki]’ -+ Séwki])fkhz]? (418&)
Zli (ko + éﬁt)f,j}f” 5(k0 — séwkij) — Eli (séwkij + Sakij)fkhij. (418b)

Here we used the leading behavior of 9, f™ and 0,f¢ from equations (4.13). In both
cases the k’-argument of the self-energy reduces to swy;. This prescription of course
does not take into account the gradients that operate on the projection matrices
and delta functions, but these are suppressed by the mass gradients and are thus
controlled in most situations in a standard expansion. We can now see the main result
of the resummation: in all cases the self-energy functions are effectively evaluated at
the flavor-diagonal mass shell £ = swy; with the middle flavor index.

4.2.4 Resummed dynamical equations

We can now write the full integrated dynamical equations where the leading coherence-
gradients have been resummed. This is done like described in section 4.2.2 but now
starting from the antihermitian part of the KB equation (4.15b). The result is

8tfk:hzy = _2186wk11f$jj - ‘CZL};:] [f] - Clz}jj [Egut’ f} - CIZZ; [lxgu‘m f( )] ’ (419&)
atfkhzg = _218@kl]flj}z§z] - Egiiij [f] o lf:izj [ out» fj| le:ifz] [lzouw “ )]7 (419b)

where the projection matrix gradient terms £** (with z = m, ¢) were defined in (4.14).
Using similar notation (C™* = C** and C%* = C*F), the collision term projections
in equations (4.19) are given by'®

CinealZ, 11 = S (Car ] Sty + G (21 i) (4:200)
with b
s _ 1tr [P,j,fﬂEZ, (rwkl)PﬁLlj]
Ckhll][ ] - t ss’ 0
r[ khij Y }
—itr [P (S (rwn) iy Pl
tr [Pziiéﬂo}
In order to be consistent with the used (quasi)particle approximation we also discarded
the term oc X<SH here [15]. This term is related to the spectral width as discussed
below equation (3.44). Note that equations (4.19) also contain X" which includes the
dispersive self-energy XH. It would be consistent to drop also ¥ here because we
have used the free dispersion relations in the cQPA ansatz. However, as we will see

in the context of the more general LA-method it may still be included as a leading
approximation to the dispersive corrections in these equations.

, (4.20b)

i [5] = (4.200)

8Note that the collision term coefficients C and C* used here are independent for arbitrary
normalization N [which enters via equation (4.2b)].
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An essential feature of cQPA is that the non-local degrees of freedom are treated
non-dynamically in the collision terms [I|. This idea is further refined in the LA-
method which we shall present in section 4.3. However, first we describe how to
account for a more general mass matrix in these equations.

Mixing gradient terms

Above we assumed that the mass matrix m(t) is diagonal with non-negative entries.
In the more general case where it is non-diagonal and complex we first have to
transform the equations to the mass eigenbasis before proceeding with the projection
matrix parametrization. Here we only present the main points; details can be found
in [21]. We use the singular value decomposition with unitary matrices U and V'
such that

mq = UmV7 (4.21)

is diagonal with non-negative entries. The subscript d distinguishes the diagonal
basis from the original where necessary. The free Hamiltonian generally has the
form Hy = a - k + 7°(Pgm + PLm') in the original basis. Its transform is given by
Hyp =Y HpY'" = a - k +9°mqy with the transformation matrix

Y = PU + PV. (4.22)

All equations can be transformed to the mass eigenbasis similarly by using the unitary
matrix Y. Because of the time dependence of m and the matrices U and V' this
induces additional mizing gradient terms to the equations which are proportional to
0,Y. In the end the dynamical equations (4.19) are modified to

Or froms; = —2i80wnij gy — Loy L] — X 1 = (), (4.23a)
atfkhzj _Qiswkijflg}fij - ﬁi’iij [f] - XI:}ZJ' [f] - ( ’ ')> (4-23b)

where the mixing gradient contribution is given by

thu [f]= Z( I?I;jl] fkhlj + X;Z;Z?j khzl) (4.24a)
with b
—itr [Pljhsjz Hzlpkhl]]

tr[ khiﬂ }

it [Py 2P
tr [ iiliﬂo]

L
) khilj —

X = (4.24D)

Here Z(t) = iV (¢t)9,Y1(t) is the mixing gradient matrix which is Hermitian. The
ellipses in equations (4.23) stand for the collision terms which are the same as in (4.19)
except that the self-energy functions have been transformed to the mass eigenbasis
according to ¥ — YXYT,
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4.3 The local approximation method

The local approximation (LA) method which was formulated in [I1] is an improved
method for obtaining straightforwardly solvable dynamical QKEs including quantum
coherence. The LA-method provides a closed equation for the local Wightman
function directly in the two-time representation. This is useful when calculating
physical observables from the currents or the energy-momentum tensor because then
knowledge of only the equal-time, or local, correlator Si (¢,t) is needed. The LA-
method also sidesteps the need to specify the phase space shells of the full propagator
as is required in a Wigner representation approach. This makes it more general
than the cQPA, for example. Next we present the derivation and equations of the
LA-method for fermions in a spatially homogeneous and isotropic system.

4.3.1 Dynamics of the local correlator

We start from the pole and KB equations (3.56) which we write explicitly as

[10;, — Hi(t1)] Sh(tr, t2) — (S5 % Sh)(t1,t2) = 8(t1 — o), (4.25a)
10, — Hi(t1)] Syt ta) — (Zf, = Sp) (t1, t2) = (55 * S5) (1, t2). (4.25Db)

We again assume the mass eigenbasis with the free Hamiltonian Hj given below
equation (4.1). To find the equation for the local Wightman function we first take
the total derivative of Sj (t,t) and use the chain rule to get

d
O,Sg(t,t) = r [Se(t,t)] = (81, Sk + 0,55 (8, 1). (4.26)

Equation (4.26) can then be used with the KB equation (4.25b) and its Hermitian

conjugate to obtain the equation for the local function:'

10,55 (t,t) = [Hi(t), S (¢, )] + (5f, * Sp)(t,t) — (Sg * Sg)(¢, t)
+ (S5 # SE)(t,t) — (S5 * X5) (¢, ). (4.27)

The total derivative was required here to eventually produce an ordinary differential
equation for the local correlator as a function of the single time variable . Note that
equation (4.27) is also consistent with the Hermiticity of S (¢, ).

Equation (4.27) is the starting point of the LA-method. The equation is still
exact and hence of course not closed: it couples the local function Sg(¢,t) to the
non-local function Sg (¢,t') (with ¢ # t) appearing in the interaction convolutions.
The pole functions S? also appear explicitly in the interaction terms. The LA-method
consists of two steps to overcome these problems: (1) expansion around a suitable
adiabatic background solution and (2) the local ansatz for the interaction terms.

19We assume that the local limit of Sg (1, 2) exists and is well-enough-behaved (e.g. continuously
differentiable). However, equation (4.27) may also be sensible with weaker assumptions. For
example, if only one-sided limits ¢; — t exist, we can define S (¢,t) as the symmetrized local limit.
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4.3.2 Adiabatic background solution

The main purpose of the adiabatic background solution is to enable an approximation
of equation (4.27) where the pole functions can be treated non-dynamically. The
basis for this approximation is the assumption that the self-energy ¥ is dominated
by some known part ¥,q which can be calculated non-dynamically. The adiabatic
background solution S,q for the two-point functions is then defined by a suitable
approximation of the full equations where the full ¥ is replaced by 3.4.

For given adiabatic two-point functions S,q and self-energies ¥,4 we extract the
dynamical parts (or deviations) 65 and 0% from the full functions by defining

S = 5% +65°, (4.28a)
D = ¥ 4 657, (4.28b)

We then substitute (4.28a) into equation (4.27) to derive the equation for .55 (¢,t):

10,055 (t,t) = [Hi(t), 055t t)] + [(Zh * 6S5)(t,t) + A5 (t) — Hee.], (4.29)
with
A (t) = Hi(t) S5t 1) + (S * Saae + Saak * Saa) (t:1)
+ (65 * Sgap + 055 % Sy + S 65%) (¢,1)
— 20,5508, 1). (4.30)

Equation (4.29) is still just a reorganization of the exact equation (4.27) where A;(t)
contains the terms which do not depend explicitly on 05<. The idea is that the
adiabatic solutions are defined so that the dynamical terms proportional to §S? [the
last term on the second line of (4.30) minus its Hermitian conjugate| will be small
corrections compared to the leading terms with the non-dynamical Sg.

There is a lot of freedom in the definition of the adiabatic functions [II], but a
reasonable minimum requirement is that they satisfy the same generic properties
and relations as the full functions. These include for example the Hermiticity
properties (3.31) and the sum rule (3.58). An obvious choice with these properties
is the translationally invariant solution (3.52). However, because we allow for a
changing background, that is, the time-dependent mass m(t), it is better to define
the adiabatic functions as instantaneous generalizations of the solutions (3.52):

Sﬁd(kv t) = Ué - m(t) - ng(k’ t)} (4.31&)
;d(kvt) = gd(k’t) zd(kat)sad(kvt>' (431b)

a

-1

Note that the definitions (4.31) are given in the Wigner representation so they must
be transformed to the two-time representation when using them in equation (4.29),
for example.
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Expansion of the source term

Now with the adiabatic functions defined we can find the leading approximation
for the “source term” Ag(¢) in (4.29). However, this still depends significantly on
the physical situation at hand so we need to make some further assumptions. For
example, the full self-energy quite generally depends on §.5< itself so strictly speaking
A5 (t) is even not only a source term. Here we make the following assumptions which
are sufficient in this work:

1. S8, are given by equations (4.31).
2. X7, contains a part satisfying the KMS condition.
3. Linearity: ¥ does not depend on S itself at first order.

Assumption 1 implies that the adiabatic pole propagators satisfy the sum rule. A
direct consequence is that the local part of the dynamical pole propagator vanishes,
dS5(t,t) = 0. This together with dissipation has the effect that the convolution
integral 35 * 65¢ in (4.30) is suppressed near both the upper and lower limits. Fur-
thermore, examination of the full equation of motion in the Wigner representation
shows that §S? is also quite generally suppressed by either time gradients, coupling
constants or 6X7.2° When assuming weak interactions, it should then be a reasonable
approximation to discard 5P altogether. This makes the pole propagators entirely
non-dynamical. Another consequence of assumption 1 is that the first line of equa-
tion (4.30) vanishes to zeroth order in gradients. The leading non-vanishing terms
are also first order in both gradients and the interactions strength.

Assumptions 2 and 3 are related to the remaining terms in equation (4.30).
Assumption 2 implies that S2,(k, ) contains the (instantaneous) thermal equilibrium
part, making it O(1) instead of first order in the interaction strength as might be
naively expected from (4.31b) [II]. Assumption 3 is made so that equation (4.29)
remains linear in 0S< (in the leading approximation) and 63 can be more safely
dropped from the equation. Together assumptions 1-3 imply that we can make the
leading order approximation

Ap(t) ~ _%af_gd,k(tat) (4.32)

in the interaction strength. In this approximation 171; (t) then acts as a source term to
§S5(t,t) in equation (4.29). The next-to-leading correction terms to equation (4.32)
are proportional to (schematically) X 0;Saq, 042 Saq Or 0% Saq.

It should be borne in mind that the choice of the adiabatic background solu-
tions (4.31) and the above assumptions 1-3 leading to the result (4.32) are specific to

20The Wightman functions §S§ (¢, ¢) are not similarly suppressed because they are not restricted
by the sum rule and they may also contain large initial transients.
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the situation of a varying background (the mass) and a weak coupling to a thermal
bath. For other situations this step may not be as simple and must be done more
carefully. We also remark that the (non-local) pole propagator deviations §.5? cannot
be solved perturbatively in the same way as the Wightman deviations 6.5* [I1]. Hence
the only practical possibility is to set dS? = 0 in this approach. The background
solution must then be calculated accurately enough for the considered application; its
level of approximation essentially defines the approximation scheme [133].2! However,
in the situation considered in this work the results are not very sensitive to the
approximation of the background solution and the error incurred to the dispersion
and width of the propagators is small even with only a tree level approximation [II].

4.3.3 The local ansatz

The core of the LA-method is the technique used to localize the dynamical interaction
convolutions. The problem is that the evolution of the local perturbation 0.5 (t,t)
in equation (4.29) generally depends on the values of 0.5 (t1,t2) everywhere in the
(t1,ts)-plane. However, when the system has dissipation this non-local dependence
is suppressed [I| and the dominant contribution to the convolution integrals should
come from the vicinity of the external local time ¢ of equation (4.29). This is the
basis for the local description of the non-equilibrium dynamics.

The idea is to use the structure of the homogeneous transient solution (3.67) to
formulate the local approximation of the interaction convolutions. Suppose first that
we had found the correct local value 655 (¢,t) for some time ¢ > t;,,. Because most of
the inhomogeneous solution (3.66b) is contained in the adiabatic solution (4.31b), it
should then be reasonable to estimate the non-local values 655 (¢1,%2) by a transient
solution similar to (3.67) where the initial time ¢;, is replaced by t (especially for
t1,t9 close to t). Of course, we do not actually know the exact local values but we
use this reasoning to parametrize the non-local values with the local ones [L1]:

055 (t1, ta) = 2854(t1,1)055(t, )25 (¢, t5), for any t > ty,. (4.33)

We emphasize that this local ansatz is only to be used as a parametrization in the
interaction convolutions. In particular, it must not be used to solve the entire time-
evolution non-dynamically from the initial value. This would lead to contradictions
with the local equation of motion, and it would for example exclude the use of
thermal initial conditions (where 655 = 0 initially). In the interaction convolutions
the ansatz (4.33) is effectively used with ¢, 5 near the external time argument ¢.

21 Also, the background self-energy ¥,4 may even include corrections from §S< itself. For example,
it can include a part of 6X< which can be arranged so that it cancels the term E,j * 63’% in
the equation (to lowest order in gradients) [133]. However, the adiabatic functions then become
dynamical and have to be solved in an iterative way.
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The dynamical interaction convolutions remaining in equation (4.29) can now
be localized by using the ansatz (4.33). We replace the convolutions involving 53;
according to
(S5 65E)(E1) — St D055 (1), (4.34a)
(632 * ii)(tat) — 632 (tat)_gﬁ,k(tat)a (434b>

where we defined the effective self-energies

S n(t1,12) = (5 * 258 (t1, 1), (4.35a)
Serx(ti o) = (257 * X)) (1, 1), (4.35Db)

Note that Xlg  (f1,t2)" = S . (t2,1), so that the Hermiticity properties of equa-
tion (4.29) are preserved. The replacements (4.34) reduce the dynamical convolutions
to simple matrix products of the local function 0.5 (¢, t) with the effective self-energy.
The convolutions in the effective self-energy now involve the spectral function which
is taken to be non-dynamical, S* = S7 as explained in section 4.3.2.

4.3.4 Closed local equation

We now use the local ansatz (4.33) as described in section 4.3.3 together with
equations (4.29), (4.32) and (4.35) to write the first order local equation of motion
for the local Wightman function 655 (¢,¢). We suppress the time arguments here for
brevity as all quantities in the equation are now functions of the single time variable
t. The equation, first presented in [I1], takes a very simple form:

0,055 = —i[Hy, 055 — (iS5, 655 + He) — 0,954 (4.36)

Equation (4.36) is our main quantum transport equation for the fermion propagator.
The equation is an ordinary matrix differential equation for §S (¢,t). It is a closed
local equation due to the local ansatz which manifests as the effective self-energy
functions Y.g. Despite its simple appearance and the used first order approximation
the equation is still very general [[I]. The form of the local function §Sj (¢,t) has
not been restricted in any way so the equation can describe both flavor and particle—
antiparticle coherence of mixing fermions. Equation (4.36) contains the effects of
the thermal medium, including thermal width and dispersive corrections in the weak
coupling expansion, via the adiabatic propagators in the effective self-energy and
the source term. It also covers as special limits both the cQPA-method and the
semiclassical Boltzmann equations [II]. We have summarized in table 2 the main
points which were used to obtain the final closed local equation (4.36).
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# Step Effect

1. Expand the full solution around a Decoupling of the pole equations
non-dynamical background solution. from the local dynamical equation.

2. Model the non-local part of the Closure of the interaction terms in
propagator as a homogeneous the local dynamical equation.
transient.

Table 2. The steps used in the local approximation (LA) method to obtain a closed
dynamical equation for the local propagator (in dissipative systems). The key point of the
method is the local ansatz (4.33) used in step 2.

4.3.5 Generalized density matrix equations

In the LA-method the local equation (4.36) was formulated directly in the two-time
presentation at the propagator level and the projection matrix parametrization was
not needed (yet). This is in contrast to the cQPA where the projection matrix
parametrization is used already in finding the ansatz (4.11) for the propagator.
However, in the LA-method the projection matrix parametrization is equally essential
when actually solving the equation as it separates the quickly and slowly varying
components of the propagator. We adopt also here the terminology of mass and
coherence shell functions used in cQPA, although in the more general LA-method
these functions are not necessarily restricted to spectral phase space shells.

To derive the component equations we use the projection matrix parametriza-
tion (4.2) for the two-time representation propagator 65y in the form

6Skz] t t Z th’t_] khlj( ) (437>

h,s,s'=

Here o fkm are the phase space distribution functions of the non-equilibrium deviation
0S5 (t,t). The mass and coherence shell functions are defined similarly to (4.10):

I:llmzjt = 5fkhz]7 fk:hzg = 5fkhz_7 (438)

The corresponding functions f.q for the adiabatic function S, ,(t,t) are defined
analogously [II]. Using the parametrization (4.37) in the local equation (4.36) yields
the equation

at(sfkhzy wzéigéfkhzg khz] [f] Ckhz] [ETv 5f} - at as(ikhij? (439>

where

Chneg 2 11 = 3 (Carts 3] fity + Coes (21 i) (4.40a)

lr
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with
o it [Py Semnit (t, ) Prs;]
knaty 2] = ) =, (4.40b)
khij |
Ak, srs! —itr [Pli;n'xzeff,k(ta t)T)l PkS:;LSJ
Crenity [X] = e 0 L (4.40c)
tr[ khij7:|

Note that in equation (4.39) f = f.uqa + df, and the projection gradient terms
ijl/ij [f] are the same as those already defined in (4.14). Also, the collision term
functions (4.40) have the same structure as those defined in (4.20) but here they
feature the effective self-energy. We also used here the notation (4.5¢) for the leading
term in (4.39) and wrote only a single equation which describes both ¢ f and 0 f€.
Equation (4.39) is our master equation for the non-equilibrium distribution
functions fkh . and it has the form of a generalized density matrix equation. This
equation was presented in [II] with the specific choice of the “symmetric” normaliza-
tion

1 2WkiWij

(N’“hw>symm =t (P gl ) - \/Wk:iwkj + SS”Elmf;nj — |kJ?) (4.41)
which further simplifies the equation in several ways.?? Here we have retained the
more general form of equation (4.39) with an arbitrary normalization factor. In [II]
we have also provided a simplified version of the equation where the rapidly oscillating
coherence functions J f¢ have been integrated out. This is possible when the mass
shell flavor oscillations are slower than the particle—antiparticle oscillations and it
greatly facilitates the practical numerical solution of these equations.

Comparison and reduction to cQPA

Equation (4.39) is very similar to the corresponding cQPA equations (4.19) but there
are some major differences. The main ones are that equation (4.39) is formulated for
the deviations 0 f instead of the total functions f and the collision term projections
involve the effective self-energy Y. instead of just . In fact, in the LA-method the
deviations 0 f are defined by the adiabatic functions f.q which are provided externally
to the equation. The evaluation of the effective self-energies (4.35) also depends on
the supplied adiabatic spectral function. This means that the specification of the
adiabatic functions controls the type of approximation used in the equation. This is
in contrast to cQPA where the spectral limit is assumed from the outset.

Another advantage of the LA-method compared to the cQPA is that the leading
coherence gradient resummation (considered in section 4.2.3) is built in to the effective
self-energy. This is because the dispersion relation used for evaluating the self-energy
is imposed by the adiabatic spectral function via the convolution integral (4.35).

*?One is that when the normalization factors satisfy the condition (N oy ) =N ,j;fﬂ then the
collision term coefficients C' and C* become related as C,Z,fflj 2] = (Cgr Sal2])*
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Because the spectral function is non-dynamical and contains only “mass shells” the
self-energy is then automatically evaluated with the correct dispersion.

It has been shown that the local ansatz (4.33) can be reduced to the cQPA
ansatz (4.11) in a spectral approximation [II]. Equations (4.39) can be also directly
reduced to the cQPA equations (4.19) by making the spectral approximation for the
adiabatic propagators. This is done by dropping ¥4 in equation (4.31a) and using the
free dispersion relations (or the quasiparticle relations if appropriate). For example,
when using the free spectral function the collision term functions (4.40) are reduced
to (4.20) at leading order in gradients [II]. In other words, the effective self-energy
is then reduced to a regular self-energy projection [II|. There are some technical
differences between the LA-equations and the cQPA-equations even after this but the
difference of the equations should then be first order in both gradients and coupling
expansion. Also, to get equations (4.39) explicitly into the form (4.19) one must still
eliminate ¢ f by using f = f.q + 0f and reinstate some terms proportional to the
adiabatic functions which were estimated to be small [the terms corresponding to
the first and second lines of (4.30)].
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In this chapter we apply the methods we have developed in chapter 4 to baryogenesis
in the early universe setting. The cQPA is applied to a toy-model of electroweak
baryogenesis as an example of features of coherent QKEs [I]. The LA-method is
applied to resonant leptogenesis where we make a detailed analysis of the generation
and evolution of the CP-asymmetry in the minimal leptogenesis model [I1].

5.1 Electroweak baryogenesis

As an example on how to use cQPA we now consider a simple toy-model with one
fermion flavor and a time-dependent complex mass. This setup, considered in [I], is a
time-dependent analogue of the expanding bubble wall during a first order electroweak
phase transition in EWBG. The main focus here is not on phenomenology but on the
interplay between CP-violation and quantum coherence, and how coherence emerges
and affects the results. We also confirm the shell structure predicted by cQPA in an
analysis with exact solutions in a specific free case [I].

In EWBG the most prominent fermionic CP-violating source, contributing to
the chiral asymmetry, is the axial vector current

7" (x) = (P(@)y""¥(2)). (5.1)

It couples directly to the electroweak vacuum structure through the axial anomaly and
can thus bias the sphaleron transitions which produce the baryon asymmetry [139].
Here we concentrate on the axial charge density j% which is the zeroth component
of the current (5.1). It is also more generally related to particle asymmetries. Using
the definitions (3.25) we can write it in terms of the fermion CTP propagator as

% (x) = tr [75§<(37, :c)}, (5.2)

where we used the barred propagator notation introduced below equations (3.31).
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5.1.1 Single flavor cQPA with CP-violating mass

We consider a spatially homogeneous and isotropic system and a single Dirac fermion
Y with a complex time-dependent mass parameter m.(t). The free part of the
Lagrangian reads

= i — mrr — MEPRYL. (5.3)
The complex mass here is an effective description which can arise from complex
scalar field vacuum expectation values, see for example [140]|. This system will be
CP-violating if the complex phase of the mass changes in time. Generally, time-
dependence of the mass can be a result of the expansion of the universe, like considered
in section 2.2, or it may arise from the changing Higgs vacuum expectation value in
phase transitions in the early universe.

Equations in the mass eigenbasis

The cQPA equations for this system are the single flavor special case of the more
general equations (4.19). The effect of the complex mass can be taken into account
via the mixing gradient terms given in equations (4.23) and (4.24). We perform the
transformations described in equations (4.21)—(4.24) using

me =me?, (5.4a)
Y =e 9P 4Py =6t (5.4b)
== 164, (5.4c)

29

where m = |m.|, # = Arg(m.) and 6 = 9,6. We also choose here the “symmetric
normalization (4.41) for the projection matrix parametrization (4.7):

ss’ ss’ _% Wk 5,—8 Wk
Nin = tr(th 70) ’ Nih = m’ Ny ™ = W (5.5)
The resulting single-flavor cQPA equations can then be cast into the form
Zcbkh o — tr[CeonPrr”] (5.6a)
atfkm] —2is [Wk + % Im(®,;,) ] — Dy, Z fen" = COHPk:h L (5.6b)

Ccoll = Z([f;’;;si-/“(swk) — §i<(swk)] 'PZ};S + fc SZA(ka)P ) +He. (560)

h,s

We defined here

W= ('k"m + ishm—e), (5.7)

which contains the contributions from both projection gradient and mixing gradient
terms: £33 oc i and &;F o 6. Note that we have suppressed the flavor indices in

o4



5.1 ELECTROWEAK BARYOGENESIS

these equations because there is only one flavor. We also discarded the external
gradient corrections of the self-energy by replacing Y, with ¥ and we dropped the
dispersive self-energy X from the equations for simplicity.

Equations (5.6) are equivalent to the single flavor cQPA equations given in [I],
however here we used the mass eigenbasis in the projection matrix parametrization.
The exact form of the equations is then different because in [I| the projection
matrix parametrization was defined using the complex mass parameter directly.
Equations (5.6) are also similar to the single flavor equations given in [21] but
they too differ because of the different normalization (5.5). We chose here this
different approach to be consistent with the multi-flavor case presented in section 4.2.
In the multi-flavor case the diagonalization approach is mandatory if the original
mass matrix is not real and diagonal. The symmetric normalization also makes the
equations simpler. The resulting equations are also physically more transparent: one
can see directly from the form of the equations (5.6) that a changing phase (6 # 0)
is a source for helicity asymmetry of the distribution functions f™¢°. The helicity
asymmetry in turn leads to CP-violation, as we will see below.

Connection to the complex mass basis. To bridge the gap to [I] we now give
the relationship between the phase space distribution functions f™ and f¢ used
in (5.6) and the corresponding functions used in [I] which we denote here by f™
and ]?C. Since in both cases the Wightman function in the original complex mass
basis (5.3) is the same, we have S< = Y§<Y T where < and S< denote the integrated
Wightman functions in the different bases. Using the different projection matrix
parametrizations on each side of the equation then yields

Mo rss m,s Tm,s

—Ngn Jen = STen (5.8a)
Wk

|k‘ S,—S pC,S 1 |k| . 7e,s

— N Y= = h . 5.8b
P L St e MR +18Amy | [, (5.8b)

The normalization N,jzl of the mass eigenbasis side is still general here. Choosing (5.5)
reduces the coefficients of f™ and f¢ on the left-hand side to unity. We also defined
here

Me = mg + imy, (mg, m; € R) (5.9)

and used e = (mg — imy)/m with the notation of equation (5.4a). We now also

have the identities

. mRmR + m[ml . mRmI — mImR ng mi
m = , mb = = —0;(—

5.10
m m m ( )

mg

Using equations (5.4), (5.5) and (5.8)—(5.10) it can be verified after a lengthy but
entirely straightforward calculation that equations (5.6) and (5.7) exactly reproduce
the cQPA equations given in [I].
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5.1.2 The mass profile

So far we have considered a general complex mass m.(t). We now choose the following
tanh-profile which was used in [I]:

Tw

me(t) = mi1 + mo tanh<—i>. (5.11)

This is a time-dependent analogue of the simplified tanh-profile [141, 142| for the
bubble wall shape in a first order EWPT. For this reason we refer to the parameter
Tw, Which describes the duration of the transition, simply as the wall width. The
specific profile (5.11) was chosen because in the free theory exact analytic solutions
for the fermion mode functions are then available [139]. It also serves as a toy-model
for EWBG as it features CP-violation when my and msy are complex.

The physical CP-violation arises from the relative complex phase of the parame-
ters my and my in equation (5.11). To simplify the equations we assume that a global
U(1) transformation of the chiral fermion fields has been performed which makes my
real [139]. Hence, we can assume with no loss of generality that m; = mg +imy; and
mg = mogr with constant real parameters mig, mi, mogr. Using the definition (5.9),
this implies that

t
mg(t) = mir + maor tanh(——), (5.12a)

Tw

m1<t> = mii. (512b)

The identities (5.10) are now also simplified as the terms with 7y are dropped.

5.1.3 Axial charge density with interactions

Now we show an example calculation of the axial charge density evolution using
cQPA with decohering interactions. The numerical results were calculated in [I]. The
spatial Fourier transform of the axial charge density (5.2), calculated with the cQPA
propagator, turns out to be?

3 =Y (g - mi). (5.13)
5

We can now see that this density is non-vanishing (and there is CP-violation) only if
there is a helicity asymmetry in f,gb(c). Furthermore, from the form of equations (5.6)
we saw that there will generically be helicity asymmetry, even in the free theory, as
long as 6 # 0. These features are not as transparent in the complex mass basis as
presented in [I]. However, physical results for the current are of course the same in
both conventions.

23The chiral transformation Y is not a symmetry of the Lagrangian so the current here is
calculated in the original basis using j2° = tr[y’Y 1S5 (¢,¢)Y]. Equation (5.13) also has a corrected
sign compared to [I], which affects the figures but has no effect on the main results.
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Figure 2. Time-evolution of the number density ni of positive helicity particles (top) and
the axial charge density j% (bottom) from interacting single-flavor cQPA with vacuum
and thermal initial conditions. Mass profile (5.12) with parameters mig = 0.1, mog = 1,
m; = 0.1 and 7y, = 5 was used. The green dashed line shows the result with only the
mass-shell contribution throughout the evolution. Adapted from article [I] (CC BY 4.0),
with corrected sign for js.

In figure 2 we show the results for the evolution of the total particle number
density n} = [ d*k/(2m)*n}, for particles (s = +1) of positive helicity and the total
axial charge density j% = [ d*k/(2m)?jp® calculated from (5.13). Here we defined the
phase space number densities as ny;, = f,:;‘f and ng, = 1+ f,7~ and the distribution
functions f;,;° obey the cQPA equations (5.6). As a simple example to demonstrate
CP-violation and decoherence we used in the figure a chiral interaction with the
following toy-model thermal equilibrium self-energy:

FA 0 0 0 0
;iq(k) :a(_kAalkaPLZ ) (With (I(:l:k 7’k|) : ia(k >|k’)’> (5‘14)
sq(k) = 252, (k) fep (K7), a(wg, |k|) = 0.03.
In the left panels of figure 2 we used the vacuum initial conditions nj, = 0 = f.y.
The number density first begins to smoothly thermalize due to the interactions. In
the transition region (centered around ¢ = 0) it then starts oscillating rapidly due
to the coherence that develops from the changing mass. The coherent oscillations
also generate helicity asymmetry because of the CP-violating phase 6, and this leads
to the generation of the axial charge. The chiral interaction is also responsible for
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generating helicity asymmetry. This can be seen from the green dashed line where
the f¢functions have been artificially turned off. In this case the only source for
helicity asymmetry is in the collision term. The decohering collisions also cause the
rapid damping of the oscillations after the transition region. However, even without
collisions the oscillations in these k-integrated quantities would be damped (although
not as strongly) because of the phase differences between different k-modes [I].
In the right panels we show the same calculations with thermal initial conditions
ny, = fro(wk), fun = 0. The results are similar but now the particle number stays
initially at the thermal value. The final thermalized particle number is slightly higher
than initially because the equilibrium distribution changes across the mass transition.
We used units where 7"= 1 in all plots here.

5.1.4 Exact solution of the Dirac equation

We now turn to the analysis of the free theory. One of the main results of [I] is the
independent demonstration of the shell structure, in particular the coherence shell
at kY = 0, for the exact Wightman function without using cQPA. This is based
on the exact mode function solutions of the free Dirac equation where the mass is
a non-trivial function of time [139]. Specifically, we use the mass profile given by
equation (5.11). We summarize here the most relevant steps and present the results.
More details can be found in [I].

Mode function equations

We start with the canonical quantization of the fermion field operator 1. In a spatially
homogeneous and isotropic system the field operator can be expanded using the
mode functions and ladder operators as

N d’k A ikx | 7 —ik-x
b(t, ) :Zh: / W[akhUkh(t)ek + b1 Vi () e i® ] (5.15)

Here 2w_ is a normalization factor and we denote wi = wg(t — £00). We impose
the standard canonical anticommutation relations for the field. We use the chiral
representation of gamma matrices and decompose the particle and antiparticle spinors
Ukh and th 3824

Urn(t) = [Z:Zg;} ®&kns Van(t) = EZ:EEH ® Ekeh.- (5.16)

Here ® is the Kronecker product and &, are the helicity eigenfunctions (h = +1)
which satisfy (o - k){gn = h&gn, where further o = (01, 09,03) and o; are the

24We use the chiral representation defined e.g. in [112] where 7% = diag(—12, 12).
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standard 2 x 2 Pauli matrices [112]. From the Dirac equation corresponding to the
Lagrangian (5.3) it follows that the complex mode functions ng, and (g, satisfy

10y + Bl K|Mkn = me(t)Cen, (5.17a)
10 G, — h|ke|Ckn = g ()i (5.17b)

The complex mass m.(t) is still general in these equations. The antiparticle mode
functions 7, and (yy satisfy equations analogous to (5.17) with the replacements
h — —h and m, = —m/.

It turns out that for the mass profile (5.12) the equations (5.17) can be trans-
formed to the hypergeometric differential equation [139]. The solutions can then be
written in terms of Gauss’s hypergeometric functions ,F';. There are two linearly
independent solutions and for the numerical results we choose the one which corre-
sponds to positive frequency particles (in vacuum) in the initial state [I|. The initial
values for the particle mode functions are then fixed to

Mhn = \wr, — hlk[e7% Gy = \Jwg + hlk|e T e, (5.18)

where all time-dependent quantities are evaluated at t — —o0.

Wightman functions from mode functions

We can now construct the exact Wightman functions S<>, defined in equations (3.25),
for this system from the vacuum expectation values of field operators by using (5.15).
The different Wightman functions contain equivalent statistical information so either
one suffices for the analysis here. We choose S~ as it is constructed from the particle
mode functions 7, and (. By using the properties of the ladder operators and the
decomposition (5.16) of the spinors we can express the Wightman function S> in the
two-time representation (3.54) as

Silty,ts) = Z My (t1,t2) @ PG, (5.19)
h
where
_ 1 e (t0)m (82)  men (1) G (82)
M, 2) = 57 [ckhm)n;;h(tz) Gn(t1)Cin(t) ] (5:20)

The two-dimensional helicity projection matrix is defined by Py = (1 + ho - k).
Now that we have equations (5.19) and (5.20) we can also easily calculate
quantum currents from the mode functions. For example the axial charge density

795 which we considered before is given by
_ 1
g (t) = (Imn (8) 1 = 1Gen (8) ). (5.21)

2w
h

To get this result we used the sum rule (3.58) in the form (S; + S5)(t,t) = 1 to
write the current in terms of S>: j9° = tr[y>S; (t,t)] = — tr[y>S; (¢, 1)].
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; Y g f B
%0 5 ko ko

0
ko

Figure 3. Phase space structure of the exact free Wightman function S>. Shown is
‘W,Slll)ﬂ‘ as a function of (k°,t) for h = +1. The three pairs of plots have |k| = 0.4,0.7,0.4
and I'y, = 0.4,0.1,0.02 from top to bottom, respectively. We used the mass profile (5.12)
with mig = 0.5, mor = 2, m; = —0.005, 7, = 5. From article [I| (CC BY 4.0).

Phase space structure

To study the phase space structure of the Wightman function we need to calculate the
Wigner transform S~ (k,t) of (5.19) by using equations (3.46) and (3.55). However,
with free particle mode functions the Wightman function (5.19) contains correlations
over arbitrarily large time intervals. This is a physical result, but it also makes the
Wigner transform divergent here. In a realistic system there would be interactions
which would suppress the faraway correlations. We take this into account heuristically
by adding a parametric damping rate 'y, and use the Wigner transform I

Stk t) =) Winr(k°, 1) ® Py, (5.22a)
h
Winr (k1) = / dr® Tl T ALy (4 = ). (5.22h)
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The form of the damping factor e "%l in equation (5.22b) is not arbitrary: it
would result from a leading order calculation when taking the shifted poles of the
interacting function into account [I]. Setting here I'y;, = 0 recovers the usual Wigner
transform of (5.19).

In figure 3 we show the numerical results of the calculation of the absolute value
of the (1,1)-component of Wy, [i.e. the component & nn* in (5.20)]. The other
chiral components are qualitatively similar. The mode functions were calculated using
the hypergeometric functions with the initial conditions (5.18) and these solutions
were then used in equations (5.20) and (5.22b). The plots illustrate the phase space
structure for varying momentum |k| and damping I'x,. The results verify the shell
structure predicted by cQPA, albeit the shells are smeared for larger I', as expected.
The initial state particle is described by only the mass shell and the mass transition
then develops coherence and creates particles and antiparticles at their respective
shells (see table 1). The results also show the emergence of additional structures in
the transition area and two new long-range shells in the limit of small I'. These new
structures are suppressed for larger I' and the shell picture of cQPA remains valid
even for moderately large values of I', however. A more thorough analysis of the
additional shells and other features of these results is presented in [I].

Connection to cQPA

We now present a direct connection between the exact mode functions and cQPA in
the free theory, which was not explicitly given in [I|. This can be done similarly to
how we calculated the axial charge density (5.21) from the mode functions. The mode
functions and the cQPA distribution functions can be related via the equal-time
Wightman function. The connecting relation is

D> My(t,t) @ PG =1 Y (i P + fir Pan) Y, (5.23)
h h,s

where we also took into account the chiral transformation Y = ¢l37”. Writing here the
four-dimensional projection matrices (4.2b) in the chiral representation and taking
projections and traces of the equation eventually yields the explicit relations

[ hlk\ MV (s+ %')Méf) i Z@_EM]%?) — Mlgfll)], (5.24a)

l\DI»—

*

i = —% [ (G = MED) = 22 s = BMD + (s + B MY (5200)

Here M,gl,f) denotes the (i,j)-component of the mode function matrix Myy(t,1).
Equations (5.24)' can also be inverted, for a given helicity h, to give the four different
components M,Sf) in terms of f,:,i*, fry~ and fkh ,
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We have thus established that the cQPA phase space distribution functions

s fur are in a one-to-one correspondence to the components of the equal-time
mode function matrix Myy(t,t). We can go even further and actually derive the
free cQPA equations of motion from the mode function equations. We just need to
differentiate both sides of equations (5.24), use the mode function equations (5.17)
with (5.20) and finally use the inverted form of equations (5.24) to eliminate the
mode functions in the end. These steps reproduce exactly the single-flavor cQPA
equations (5.6) without the collision term. Of course, this connection is ultimately
not very surprising because the free cQPA and the mode functions are both based
on the same Dirac equation. Nevertheless, it works as a consistency check and it is

another verification for cQPA.

5.1.5 Comparison to the semiclassical approximation

Lastly, we compare the cQPA to the semiclassical method by calculating the axial
charge density j9° numerically with both methods in the free theory. As we showed
above, cQPA is exact in the free theory when calculating local quantities such as the
currents. The results thus show how well the semiclassical method works outside its
expected validity region |k|7r, > 1.

We consider here the method of semiclassical force (see [133] for a recent outline
and more references) which is based on a gradient approximation of the KB equations.
It was first formulated in the planar case in [47, 143—-146] and later adapted to the
time-dependent case in [139]. The general result for the axial charge density in this
method is [I, 139]

— 2/
05 _ W fakn — B 0 595
Jk Eh | Wakh = Wk + T (5.25)

where wayy, is the shifted energy and f;;, = lim;,_o tr[y® PS5 (¢, )] denotes the
initial value of the helicity-projected axial charge density. The value which corresponds
to the vacuum initial conditions used in figure 2, and equation (5.18), is

hlk|

wW_—

Jakn = — (5.26)

The validity of the result (5.25) requires that |m?6/(2|k|w?)| < 1. Using this
assumption and the initial condition (5.26) we can estimate

Je =~ (5.27)
This is the expression that is used in the numerical comparison below. Note that the

signs in equations (5.26) and (5.27) are corrected here when compared to [I] (similarly
to equation (5.13); see footnote 23). This again has no effect on the conclusions.
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Figure 4. Time-evolution of different modes of the axial charge density j25 in free theory,
calculated using single-flavor cQPA (blue line) and the semiclassical method (black line).
We used vacuum initial conditions and the same mass profile parameters as in figure 2.
Adapted from article [I] (CC BY 4.0), with corrected sign for js.

In figure 4 we show the results for the axial charge density jp° for varying modes
|k| calculated from free cQPA using equation (5.13) and the semiclassical method
using equation (5.27). We used again the mass profile given by equations (5.12). We
also displayed the exact result (red dashed line) calculated from the mode functions
which exactly matches the cQPA result as discussed earlier. In the free case the axial
charge density is induced purely by coherence since the cQPA result vanishes when
the coherence-functions are switched off (green dashed line). This is as expected
from the forms of equations (5.6) and (5.13). The semiclassical result captures well
the average of the oscillating current even for modes as small as |k|7, ~ 2 but it
misses the coherent oscillations outside the transition region. For larger modes there
is virtually no difference between the semiclassical and the exact result. Also, the
top-left panel in figure 4 (with |k|r, = 0.5) is very far outside the validity region of
the semiclassical approximation and the large spike in the result is entirely spurious
and sensitive to the expression used for j2°.
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5.2 Resonant leptogenesis

In this section we apply the LA-method to resonant leptogenesis (RL), focusing on
the details of the CP-asymmetry generation and evolution. We summarize the main
results of the analysis done in [II] and also provide some supplementary results. The
LA-method is well-suited for studying RL because the form of the propagator is not
restricted in this approach. Hence the method captures the coherent flavor oscillations
during the decays of the Majorana neutrinos which dominate the generation of the
lepton asymmetry in the RL case. Because of this we only consider the one-loop
self-energies as they are sufficient for capturing the decay and inverse decay processes
of leptogenesis. In this case we can use our first order local transport equation (4.36),
or the equivalent equations (4.39), to describe the Majorana neutrinos. There is also
no RIS-problem because the LA-method is based on the KB equations derived from
first principles in the CTP formalism.

In the SM sector we do a number of simplifications to reduce the complexity of
the problem to a more manageable level. We assume that the SM lepton and Higgs
fields are in kinetic equilibrium because of the electroweak gauge interactions, which
are comparatively strong at the high temperature scale relevant for leptogenesis.
We also neglect their decay widths and dispersive corrections and use tree level
equilibrium forms for their propagators. Furthermore, we neglect the chemical
potential of the Higgs field and assume a small lepton chemical potential so that its
backreaction can be neglected in the Majorana neutrino equations. We also focus on
the one-flavor approximation of leptogenesis where the Majorana neutrinos effectively
couple to only one linear combination of the SM lepton flavors.

5.2.1 The minimal leptogenesis model

We consider the minimal leptogenesis model with two singlet Majorana neutrino fields
N; (i = 1,2) and one lepton doublet ¢ = ({1, ;) which represents the SM leptons
(one-flavor approximation). These are coupled to the SM Higgs doublet ¢ = (¢1, ¢2)
via chiral Yukawa interactions. The Lagrangian is

L= %Ni(i&ﬁ —my)N; + i € + (9,0")(9"¢) — @;(Z&F)PRN,- + Hc) (5.28)

with an implicit summation over the neutrino flavor . The complex Yukawa couplings
are denoted by y; and the SU(2)-conjugate Higgs doublet is 5 = io9¢*. We assume
the mass eigenbasis of the neutrinos where m; are the real Majorana masses. The
neutrino fields satisfy the Majorana condition

N; = Nf = CN], (5.29)

where C' is the unitary charge conjugation matrix defined by C'(y#)TC~1 = —#.%

251t then follows that CT = —C, regardless of the used Dirac matrix representation [147].
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Propagators and self-energies

We denote the CTP propagators of the neutrino, lepton and Higgs fields [in the
contour notation defined in (3.24)| as

15’1] = (Te[Ni(z)N;(y)]), (5.30a)
ISg AB = <7E [EA $ K_B(y)} >, (530b)
iAap(,y) = (Te[oa(@)8h)]), (5.30¢)

where A, B = 1,2 are the SU(2)-doublet indices. We assume the SU(2)-symmetric
phase where [75]

Se(x,y)daB, (5.31a)
A(x,y)0aB- (5.31Db)

Se.ap(z,y)
Aap(z,y)

In the following we write the formulae and equations directly for the SU(2)-diagonal
elements Sy, and A.

We calculate the CTP self-energies for this model using the 2PI effective action
method introduced in section 3.2.1. We consider the two-loop truncation of I's which,
for the Lagrangian (5.28), can be written in the contour notation as

1F —cWZyzy] //d4md4ytr[PR15U(x y)PLiSe(y, = )]1A(y, x). (5.32)

2%

Equations (5.31) were used here to perform the sums over the SU(2)-indices resulting
in the multiplicity factor ¢,, = 2. The neutrino and lepton one-loop self-energies are
calculated by using the functional derivative formula (3.33a). The results are 1]

1% (7, y) = ¢y [yiy;PLng(x, y) PriA(z, y)
+ y:y]PRCISf(?% Jj)TC_lpLiA(y’ ZL‘) ) (533&)
iY(z,y) = Zy;‘yjPRiSij(x, y)PLiA(y, ). (5.33b)
i,

The real-time self-energies can be obtained by inserting the CTP indices which
simply follow the spacetime arguments z,y in equations (5.33). At this point we
also introduce the tree-level kinetic equilibrium ansétze for the lepton and Higgs
propagators so that the self-energies can be calculated explicitly. These are defined
in the Wigner representation where the Wightman functions are [11]

157 (k,t) = 27 sgn(k®) Pk 6 (k%) fen (£(5° — 1)), (5.34a)
IAS (k) = £2msgn(k°) §(k?) fee(£k°) = iAS (k). (5.34b)

eq
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The equilibrium distributions frp and fgg were defined below equations (3.53).
The other real-time propagators can be recovered from (5.34) by using the general
relations (3.30). In equations (5.34) p, denotes the chemical potential of the leptons
while the Higgs propagator has the thermal equilibrium form with zero chemical
potential. The lepton propagator can be split into the thermal equilibrium part and
the deviation,

S;7 (K t) = SZéZ(k) + 65,7 (k,t), (5.35)
where the equilibrium part is defined by equation (5.34a) with gy, = 0. The one-loop
self-energies can then be calculated explicitly as functions of k, T" and p, in the
Wigner representation. In particular, the Majorana neutrino self-energy (5.33a) can
be divided similarly to the thermal equilibrium part X, (k) and the deviation 63(k, t).

The needed self-energy components can be written as ||

* * A
S () = cw (Wi P + iy, Pr) @og (k), (5.36a)
* * H(T
SHD (k) = eyl P + vy Pr) B (K), (5.36D)
10557 (k1) = cw (v Pu— 4 y;Pr) 0@~ (k) Brae. (5.36¢)

Explicit expressions for the different self-energy functions &, and &, are given
in [II]. Note that we assume that the lepton asymmetry and hence the chemical
potential p, are small so we have expanded the deviations 6% to first order in Buy.

5.2.2 Lepton asymmetry

The left chiral lepton asymmetry is related to the chiral current density of the SM
lepton doublet, which can be defined generally as

gt (@) = (La(x)V" Pula(x)). (5.37)

Here an implicit summation over the SU(2)-index A = 1,2 is understood. In this
work we define the the lepton asymmetry density ny as the non-equilibrium part of
(the zeroth component of) the current (5.37): [I1]

. A3k —
ni = 630 ,() = ey / G PusSi(t1)] (5.38)
The relation to the chemical potential p, is then given by the standard formula [6]
T3 o (e 3] T (e
"= {” (7)+(7) | == (F) (539)

once the free equilibrium form (5.34a) with (5.35) is used for the propagator.

The equation of motion for n; can be derived from the equation of the lepton
propagator Sy via equations (5.35) and (5.38). For S, we use the KB equation (3.44c)
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where we omit the terms with S® and X" on the left-hand side, because we neglect
the width and dispersive corrections for the leptons. The evolution equation for the
lepton asymmetry then is

Co d3k — _ _ _
ong = —7/ 2n)? tr [(sz * S5 — Sin* St (¢, t)] + H.c. (5.40)
where ¥, is the lepton self-energy. Next we use the relations between the self-
energies (5.33) to write the lepton collision term on the right-hand side of (5.40) in
terms of the Majorana neutrino collision term [II]. This is possible because we are
calculating a quantity that is local and diagonal in all indices. The result is

3
ong = %/ ((;7:;3 Tr [PR(E; xSy — Sp * E,:)(t,t)] + H.c. (5.41)
Here we can then use the LA-method to simplify the convolutions in the interaction
terms [II]. Note that in principle we could have used the LA-method to derive also
the lepton equation but the leading contribution to the source term (4.30) would
then be different from (4.32). This is because the lepton is massless s0 0;Spaq = 0
(when choosing Spad = Steq)-

5.2.3 Quantum kinetic equations for leptogenesis

Next we present our leading-order QKEs for the Majorana neutrino distribution
0 f™ and the lepton asymmetry n;. For the Majorana neutrinos we use the mass
shell equations [I1] which can be obtained from (4.39) by discarding the f°functions
and choosing the symmetric normalization (4.41). We neglect the backreaction
of the lepton asymmetry to the Majorana neutrinos by using the equilibrium self-
energies (5.36) in the neutrino equation. The lepton equation is derived from (5.41)
by using the division (4.28) (with ¥,q = X¢,) and the local ansatz (4.33), and by
expanding the equation to the leading order in gradients and interaction strength.
The resulting equations are [I1]

at(sfl?;{; = = i(Wki - ij)foﬁﬂ - atf;g:Zhij
= [Cad s + (Gl 85t . (5.420)
!
atnL = Sglp -+ ((SWm —+ Wad)nL, (542b)
where in the neutrino equation (5.42a)
fa’Zjﬁhij = frp(Wki)dij, (5.43)
w Vi : .
Cilp = 5L [Re(?ﬁ y) (makir + muk) " — ih Im(y;y) (maky, + mlki_i)#]
20kiWk
x (&) +iGHD (k) (5.44)
o
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We used the free spectral approximation for the adiabatic functions and defined the
four-vectors (kg )" = (swis, k) and (k2)* = (|k|, k%k), and denoted Niij = Ny for
the normalization. In the lepton equation (5.42b) the CP-violating source term S¢&p

and the washout term coefficients W and W,q are

A3k cw N i
S = Z/ 27)3 2w LI;Z [Re(yi Yi)2nh Re(dfkhw >( + mjkL )
— Im(y; yJ)Zh Im(d khzg)(mik+j +mjkﬂ-) ]

x (6;;(/@“) +6g(k+j)) , (5.45a)

d k CkaZ]
3 2w iWhj

[Re(yz Y;i) 22 Re(6fi, khij ;) (mik” T my kH)#
~ () S IS ) (ke + )]

X <56A(k:+i) +56A(k+j)) , (5.45b)

cwT? 3
WT Z/ L 2CW|y i[QfFD(wki)égﬁ(kH) - 56;<¢<k+z')] (5.45¢)

To obtain these results we used the symmetry properties of the self-energy functions
and the constraints between different components of the Majorana distribution
functions 6 f™ [I1]. It should also be noted that the explicit form of the collision term
coefficient (5.44) is specific to the case of two Majorana neutrinos.

The Hubble expansion can be taken into account in these equations as described
in sections 2.1 and 2.2. The equations then take the same form as given above
when they are divided by appropriate powers of the scale factor, that is, when
expressed in terms of physical (instead of comoving) quantities and the cosmic time
t. The only changes to equations (5.42) are that the time-derivatives are replaced by
total time-derivatives, the left-hand side of the lepton equation (5.42b) is changed
to [ - (npa’)]/a’, and time-derivatives of the Majorana neutrino masses dym; are
replaced by am; [I1]. In practice, when solving the lepton asymmetry we also use the
entropy-normalized yield parameter Y, = ny/s. When assuming adiabatic expansion
in the radiation dominated era we then have [4(nya®)]/a® = s$Y,. We also solve
the equations by using the dimensionless Variable z=m /T, Where my is the mass of
the lightest Majorana neutrino. It is related to the cosmic time ¢ by dz = H(m;)/z dt.
Note also that in leptogenesis the standard (i.e. non-coherent) gradient corrections
are suppressed because H/T < 1.

5.2.4 Helicity-symmetric approximation

We now simplify the leptogenesis QKEs (5.42a) and (5.42b) further by assuming
helicity symmetry for the neutrino distribution functions o fZ;L; This is a good
approximation because the dominant contribution to the lepton asymmetry originates
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5.2 RESONANT LEPTOGENESIS

from the helicity-even part of the source term Sy (5.45a). This is true especially in
the non-relativistic regime, that is, when the lepton asymmetry is generated mainly
when T' < my. With further approximations the helicity-symmetric equations can
also be reduced to the form of semiclassical Boltzmann equations.

The helicity-symmetric equations are obtained by discarding the helicity-odd
part of 5f,:;n;r (i.e. setting & ,Tﬁ” = 5f,Tjw) For simplicity we also drop X!
here explicitly and work with vacuum dispersion relations. The resulting neutrino

equations and the source term of the lepton asymmetry can be written as ||

040 fre11 = —Lk11 6 fk1r — Orfaakrr — L1z Re(d fraz2), (5.462)
0i0 fraz = —T'k22 0 froo — Ot faa k2o — k21 Re(d fri2), (5.46b)
040 fri2 = —Lri2 0 friz — 1AWk12 0 friz — 5 (Fk?l 0 fr11 + Trio (5fk22), (5.46¢)
and
Im(yiy2) / Pk
Seip Re(yny) (271-)3 ( 21 + 12)k m( fk12) (5 7)

Here the rates are defined as I'yy = 2Re(Cy,)|er o with C},; given by equa-
tion (5.44). The coherence damping rate is given by the average L1 = (Tg11+roz) /2.
Its form agrees with the flavor coherence damping rate of mixing neutrinos found in
the density matrix formalism [148-150]. We have suppressed the helicity indices in
these equations as all quantities are now assumed to be the same for both helicities.
Note that the equations could be written in a similar form in the helicity-dependent
case also: there would just be additional helicity-mixing terms. It is also illustrative
to integrate the off-diagonal equation (5.46¢) into the form

1 t t _ )
d fr12(t) = —5/ du (F215f11 + F125f22)k(u) exp [—/ dv <P12 + 1Aw12)k(v)1,
t u
i (5.48)
where it was assumed that the flavor coherence vanishes initially, 0 fx12(t9) = 0. In
this form the oscillations and the role of the flavor coherence damping become even
more clear.

Equations (5.46) and (5.47) can be reduced to the semiclassical Boltzmann
equations in the decoupling limit where the off-diagonal function ¢ fi12 is discarded
from the diagonal equations (5.46a) and (5.46b) [II]. This is a valid approximation
in the limit Amo; > I'. The equations of the diagonal functions ¢ f;; then exactly
match those derived in the semiclassical approach. The late-time limit of the lepton
asymmetry then also matches the semiclassical result with the sum regulator (2.15c¢)
for the CP-asymmetry. Analysis of the structure of the source term (5.47) also
reveals that the coherence damping rate T'i1o is the origin of the regulator of the
CP-asymmetry in the semiclassical approach [I1].
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Strong washout limit

A simplified solution to equations (5.46) and (5.47) can also be derived in the strong
washout case I';; > H. In this case one can derive a late-time approximation to
the solution 0 f;; by setting the left-hand sides of equations (5.46a)(5.46¢) to zero,
resulting in an algebraic equation [76, 89, 91]. The idea is that the true solution
relaxes towards this late-time limit and it is a good approximation if the relaxation
happens before the lepton asymmetry freeze-out [76]. The solution to the algebraic
equations leads to the approximation

sp, = Imie) [ &k
= Relyine) ) )

Lo1 +T1a) (D16 f11 + T120 f22)

X

—Aw12
A 2 T-5)2(1 — Lizla ] ' (5'49)
(Awi2)? + (I'12) T1Tas ) 4 K

Here the diagonal distributions 0 f;; are calculated without backreaction from the
off-diagonal functions [I1]. The factor (1 — I'1aT91/[['11T92]) takes effectively, but in
a simplified way, into account the coupling between the diagonal and off-diagonal
functions.

The result (5.49) illustrates the role of the coherence damping rate ['yo as
the regulator of the CP-asymmetry in the degeneracy limit Amo; — 0. In the
quasidegenerate case my ~ my the source (5.49) is also approximated by the standard
Boltzmann form of the source term with the effective CP-asymmetry parameter

“ 0
cr  Im[(yiy2)?] (m3 — m3)miT'}" .
gi eff — 9 2 (0) (0) 3 . (j ;é Z) (550)
’ [ ly2l? (m2 — m2)? + (maT}” + mol'y”) " sin® 0y

This result corresponds to the effective regulator [76] given in equation (2.15d).

5.2.5 Results for the lepton asymmetry

Next we present our numerical results for the lepton asymmetry obtained from the
main QKEs (5.42a) and (5.42b). We also compare the full results to the helicity-
symmetric approximation given by equations (5.46) and (5.47) and to the semiclassical
Boltzmann approach with the momentum-dependent version [II]| of equations (2.11).
We use m; = 1013 GeV, g, = 110, and 615 = m/4 with vacuum initial conditions here;
more discussion about the parameter choices is given in [II]. We take the Hubble
expansion into account as described in the end of section 5.2.3. We assume that there
is no significant entropy production and that the universe expands adiabatically as
described in section 2.1. This is a valid approximation if the Majorana neutrinos
decay when z < g, |64], which is typically the case in thermal leptogenesis and also
here. We also discard the dispersive self-energy ¥ in all results for simplicity. All of
the results shown here have been calculated using the code package [LIDb].
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Figure 5. Final lepton asymmetry Y7, as a function of the relative mass-squared difference
Am3,/m3, for different Yukawa couplings y;. The full QKE results are compared to the
Boltzmann equation (BE) results for four different regulators of the CP-asymmetry 7.
We used m; = 102 GeV, 1o =7 /4 and vacuum initial conditions in all plots. The top-right

panel shows the region highlighted in red on the left. From article [II] (CC BY 4.0).

In figure 5 we show the results for the asymptotic value of the lepton asymmetry
yield parameter Y, = n./s as a function of the relative mass-squared difference
Am3,/m3 ~ 2Amy/my. Our main QKE result is compared to the Boltzmann
approach with the different CP-asymmetry regulators (2.15), and the results are
shown for three different choices of the Yukawa couplings of the model. The lower left
and right panel correspond to hierarchical and almost degenerate Yukawa couplings,
respectively, whereas the upper panels show an intermediate case. The maximal
resonant saturation of the CP-asymmetry, and consequently the maximum of the
lepton asymmetry, occurs in all cases roughly when Amg; ~ 5. There are how-
ever significant qualitative and quantitative differences between the full QKE and
Boltzmann approaches in the resonant and quasidegenerate regions Amsg; < Tyo.
Both approaches converge, as expected, in the region Amsy, > ;5 where the flavor
oscillations are fast and the diagonal Majorana neutrino distributions effectively
decouple from the off-diagonal distributions [II].
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Figure 6. Final lepton asymmetry Y7, as a function of Am2,/m? (left panels) and the
full evolution of Y7 (z) in the maximally resonant case (right panels) indicated with a
star-marker (the diamond-markers are considered in figure 7). The results are shown in
three different washout strength scenarios: weak (top panels), intermediate (middle panels)
and strong (bottom panels).

In figure 6 we give a further comparison between three different washout strength
scenarios: weak (K; ~ 0.1), intermediate (K; ~ 1) and strong (K; ~ 10). The
washout strength here is characterized by the parameter K; = FZ(.O) /H(my) [I1]. Note
that in figure 5 (and in other results given in [I1]) the total washout was still quite
strong in all cases because at least one of the Yukawa couplings was large. In figure 6
we also compare the helicity-symmetric approximation given by equations (5.46)
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and (5.47) to the full QKEs and the Boltzmann equations. Furthermore, we show
the full evolution of the lepton asymmetry Y7, as a function of z for each scenario, in
addition to the plots of the asymptotic asymmetry on the left. The mass difference
parameters used in the right-hand side plots correspond to the maximal saturation
points marked on the plots on the left-hand side. The left panels show that again the
final lepton asymmetry is maximal at Amo; ~ 15 and also that the largest value is
obtained in the intermediate washout case (middle panels) when Amg; ~ T~ H.
This is as expected from general considerations [I1].

In figure 7 we show the full evolution of the lepton asymmetry Y7 (z) also in
the overdamped (Amg; < T'i2) and rapidly oscillating cases (Amg; > I'yp), for
the mass difference values indicated by the diamond-markers in figure 6. The full
evolution plots in figures 6 and 7 show how increasing the interaction strength shifts
the generation of the lepton asymmetry towards the relativistic region z < 1 in all
cases. It can also be seen that the Boltzmann equations significantly overestimate
the magnitude of the lepton asymmetry earlier during the evolution, when compared
to our full QKEs. This can be explained by the static CP-asymmetry parameters
eCF of the Boltzmann approach which do not take into account the finite build-up
time [79] of the CP-asymmetry. For larger mass differences Amg; > 15 the build-up
time is shorter which is shown in the right-hand side panels of figure 7 [see also
equations (5.47) and (5.48)]. There the initial lepton asymmetry spike (of the full
QKE) is produced earlier when compared to the maximally resonant and overdamped
cases.

The helicity-symmetric approximation tracks the full QKEs near-perfectly in
most of the considered cases. It only fails somewhat in the fast oscillation regime
(Amgy > f‘lg) as can be seen from the right-hand side panels in figure 7. However,
the final lepton asymmetry still converges to the full QKE result in all cases, except
the case of fast oscillations with weak washout. The effective sum regulator in the
Boltzmann approach also gives a very good late-time match to our full QKEs in all
considered cases except when the washout is weak. However, we do not expect the
match to be this good more generally because the validity of the effective regulator
is sensitive to the size of the CP-violating phase 612 of the Yukawa couplings [76].
The results do not take this into account as we used only a single value for 65.
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Figure 7. Continuation of figure 6, showing the full evolution of Y7(z) in the overdamped
and rapidly oscillating cases for each washout scenario. The used mass difference values in
each panel are indicated with the filled or empty diamond-markers (in figure 6).
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6 DISCUSSION AND CONCLUSIONS

We have developed approximation methods in non-equilibrium QFT for deriving
local quantum kinetic equations including interactions and quantum coherence. Our
main results are the formulation of the new local approximation (LA) method [II]
and also the improvement [I] of the coherent quasiparticle approximation (cQPA)
developed earlier in [14-22]. We focused on fermions in spatially homogeneous and
isotropic systems with a time-dependent mass and a weak coupling to a thermal bath.
The motivation for this setting was the early universe and especially baryogenesis.
The presented flavored QKEs in these systems can describe both flavor coherence and
particle-antiparticle coherence and the related oscillations (summarized in table 1).

6.1 Coherent quantum kinetic equations

In section 4.2 we presented a new derivation of the cQPA equations of motion. We
gave a straightforward way to derive the cQPA ansatz by using the projection matrix
parametrization. We introduced a new way of organizing the gradient expansion,
leading to a transparent method for performing the coherence gradient resumma-
tion [21] of the collision term. It follows that the coherence-resummed self-energy
functions (4.18) are always evaluated at the conventional flavor-diagonal mass shells
instead of the coherence shells. While this result is already known [20], the more
ecasy-to-use method presented here has been long needed (see e.g. [91]).

In section 5.1 we formulated the transport equations (5.6) using cQPA for a
generic interacting fermion with a CP-violating complex mass. These equations
are a generalization of semiclassical Boltzmann equations which take into account
local coherence between particles and antiparticles. The structure of the equations
shows that a changing mass (r # 0) induces coherent particle production while a
changing complex phase of the mass (9 # 0) generates helicity asymmetry (leading
to CP-asymmetry) via the coherence functions f¢. We used the equations to study
the evolution of axial charge density with the mass profile (5.11) which is a time-
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dependent analogue of a first order phase transition in EWBG. The results (figures 2
and 4) indicate that in the middle of the transition (i.e. inside the transition wall),
where the mass changes rapidly, almost all of the axial charge is due to coherence.
Full quantum treatment of coherence can thus be important in the thin wall case [151—
153] of EWBG. In other regions the mass shell functions f™ are able to track the
average of the oscillating axial charge. This result also supports the exclusion of the
féfunctions in the leptogenesis application where the background is slowly-changing.
We showed explicitly that semiclassical effects are included in cQPA.

We also verified the shell structure of cQPA by using exact solutions of the Dirac
equation in a non-interacting system with the mass profile (5.11). The results (figure 3)
additionally revealed the important twofold role of damping in the emergence of the
local kinetic picture. A spectral quasiparticle description with well-distinguished
shells requires that there is not too much damping as it smears the shells. On the
other hand, if there is too little damping the two-point function becomes overwhelmed
by non-local temporal correlations [I]. This implies the breakdown of the simple shell
picture and the description of time-evolution by local quantities. This observation is
important for the development of more general local approximation methods.

Our results also establish that cQPA is exact when calculating local quantities
in non-interacting systems. We derived the one-to-one correspondence between the
local mode function matrix and the cQPA phase space distribution functions, which
was not done explicitly in [I]. This is another important consistency check for the
basic structure of the coherent phase space functions, even though the true utility of
cQPA is of course in the interacting case. However, these developments lead to an
important insight about cQPA, ultimately transcending it: the key feature is that
the non-local correlations are treated non-dynamically while the local correlations
related to the average time coordinate are fully included [I]. This insight was used
as the main idea for developing the more general LA-method.

6.2 Improved local description of non-equilibrium dynamics

In section 4.3 we formulated the new LA-method and used it to derive improved
coherent QKEs (4.39) where the effects of spectral width can be included. The
main idea of the method is to form a closed dynamical equation directly for the
local two-point function Sg (¢,¢). This can be achieved in dissipative systems by two
steps (summarized in table 2): (1) identification of a suitable background solution
Saa and expansion of the full solution S around it, and (2) parametrization of the
non-local parts of the deviation 6.5 by its local values. The second step with the
local ansatz (4.33) is the core part of the method which enables the local description
of the non-equilibrium dynamics.

An essential part in the derivation of the improved QKEs was also the pro-
jection matrix parametrization which separates different components of the local
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propagator which vary in different time-scales. This is crucial for separating the rapid
particle—antiparticle oscillations from the flavor oscillations. Furthermore, there is no
loss of generality with this parametrization in homogeneous and isotropic systems;
equations (4.39) and (4.36) are equivalent.

The LA-method can be viewed as an improved and generalized version of the
cQPA. The improved QKEs (4.39) can be reduced to the cQPA equations in a
spectral approximation. However, the local transport equation (4.36) in the LA-
method is formulated directly in the two-time representation at the propagator level
without needing to solve the phase space structure. The method can thus be used in
a spectral approximation but also more generally when accounting for the spectral
width. A major practical advantage is also that the gradient resummation of the
collision term is automatically imposed by the local ansatz in the LA-method.

6.2.1 Resonant leptogenesis with coherent QKEs

In section 5.2 we derived local coherent QKEs for leptogenesis by using the LA-
method. The most general form of the equations contains all local quantum coherence
effects of the Majorana neutrinos and also thermal medium effects in a weak coupling
expansion [[I]. The simpler QKEs (5.42) for the minimal leptogenesis model are still
valid for arbitrary mass differences and fully include the coherent flavor oscillations of
the Majorana neutrinos. Our main goal with these equations was to study the details
of the CP-asymmetry generation in resonant leptogenesis. We gave even simpler
helicity-symmetric equations (5.46) and (5.47) which provide a good approximation to
the full QKEs (5.42) and from which the CP-asymmetry generation mechanism can be
more easily analyzed. We also reduced the equations to the conventional Boltzmann
equation form in the decoupling limit (and with further approximations) [I1].

Our results imply that the flavor-coherence damping rate I'1s of the Majorana
neutrinos is the origin of the CP-asymmetry regulator in the Boltzmann approach.
The result corresponds to the sum-regulator derived earlier in the CTP approach |75,
88, 89]. The damping of flavor-coherence, rather than the oscillations averaging out
(cf. [79]), also explains why the Boltzmann equations and the full QKEs converge to the
same late-time lepton asymmetry in the decoupling limit (i.e. when Amg; > T'o) [11].
Our numerical results agree with these findings.

We performed a thorough numerical analysis of our QKEs in the resonant case
and compared them to the conventional Boltzmann equations [II]. The exact form
of the CP-asymmetry regulator in the Boltzmann approach has been debated in the
literature (69, 70, 75, 76, 91, 95]. Therefore we included several different regulators for
the Boltzmann equations in the comparison of the final lepton asymmetry calculated
from the different approaches. Our results in figures 5-7 show that the maximal
resonant saturation occurs roughly when Ams; ~ T'y5 in all approaches. However, in
the quasidegenerate regime Amg; < [y there are significant qualitative differences
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between different Boltzmann regulators. We found that the sum regulator (and its
effective variant) gives the best qualitative match to our full QKEs in the late-time
limit, but there can still be differences by at least a factor of 2. The late-time results
of all approaches also converge in the weakly resonant regime 'y < Amag; < my
(except for very weak washout, I';y < H). This provides a consistency check for our
full QKEs in the validity region of the semiclassical approach.

Finally, our QKEs are in line with several other studies based on the CTP
method. In particular, our RL results are similar to the results of [75, 88, 89] and
our equations agree with those derived in [87]. However, our approach is also more
general in several ways: we do not need to restrict the values of the Yukawa couplings,
the size of the deviation from equilibrium, or the mass difference of the Majorana
neutrinos. Further comparison to other studies is given in [II].

6.3 Outlook

So far we have compared our methods mainly to simple semiclassical equations.
More precise comparisons should be made to other methods and results found in the
literature. For example, in leptogenesis with quasidegenerate Majorana neutrinos the
question if the CP-asymmetry has separate contributions from mixing and oscillations
remains unsettled |95, 98]. While our results point to the interpretation that the
conventional mixing source arises from the coherent oscillations in a particular limit
(Amgy; > T'15) [11], a more careful investigation is needed. A thorough analysis of
corrections to the adiabatic propagators and the effective self-energies is challenging
but may also be required for more conclusive answers to this question.

Our leptogenesis equations could also be improved and extended in other ways.
An obvious improvement would be the inclusion of scattering processes and multiple
SM lepton flavors. It would then be very interesting to apply our equations to low-scale
RL and ARS scenarios in a unified framework similarly to [62]. The numerical results
could also be extended straightforwardly to include leading dispersive corrections
for the Majorana neutrinos. Covering the hierarchical regime of leptogenesis and
investigating the size of the CP-asymmetry from particle-antiparticle coherence [I1]
would also be very interesting. At a more general level, a numerical analysis to test
the local ansatz (4.33) against the full memory integrals would also be desirable.

A long standing goal, which has remained elusive so far, has also been to extend
the coherent quantum transport methods to the planar symmetric case [14]. This
is required for a proper description of coherence in realistic EWBG models. The
transport equations developed here could also be combined with the results of [154]
to study particle production during reheating in a realistic setup. Another interesting
application of the coherent equations is the field-theoretic description of SM neutrino
oscillations.
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1 Introduction

Quantum coherence plays an important role in many physical problems in cosmology. Ex-
amples include CP-violating particle-wall interactions during the electroweak phase tran-
sition, out-of-equilibrium decay of nearly degenerate heavy neutrinos during leptogenesis,
particle production during phase transitions and reheating at the end of inflation. The key
quantity in the analysis of such intrinsically quantum systems is the two-point correlation
function, whose evolution is described by the Schwinger-Dyson equations [1, 2], or in the
phase space picture by the Kadanoff-Baym equations [3-5]. The phase space picture in
particular has provided a useful basis for deriving approximate transport formalisms, the
prime example being the standard Boltzmann theory.

In this paper we study an exact, damped, spatially homogeneous and isotropic two-
point correlation function of a fermion with a possibly complex, time-varying mass term.
We show that the mixed representation correlation function contains novel shell structures
which carry information about different types of quantum coherences. For example we find



a shell at kg = 0, which encodes the information of a coherently mixing particle-antiparticle
system. This shell was previously seen in the context of the coherent quasiparticle approxi-
mation (cQPA) [6-12] in the spectral limit, but our derivation is more general, being exact
in the non-interacting case. In addition we find also other shell-structures, corresponding
to non-local (in the relative time coordinate), long range correlations.

All phase space structures depend sensitively on the existence and the magnitude of
damping. In the non-interacting case non-local coherences dominate the system, prevent-
ing a free particle interpretation of the phase space structure in non-trivial backgrounds.
Damping suppresses the non-local coherences and leads to the emergence of a local limit
for time intervals At > 1/I', where T' is the damping width. For small enough I" the
local correlation function can be well approximated by a spectral ansatz, leading to the
cQPA-picture mentioned above.

We will introduce a new, elegant way to reorganise the gradient expansion in the
mixed representation Kadanoff-Baym equations. We then use it to give a simple derivation
of the cQPA equations complete with explicit collision integrals for arbitrary types of
interactions. These equations are one of the main results of this paper: they generalise
the usual Boltzmann transport theory to systems including coherent particle-antiparticle
states. In particular we argue that the cQPA completely encompasses the well known
semiclassical effects. Possible applications of these equations include baryogenesis during
phase transitions and particle production during and after inflation.

We compute the axial current densities using the exact mixed representation correlation
functions as well as their cQPA counterparts and compare these to the ones obtained in
the semiclassical approximation. We find that the semiclassical methods work reasonably
well even in systems where the relevant modes have a wavelength as small as half of the
wall width.! This is encouraging for the application of semiclassical methods in the related
problem of electroweak phase baryogenesis with very strong electroweak phase transitions.
These typically create sharp transition walls and are often encountered in the context of
models producing large, observable gravitational wave signals [13-18].

This paper is organised as follows: in section 2 we first review the derivation of the
cQPA formalism including the spectral Wightman functions. In section 3 we construct
the exact free Wightman function from mode functions, generalised to account for the
damping. Some numerical examples for the phase space solutions are shown in section 4.
In section 5, we compute and compare currents in different approximations in the non-
interacting case. In section 6 we present cQPA transport equations in the interacting case
with explicit expressions for collision terms and compute cQPA currents with interactions.
Finally, in section 7, we give our conclusions.

!Throughout this paper we use the word ‘wall’ to refer to the temporal transition in the mass, see e.g.
figure 2a.



2 Wightman functions and cQPA

We are using the Schwinger-Keldysh formalism [1, 2] of finite temperature field theory.
The key quantities are the two-point Wightman functions

15<(u,v) = (Y(v)(u)),
157 (u,v) = (P(u)P(v)),

which describe the quantum statistical properties of the non-equilibrium system.? We also

(2.1)

need the retarded and advanced correlation functions 1S™(u,v) = 26(ug — vo).A(u,v) and
15%(u,v) = —260(vy — ug)A(u,v), where the spectral function is A = L({y(u),¥(v)}) =
5(87 4+ 8%) = 3(S" = 5%).

To get a phase space description of the system we perform the Wigner transformation

r

S(k, .%') = /d47“ eikTS(x + g, €r — 2>, (2.2)

where r = u —v and x = %(u + v) are the relative and average coordinates, corresponding
to microscopic and macroscopic scales, respectively. In this mixed Wigner representation
correlation functions obey the Kadanoff-Baym equations [3]

(% + ;f‘3> §7 —e O{IPHS} =1, (2:3)
(45087 - s =0 g)s°) (2.4

where s = <, > and p = r,a refer to the retarded and advanced functions, respectively, ¥
is the fermion self-energy and O{f}{g} = %[ax f - O0kg — Opf - 0zg] is the Moyal product.
Note that we absorb the mass terms into the singular parts of "%, unless explicitly stated
otherwise.

Moyal products are not the optimal way for organising the gradient expansions, and
we find it useful to introduce another self-energy function:

Yout(k,z) = /d4z P =N (g, 2) = eéag'agE(k,:v). (2.5)

Using equation (2.5) we can rewrite Moyal products in a form that reorganises the gradients
into total k-derivatives controlled by the scale of variation of ¥, while all dependence on
(dynamical) gradients acting on S is fully accounted for by iterative resummation:

KSP — e 2% 0 [sP (K 2)SP] = 1, (2.6)
K5* — e 3050 0r (R, 2) 8% = e 3% O[3, (K, 2) 8%, (2.7)

where K = k + %8:,3. This form of the Kadanoff-Baym equations is particularly well suited
for obtaining finite order expansions and iterative solutions. The mass operator is included
in the singular part ¥, of the retarded/advanced self-energy functions:

Sk, x) = Yeg(2) + Dhiy (K, 2) FiSA(k, ), (2.8)

2Note that we define the Wightman function S< with a positive sign. We also suppress Dirac indices
when there is no danger of confusion.



where ngg is the non-singular Hermitian part and X4 is the anti-Hermitian part of the
self-energy. To be specific, we consider a fermion field with a complex, spacetime-dependent
mass m(z):

L =g —m*(x)Pripr, — m(z)pLyr, (2.9)
where Y1, r = %(1 F7°)¢. In the Wigner representation the spacetime-dependent mass
gives rise to an operator:

(g + iy°m)S(k, ) = e~ 200 {[mr(z) + in®my(x)] S (k, z)}, (2.10)

where mp(x) and my(x) are the real and imaginary parts of m(z), respectively.

Equations (2.6) and (2.7) are practically impossible to solve exactly and one needs to
find approximation schemes that maintain the essential physics at hand. The cQPA devel-
oped in refs. [6-12] is one such scheme, which allows to study particular non-equilibrium
systems with quantum coherence. The crux of the cQPA is to solve equations (2.6) and (2.7)
in two steps. First one solves for the phase space structure of the system at the lowest
order in gradients and ignoring collision terms. This leads to spectral solutions for both
pole and Wightman functions, where the latter contain new coherence shells in addition to
the usual mass shell solutions. In the second step, one inserts these solutions back to the
full equations, which are then reduced to a set of Boltzmann-like equations for generalised
particle distribution functions [10, 11].

2.1 cQPA-solution in a spatially homogeneous system

Let us consider a spatially homogeneous and isotropic system, where m(z) — m(t) in
equations (2.9) and (2.10). The Wigner transform (2.2) with respect to spatial coordinates
then reduces to a Fourier transform, and we will denote the Wigner transform S(k,z) as
Sk (ko,t). We also consider explicitly only the equation for S<, as the derivation for S~ is
completely analogous. At first we will ignore interactions and work to the lowest order in
gradients. The Hermitian part of equation (2.7) for S< = iS<~ then reduces to

2k S (ko t) = {H(t), i (ko 1)}, (2.11)

where Hy(t) = a - k +~°[mgr(t) + iy>my(t)] is the free Dirac Hamiltonian.
In spatially homogeneous and isotropic systems the Wightman functions have 8 inde-
pendent components and can be parametrised without any loss of generality as follows:

Siko,t) = Y PRIPEAPE DiEE (ko,t), (2.12)
h,£,+’

where the helicity and energy projection operators are defined, respectively, as

1 .
P = (L +ha- ky%), P (2.13)

Il
N |
7N
=
H-
| ¥
N————

with k = k/|k| and wy, = /k2 + [m(t)[2. Inserting the parametrisation (2.12) to equa-

tion (2.11) gives algebraic constraints to the time- and energy-dependent coefficient func-
tions D,f,f,(kzo, t):

(/{30 F wk)D,fki(ko, t)

ko Djyf (ko, )

0, (2.14)
. .
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Figure 1. The shell structure of the cQPA Wightman function Sy (ko, t), showing the particle shell
where ko = wg, (purple), the antiparticle shell where kg = —wyg, (orange) and the particle-antiparticle
coherence shell where kg = 0 (brown).

Functions D,;—L,f(ko,t) x d(ko F wk) correspond to the usual mass shell excitations, while
Dit¥ (ko,t) o 6(ko) are the new coherence functions found in refs. [7-11]. The spectral
cQPA-solution can then be written as:

Sy (ko,t _2nz [P fmE5 (ko F wie) + P frd(ko)] - (2.15)

where we defined the projection operators

+ _ ) pt 40 + (4) pt
P im—RPh;P Pr = PYPE,
N N - (2.16)
) 0pF _ p@ [0
Pre =P b PIj_Phk: <7 ic%)PIj

With this normalisation the mass shell functions fiy=(t) coincide with the usual Fermi-
Dirac distributions in the thermal limit: {3 — foq(£wg), Where foq(ko) = (e"o/T + 1)’1
Note that due to the Hermiticity of Sy (ko,t) the shell functions obey (f/35)* = fi* and
( f,ff)* = fif. The phase space structure of the cQPA Wightman functlons is shown in
figure 1.

The cQPA evolution equations are then obtained by inserting the spectral ansatz (2.15)
to the anti-Hermitian part of equation (2.7), now including all gradients and interaction
terms, and integrating over the energy. However, let us again first consider this equation
in the non-interacting limit and to lowest order in gradients:

10,5y, (ko,t) = [Hy, Sy, (ko, 1)]. (2.17)

Substituting the spectral solution (2.15) for S’,j(ko,t) to equation (2.17) and integrating
over kg it is easy to derive the leading behaviour of the shell-functions:

+
o fmE =

_ (2.18)
O fiy = FwefiE + ...,



where the ellipses denote terms proportional to gradient terms (and eventually self-energy
terms when interactions are included).

The point we wish to make here is that the coherence shell solutions f,ff are oscillating
rapidly with frequencies that are not suppressed by gradients. Anticipating this oscillation
was the reason for our careful organisation of gradient terms in equations (2.6) and (2.7):
whenever the operator Ko = ko + %8,5 is acting on a coherence shell function fﬁf, one must
replace Ko — ko £ wg as the effective momentum argument of the operator, at the lowest
order in gradients. Indeed, in cQPA:

dko _iam. i —
/ TTS e 281E %% [Eout,k (ko + 2&,) S;k(ko,t):|

=5 [ oS (ko + 50) [P 0000 F ) + PO 030
+

~ Z / dko [Eout,k(kO)P}:r]::i(t) ()6 (ko F wi) + Zoutk (ko £ wie) PAE(t) ﬁf(tﬁ(k‘o)}
+

=3 SounCen) [P f3E (1) + PR () £ (1)] (2.19)
+

for a generic self-energy function ¥. That is, coherence shell projections are not evaluated
at the shell kg = 0, but on the mass shells instead. It would be straightforward to include
higher order gradient corrections to shell positions generated by the Kg-operator, but doing
so consistently, we should also solve the cQPA-ansatz to higher order in gradients. The
gradient corrections to collision terms arising from such an expansion (collisional source
terms) were studied in ref. [19] for the electroweak baryogenesis problem using semiclassical
methods. They were in general found to be very small and we shall not pursue them here
further. For the same reason we shall, in what follows, set ¥, x — Xk, dropping the
corrections coming from the expansion of the Yq,¢-function in equation (2.5).3

We will also work with the vacuum dispersion relations, setting Egsg — 0 and gy —
mr + iy°my. Furthermore, we shall drop the term o SyX<, as this is required by the
consistency of the spectral limit with respect to the pole equations [7]. With these simpli-
fications it is now straightforward to show that the full cQPA equations can be written as

1 .
Ol = £ 5D Phdii + Tr[Con Py, (2.20a)
S

. . m 1 _
Ohfix = F 2wk fir + EpdF, [wz ok B (it = fix )} + & Tr[CeonPg], (2.20b)

where

1= — _
Con = X[ (55 s) — A S ) Pl — 5 S (s) g + 0. (220
h,s

3Note however that the expansion of ¥qu¢,x may contain lowest order gradients that need to be resummed
in the same way as we did above in equation (2.19). This is the case whenever the self-energy function
contains an internal propagator containing the coherence function connected to the external leg in the
diagram. For more details see refs. [11, 12].



and we defined

. m .hlk w?
. =0, <R) + 1% dyma, b= 52— (2.22)

5 -
Wi wi, Wi, —m

We shall return to study interacting theories in section 6. For now, we shall take a closer
look into the phase space structure of the exact non-interacting Wightman functions.

3 Constructing the exact Wightman function

In the previous section we showed that Wightman functions may acquire novel phase space
structures in the spectral limit. The new coherence functions f,ff on the kg = 0 shell
describe quantum coherence in correlated particle-antiparticle states. These correlations
can be interpreted in terms of squeezed states and the functions f,i,f can be related to
Bogolyubov coefficients [12]. Condensation of the coherence information onto a sharp
phase space shell is still surprising. It is therefore of interest to see how such structures
arise in an exactly solvable system.

3.1 Non-interacting Wightman function

The Lagrangian density (2.9) provides a suitable system for our study. In the spatially
homogeneous case it implies the equation of motion

igp —m* ()Y, — m(t)Yr = 0. (3.1)

We quantise this model with the usual canonical procedure. Because three-momentum k
and helicity h are conserved, the field operator i(z) may be expanded in terms of mode
functions as

2 4’k N ikx | 7 —ik-x
'l/)free(t, CC) = Z / W [ahkUhk(t)e k -+ bILthk<t)e k y (32)
- _

where w_ = /k2 + [m(—o0)|2. The vacuum state is annihilated as ang|Q2) = bri|©2) = 0
and our normalisation is such that

S 3.3
(b bl 0} = (2703206 (K — K)o, (3:3)

while all other anticommutators vanish. The normalisation of the spinor &free is chosen to
be such that

{Pteea(t: ), Voo 5t Y)} = 006 (@ — y), (3.4)

with the mode functions Uy, and Vi, normalised accordingly. The particle and antiparticle
spinors can be decomposed in terms of helicity as follows:

Nk (t)

& , 3.5
Chie (1) Enk (3.5)

Unk(t) = [




where &gy, are the eigenfunctions of helicity satisfying
(0 - K)énk = h &k, h = +1, (3.6)

and Nk, Chk, Thk and Cpp are yet unknown mode functions that depend on m(t).4 The
particle mode functions 7, and (pp satisfy the equations

10k + h|k|npe = m(t)Cur, (3.7a)
10:Chie — Dl E|Chie = m™ ()1, (3.7b)

while the equations for the antiparticle mode functions 7 and (px contained in Vi (t)
can be obtained from equations (3.7) by the replacements h — —h and m — —m*.

The exact Wightman functions for the non-interacting system can now be constructed
as expectation values of field operators in the vacuum defined by our annihilation opera-
tors. While both Wightman functions S~ and S< contain the same degrees of freedom,
the positive energy solutions, which we shall be using as an example below, are most
straightforward to identify from S~. Continuing to work in the helicity basis we find

; ikoro—ik-r N T\ r
1S}Th/k(k0,t) = /d47“e koro—ik <Q‘wh,free (JZ’ + 2>¢h’,free (-T — 2> |Q> (38)

Using the definition (3.2) (with Vtree = >on &h,free)y decompositions (3.5) and spatial trans-
lation invariance, this can be written as

o 7.,0

drg e*oro v <t + @, t— > ® Py, (3.9)

S (ko,t) = Opp / 5 5

—00
where P}(LZ) = {hké}:k = %(]1 + ho - l%) and only the chiral component matrix M h>k depends
on the mode functions:

Mz, (H T, _ m) - L lnhk(H (= F) Mkl 3Gl - )] . (310
W G (t+ 3 (t = F) et +3) Gt — )

When the component mode functions are solved, it is straightforward to construct the
Wightman function using fast Fourier transform methods.

3.2 Including damping

In the absence of dissipative processes, the free particle solutions (3.9) are correlated over
arbitrarily large time intervals, because the Wigner transform correlates mode functions
over all relative times £%5 at each value of ¢. This is of course a physical result. However,
our typical applications concern interacting systems, where such correlations are naturally
suppressed by decohering interactions.

Taking interactions completely into account would require solving the full Kadanoff-
Baym equations, which is beyond the scope of this paper. However, one can account for

4We are using the chiral basis, where the Dirac matrices are given by 7° = p! ® 1, 7" = ip> ® ¢ and

+® = —p> ® 1. Here both p’ and o are just the usual 2 x 2 Pauli matrices. The former encode the chiral

and the latter the helicity degrees of freedom of a given spinor.



their most important effect for the phase space structure in a rather simple manner. We
observe that the information encoded in the relative coordinate must be damped by the
rate of interactions that measure the state of the system (in this case whether the system is
a particle or an antiparticle). If we denote this rate by 'y for each mode with momentum
k and helicity h, then the appropriately damped correlation function should be

q ikoro—ik-r— 7 n T\ r
S;k,l"(ko’ t) = /d4’l“ eikoro =ik Ty O|<Q’¢)h,free (x + 2)¢h,free <CL‘ - 2> ‘Q>’70

o ; o o
— / drg etkoro=Tnklrol pr> (t + ot ) ® P
e 2 2

= Wi (ko t) © Py (3.11)

The only difference to the exact free case (3.9) is the introduction of the exponential
damping factor e &7l where the damping rate T'jy, is the imaginary part of the pole of
the full propagator. The exponential accounts for the most relevant effect of interactions
here. Taking the self-energy fully into account would also modify the matrix M, , which
we here approximate with the free result. Equation (3.11) is thus reasonable in the usual
weak coupling limit, where particles are assumed to propagate freely between relatively
infrequent collisions.” When collisions occur they affect “measurements” of the quantum
state, which over time leads to a loss of coherence.

The appearance of the exponential damping factor in equation (3.11) can also be
motivated by studying the case of thermal equilibrium, where the full correlation function
in Wigner representation is given by S7 (ko,t) = 2Ank(ko, t)(1 — feq(ko)). (Remember
that ?ik + S}fk = 2Auk). The damping factor in this case arises from the absorptive self-
energy corrections to the single particle poles of the pole propagators 5’2’; . When neglecting
gradient corrections one can show that in the small coupling limit

S (ko t) = /d’ro elforo=Tnr(lrol g, (t + %0, t— ?), (3.12)
where
_ r r .
S e (t -t 20) = YT 1 (k) | PR PE®) (313)
+

is the two-time representation of the free thermal correlation function (derived using the
usual plane wave mode functions). We have only kept the absorptive corrections to the
single particle poles of S;7 (ko,t), which are then located at ky = wg(t) F ilpe(t). The
damping factor in equation (3.11) relates the free correlation function to the full one in
exactly the same way as in equation (3.12), generalising the latter into the case of a non-

thermal system with coherence structures.

3.3 Explicit solutions for mode functions

We shall now study the correlation function (3.11) explicitly in a simple toy model. For
quantitative results we must define the mass function m(t). We assume that it approaches

°In fact we are accounting also for the soft interactions with the background fields that lead to the
time-varying mass term. It would be straightforward to extend this to other dispersive processes by the
use of quasiparticle eigenstates.



Figure 2. Left panel (a): the real part of the mass profile m(t) of equation (3.15), with parameters
my = 0.5 + 0.0051, mg = 2 and 7, = 5, in arbitrary units. Right panel (b): the positive energy
eigenvalue wg(t) = 1/k? + |m(t)|? with the same mass function as in the left panel and with both
|k| =1 and 0.4.

asymptotically constant values m= at early and late times, respectively, and that it changes
between the asymptotic values over a characteristic time interval 7,, around time ¢ = 0. This
is the situation e.g. in a phase transition interpolating between the broken and unbroken
phases. At early and late times such solutions approach asymptotically plane waves (with
spinor normalisation U, i];kUhk = V,;kahk =2w_):

[Jw_ — hk|

Uk = ® Epe 9, (3.14a)

| \/w_ + hlkle |

|5 Vet ik ® &ppe ! (3.14b)
= . hk ) .
I |—/w_ — hlk[e"]

where @ is the phase of the constant mass in the asymptotic limit: m — |mi|el®*. To
be specific, we use the following mass profile for which the mode functions can be solved
analytically [20]:

m(t) = m1 + ms tanh (_t>, (3.15)

Tw

where m; = mir + imq1 and mo = mogr + imgr are constant complex coefficients and 7y
is a parameter describing the width of the transition in time. At early times (¢ — —o0)
we then have m — m_ = mj + mgy and at late times (¢ — oc0) m — my = m; — mg. For
solving the mode functions, the imaginary part of mo is removed by a global rotation of
the spinors (see ref. [20] for details), which of course does not change the dynamics of the
system. The remaining imaginary part is simply denoted by my. Figure 2 illustrates the
shape of the mass function and the corresponding energy for representative parameters.

— 10 —



Equations (3.7) with the mass profile (3.15) were solved in ref. [20] and here we just
quote the results relevant for our purposes. Defining a new basis for the mode functions,

07 (t) = —= [k (t) £ Cure(2)], (3.16a)

¢ (t) = —= [Tk (t) £ Crr(t)], (3.16b)

Sl-8l-

one can show that the solutions can be written in terms of Gauss’ hypergeometric functions:

¢i(1) f:::kgl) Za(l )ﬁ 2F1(a:|:ab:t7c; Z)a (3173)
¢i(2) ij:kEQ) “(1—2)" yF1(14ax — ¢ 14br—c,2—¢2), (3.17b)
where lek(lﬂ) are constants and
1 t i 1
2_5 [1—tanh <_7'w):| , 0[_—§Tww77 B__§Tww+7

3.18
wy = \/k;2 +m? + (mir & mor)?, (3.18)

a+ =1+ a+ B Firgmer, b =a+ B E+irgymor, c=1+2a.

Superscripts (1) and (2) label the two linearly independent solutions. The solutions for
a)fk can be obtained by changing the sign of helicity in equations (3.17), h — —h. (Helicity
enters the solution through the boundary conditions as will be seen below.)
Using the properties of the hypergeometric functions it is easy to check that at early
times
¢flgl) t——o0 C};Ltkgl)efitw_y ¢i(2) t——o00 Chikg2)eitw_. (319)

At late times these solutions split into mixtures of positive and negative frequency states:

100, (1) I'(e)l'(c—at+ —bs)

D)l (ax +bx — ¢) i,
hk T(c—as)T(c—by)

ol 4 o
hk I'(a+)l'(b+)

which manifests the fact that a varying mass mixes particle and antiparticle states. Indeed,

¢hk . (3.20)

in systems without time-translation invariance the division to particles and antiparticles is
not unique. Locally a clear identification can be made however, and with the asymptotic
limits given above we can construct different initial and final states we wish to study.

Let us now specify our initial state as a positive frequency particle, i.e. the solu-
tion (3.17a), corresponding to the constant mass one-particle state (3.14a) at t — —oc.
This determines the constants

+(1 1 i
cEW — % <\/w — hlk| £ /w_ + hlk|e 19), (3.21)
where 6_ = Arg(migr + mor +imy). Figure 3 shows these solutions for a representative set

of parameters. It is evident that the solutions asymptote to plane waves very quickly on
each side of the transition region.
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Figure 3. Shown are the real and imaginary parts of the exact free mode functions qﬁ,il), defined
in equation (3.17a), across the transition defined by the mass profile (3.15). We used the initial
conditions (3.21) and the same parameters as in figure 2a with ’k:| =04 and h=1.

4 Phase space of the exact Wightman function

Having solved the mode functions, we can now calculate the Wightman functions S, and
Sik,l“' It suffices to concentrate on one type of them, say S~, since both functions exhibit
the same phase space structures. We evaluate the Wightman functions by inserting the
mode functions solved from equations (3.16) and (3.17) with the boundary conditions (3.21)
into the matrix M}, (3.10) and performing the integral over the relative coordinate in
equation (3.11) numerically for each k-mode. Results of these computations for varying
parameter sets are shown in figures 4—6.

Figure 4 shows the absolute value of the (1, 1)-component of the function W,fk’F(k:o, t),
defined in equation (3.11), for a system initially prepared to a pure positive frequency
state. (Other three chiral components are qualitatively similar.) The surface plot in the
left panel displays a clearly peaked structure, where the initial particle peak branches at
the transition region to three separate peaks corresponding to particle and antiparticle
solutions at kg = twg(t) and a coherence peak at kg = 0. This reproduces the cQPA-
shell structure predicted in the previous section. Note that the coherence shell solution is
rapidly oscillating in time as predicted by the cQPA equation (2.18). The feature is slightly
obscured by the absolute value, but it shows up in the “digitised” structure of the coherence
solution in the projected plot on the right panel. Due to a rather large interaction rate
I' the shell structures are wide enough in frequency to overlap a little, which can after
the transition be seen as a leakage of the coherence shell oscillations into the mass shells.
At early times the sole positive frequency shell contains no oscillations. Physically, what
we are seeing, is particle production by a temporally changing mass parameter and the
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Figure 4. Shown is the absolute value of the (1, 1)-component of the exact free Wightman function
Wh>k:7F defined in equation (3.11), for parameters h = 1, |k| = 0.4, mig = 0.5, mog = 2, my =
—0.005, 7y =5 and I" = 0.4. Note that time flows from bottom to top in the right panel.

) 2 -1 0 1 2
ko

w

Figure 5. The same as in figure 4, but for parameters h = 1, |[k| = 0.7, mir = 0.5, mor = 2,
my = —0.005, 7y, =5 and I' = 0.1.

fundamental relation of the phenomenon to the quantum coherence between positive and
negative frequency states.

In figure 4 we assumed a quite large damping factor and correspondingly the shell struc-
tures were rather broad in frequency. In figure 5 we show for comparison a solution with a
smaller wavelength and a much smaller damping coefficient. As expected, the shell struc-
ture gets more sharply peaked because of the smaller width.® At the same time the antipar-
ticle shell after the transition becomes much less pronounced, reflecting the fact that a larger
initial energy is less affected by the mass change. (The same qualitative behaviour would
of course be obtained by increasing the width of the wall, leading to less efficient particle
production.) Indeed, for a very large |k| the whole novel shell structure vanishes, making
way for a single shell following a classical energy path such as the ones shown in figure 2b.

Right at the transition region one can distinguish additional fine-structures, which are
not related to the cQPA solution of equation (2.15). This is partly because our derivation of
cQPA assumed lowest order expansion in gradients. It would be interesting (and possible)
to generalise cQPA to a singular higher order expansion in gradients and check if the
emerging discrete sequence of shells could reproduce the structures seen here. However,

51n fact it is easy to show in an even simpler toy model, where the mass-function is replaced by a step-
function, that the peaks become Breit-Wigner-functions in frequency [21]. The spectral cQPA-solution can
then be seen explicitly as the Breit-Wigner forms approach delta functions in the limit I' — 0.
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Figure 6. The same as in figure 4, but for parameters h = 1,
mp = —0.005, 7, =5 and " = 0.02.

k| = 0.4, mir — 0.57 Mor — 2,

these structures may also reflect the onset of the new non-local correlations that we shall
turn to next.”

4.1 Non-local coherence in time

In figure 6 we again plot ]W,;cr 11| with the same parameters as in figure 4, but with a much
smaller decay term. The shells become even more peaked as expected, but in addition a
much richer phase space structure emerges, extending well outside the transition region.
From the projection plot one recognises that two new spectral shells have entered the play,
together with a rich network of secondary fine-structures around the transition region.
From the surface plot it is evident, compared to the earlier cases, that the cQPA-shells
are suppressed near the transition region, while the new shells grow in amplitude there.
Far away from the transition region the situation is reversed and the new shells (which are
also oscillating) fade away, making room for the usual cQPA-shells that allow for a clear
particle and antiparticle identification.

The new shells correspond to non-local correlations between the early- and late-time
solutions across the wall; in the particle interpretation the system appears to become
aware of the change in its energy levels already before the transition occurs. This is
completely expected behaviour for a quantum system and, again, these shells can also be
seen analytically in the simple step-function model [21]. One can show, and also observe
in the projection plot, that the new shells coincide with the average frequencies

1
to = 5 (VR TP £ VAT ), (4.1)

which reveals that they correspond to particle-particle and particle-antiparticle correlations
across the wall. The reason why these solutions are suppressed at large time differences is
the damping; the information about the transition can be propagated only up to a distance

"Let us clarify our use of the notion of (non-)locality in this paper: first, by non-local coherence we mean
coherence over the relative coordinate in the two-point correlation function. Then, by local limit, we mean
the limit where the two time-arguments in the correlation function are the same. The local correlation
function still supports the particle-antiparticle coherence, which is non-local in the sense that creating it
requires coherent evolution over a finite interval in the average time uninterrupted by collisions, which
differentiate particles from antiparticles.
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At ~ 1/T" in the relative coordinate. Beyond this time interval only local correlations can
survive. Decreasing I' further makes the non-local coherence structures ever more promi-
nent and if one removes damping entirely, the system becomes completely overwhelmed
by them. In this limit the system is intrinsically quantum; local particle-like solutions are
irrelevant and the system is globally sensitive to the initial conditions and the size of the
time-domain.

4.2 Physical and practical significance of the phase space structures

We have seen that a quantum system with negligible damping is strongly correlated over
large time intervals. However, in interacting systems damping suppresses non-local correla-
tions, eventually reducing correlation functions to the local limit. This decoherence enables
the quasiparticle picture and eventually the Boltzmann limit in slowly varying backgrounds.
In the language of a direct space Kadanoff-Baym approach, damping removes contributions
from memory integrals over long relative time differences. Note however, that damping does
not destroy the coherence shell at kg = 0; spectral cQPA shells get finite widths, but the
coherence between particles and antiparticles survives. Of course, equations (2.6) and (2.7)
contain also other (hard) collisions terms, which we have omitted so far. If these collisions
depend on the particle-antiparticle nature of the state, they constitute measurements which
destroy this coherence. A complete treatment of particle production in phase transitions,
for example, should account for this effect as well, as was indeed done for example in
refs. [7, 8] in the cQPA context.

From a practical point of view our solutions show that in the weakly interacting limit
7wl < 1, a complete phase space solution of the interacting problem would require very
fine resolution in frequency space in order to account for all the fine-structures in the
transition region. In this region, because of the large number of transient shell structures,
the quasiparticle picture appears impractical.® On the other hand, even for a moderately
strongly interacting system 7" 2 0.5, the phase space structure is smoothed out and the
coherent quasiparticle picture of refs. [6—12] should provide a good description of the system.

5 Currents and connection to the semiclassical limit

In the previous sections we showed that the phase space of a system with a varying mass
profile has non-trivial phase space structures, whose intricacy depends on the size of the
mode momentum k and the damping strength I'. We also argued that the quasiparticle
picture may provide a reasonable description of the system (even for very small 7, I"). We
now change slightly our perspective, and ask how our results compare with the semiclassical
treatment, which should be applicable when 7 |k| > 1. Semiclassical methods have been

8The situation is not as bad as one might think even in the limit 7" < 1. Let us consider the problem
from the point of view of the cQPA method, which includes local coherence shells but ignores the non-local
structures. Because the quasiparticle picture is appropriate far from the transition region and one expects
only few interactions within the transition area, the evolution of the quasiparticle distributions may be only
weakly sensitive to the new transient structures (the evolution of the quasiparticle functions is affected by
the new shells only through the collision integrals). If the physics one is interested in is sensitive only to
the late time correlations, it should be rather well described by the cQPA.
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widely used to describe CP-violating dynamics in electroweak baryogenesis models [5, 19,
22-30]. While we are dealing with a purely time-dependent system here, the results should
be qualitatively representative.

To be specific, we shall compare different methods for computing the expectation
values of fermionic currents. A generic current corresponding to a Dirac operator O can
be computed as

37" . 2~ ~
Jie(t) = / (gﬁ)g TP (L + 1) OYy (L)) = / ko . Tr[0iS;5, (Ko, t)]. (5.1)

In particular, we will be interested in the axial charge density

) d3r R ~
donilt) = [ ot € (G )2 0 (4.2)), (52)
which is related to particle asymmetries.

With the exact solutions (3.17) at hand it is a simple numerical task to compute js pg
for the kink profile using equation (5.1). Furthermore, in ¢cQPA it can be calculated in

terms of the shell functions f}(LZL’C)i as follows:
QPA sh|k| <h|k|mR ismI) cs}
= + + . 5.3
J5.hk s:Z:t [ Wk Ik Wl% Wk hk (5.3)

5.1 Collisionless case

We first point out that currents computed with the exact Wightman function fully agree
with the cQPA currents in the collisionless limit. This may look surprising, because cQPA
relies on a spectral ansatz derived to lowest order in gradients. Yet, at the integrated
level the collisionless ¢cQPA is in fact exact and cQPA shell functions are in one-to-one
correspondence with the local limit of the correlation functions [12], and the correspondence
is not affected by the introduction of a damping term. This can be illustrated explicitly
e.g. with equations (3.12) and (2.15): integrating equation (3.12) over kg gives

dko dko o .
/2 ShkF (ko,t) / /dr etkoro—Thi| °|S< ( _|_7 t— 2)

QPA
= S (t,t) == Z [P + PeEfar] (5.4)
+

where in the last line we used the cQPA-ansatz (2.15). Thus, the essential feature of
the ¢cQQPA is not the expansion in gradients or the ensuing spectral approximation, but
the assumption that non-local degrees of freedom are not dynamical. In particular this
result shows that cQPA retains the full quantum information relative to the average time
coordinate t.

Finally, let us stress the delicate role the decay width I' plays in the emergence of the
cQPA-scheme. On one hand, we have seen that if I' was vanishing, non-local temporal cor-
relations would dominate the correlation function; the quality of the local approximation
then crucially depends on a non-zero damping. Yet, the spectral limit formally corresponds
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to taking I' — 0. That is, I' must be large enough to ensure that non-local correlations can
be neglected, and yet small enough so that a spectral quasiparticle picture is valid. Fortu-
nately this is typically the case. We shall elaborate more on these issues in a forthcoming
publication [31].

5.2 Semiclassical approximation

While the cQPA is designed to capture the local quantum effects in a generic evolving
background, a different method exists for systems in slowly varying backgrounds. The
semiclassical approzimation was introduced in refs. [22-25] for systems with spatial inho-
mogeneities, and the details for temporally varying systems can be found in ref. [5]. The
semiclassical approximation is also local, but in contrast to cQPA, one applies the gradient
expansion directly to the unintegrated equations of motion, eliminating off-diagonal chiral
degrees of freedom. This leads to a loss of information in comparison to cQPA.

We do not get into the details of the derivation, but merely quote the results relevant
for our purposes. The Wightman function is decomposed into a helicity block-diagonal form

217" 555 (Ko, t) = 0% Gank (Ko, t) ® Py, (5.5)

where a € {0,1,2,3}, 0% = 1, ¢ are the Pauli matrices, and g, are the unknown coef-
ficient functions to be solved. The main outcome of the semiclassical formalism is that,
when considered to the first order in the gradients of a time-dependent mass m = |m/|el?,
the axial part of the helicity correlation function ggpp is found to be living on a shifted
energy shell: gspr ~ 0 (k‘g — wghk), with

Im[20,0(t)

3hk = t)+h .
ke = k(0 + 1 STk (0

(5.6)

The shift has an opposite sign for particles with opposite helicities, and it obviously vanishes

for translationally invariant systems.”

Defining the integrated phase space densities

fank(t) = %gahk(kmﬂ (5.7)

one finds the following collisionless equation of motion for the axial density fspk [5]:

[w3nk0s + FrrOk,) fank = 0, (5.8)
where F}y, is the semiclassical force

_ Om? | 9(Im[*8,0)
2wW3nhk 2|k |wg,

Fhk (5.9)

This process of going from quantum equations (cQPA) to the semiclassical force is anal-
ogous to going from the Schriodinger equation to a spin-dependent force when calculating

9For problems with a spatially varying mass a similar shift occurs for the zeroth component go, and is
proportional to the spin of the particle [24, 25].
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an electron’s movement in a magnetic field (the Stern-Gerlach experiment). Noticing that
Fpi = Owspk, one can see that the collisionless equation (5.8) is solved by

SC _ w*f?:hk
Shie (1) = o)’ (5.10)

where f5; . = fank(t — —00) is determined by the desired initial conditions. These formulae
are valid for an arbitrary form of the mass function. Note that the definition of the
phase space function fsp, exactly coincides with our definition of the current jspg in
equations (5.1) and (5.2).

5.3 Range of validity of the different formalism

Let us now compare the axial quantum currents to their semiclassical approximation in
different kinematical regions. We use the initial conditions described in section 3.3, which
correspond to choosing f3,, = h|k[/w_ in equation (5.10). In cQPA the equivalent initial
configuration for S< is f};~ (—oo) = 1 with other shell functions vanishing. In this case the
semiclassical approximation gives the following form for the helicity-summed axial density
of our kink-mass system:

mimar
Tw Wi (t) cosh?(t/r,)

B =Y fe(t) = - (5.11)
h

In figure 7 we show the helicity summed axial density jsr = >, j5.nk as a function
of time for a few representative values for |k|, computed from the semiclassical equa-
tion (5.11), using our exact solutions with equation (5.1) and using the cQPA methods via
equation (5.3). As explained above, the full cQPA-currents coincide with the exact cur-
rents in the collisionless limit. In this case the cQPA-current is pure coherence, since the
cQPA-solution restricted to mass shells (green dashed lines) gives a vanishing axial current.

The general comparison to the semiclassical approximation is as expected: prominent
oscillations appearing in the exact solutions for small |k| are absent in the semiclassical
solution. This is as it should be, since quantum coherence effects are included in the
semiclassical formalism only in an average sense. However, the oscillations turn off quickly
for large |k|, such that already for |k| = 1.5 the semiclassical and quantum currents are
practically identical. Moreover, the semiclassical current captures the average of the exact
solution very well for |k| = 0.8 and reasonably well even for |k| = 0.4. The broad range of
validity of the semiclassical approximation is slightly surprising. On general grounds one
would assume it to work when at least one wavelength fits to the wall width, corresponding
to I%ﬂl < Tw. However, our results suggest that it works quite well even when the wall width
is but a fraction of the wave length of the mode.

The validity of the semiclassical approximation is even more pronounced when one
considers the integrated current

) = 5y [ AR Y G (5.12)
h
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Figure 7. The helicity summed axial charge density jsj from the exact solutions (red dashed
line), and from the semiclassical approximation (black line). Blue solid line (exactly matching the
red dashed line) is the full ¢cQPA solution and the green line is ¢cQPA solution restricted to the
mass shells. In each figure we have mig = 0.1, mog = 1, m; = 0.1, 7, = 5 and I' = 0.2, while
|[k| = 0.1, 0.4, 0.8 and 1.5 in different panels as indicated.
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Figure 8. Shown is the integrated number density nf of positive helicity particles (left graph)
and the integrated axial charge density js (right graph) for a vacuum initial condition in the non-
interacting case. We used the same set of mass parameters as in figure 7.

In the right panel of figure 8 we show the result of the calculation of j5(¢) for the same set
of parameters as considered in figure 7. Apart from the oscillations right after the mass
change, the semiclassical solution follows the full solution quite well. In the left panel we
show the behaviour of the integrated number density nf of positive helicity particles. (The
individual number densities are defined below in section 6.) Indeed, oscillations tend to
be much larger in the individual components, but they mostly cancel out at the level of
currents.
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Our results in the non-interacting case are qualitatively similar to those of ref. [20]; the
semiclassical approximation captures the mean trend of the currents quite well. However,
while ref. [20] emphasized the fact that the semiclassical approximation misses the late
time oscillations, we do not think that this is necessarily a significant problem. First, we
see that the oscillations damp quite quickly. Second, a typical application of a calculation
presented here would be to compute the particle-antiparticle asymmetry arising from the
transition. The axial current would then be closely related to the source of the asymmetry.
In such a case the effect of oscillations around the mean would tend to cancel out, leaving
a mean effect that could be well captured by the semiclassical result.

Let us emphasize that the cQPA result for the current indeed contains and generalises
the semiclassical result. This is so despite the fact that the cQPA-dispersion relation was
derived formally to lower order in gradients than the semiclassical one. The reason for this
apparently contradicting result was already emphasized in the beginning of this section:
at the integrated level the non-interacting cQPA is in fact exact. Similarly then, the in-
teracting cQPA-equations (2.20) constitute a generalisation of the interacting semiclassical
Boltzmann theory to the fully quantum case. We now turn to study such interacting sys-
tems in the context of cQPA. This requires that we define explicitly the collision terms in
equations (2.20).

6 cQPA with collisions

Let us now assume that the self-energy satisfies the KMS-relation £~ = e®*0¥<. This
is perhaps the most often recurring application, so we write down the full single flavour
interacting cQPA-equations (2.20) explicitly for this case. After some algebra we find:

1 .
Oumie = 5 2 e S = 3 [ (i = i) T + iR T (6.1a)
S
1 _
Oifiy = FRwrfiy, + e [ r et s 5 (1 =m0 — nhk)] (6.1b)

~ 6 | (0 — ni) T + fi T
S

where @,jfk and & were defined in equation (2.22) and we replaced the mass shell functions
by the number densities ”Zk = f[xr and n,, =1 — f;,~ (these are the usual 1-particle
Boltzmann distribution functions) and ng, = feq(+wg). Finally, the be‘gi—functions encode
the collision terms for generic thermal interactions. In the spatially homogeneous and
isotropic system the most general form of the self-energy function can be expanded as

S (ko, t) Zc (k,t)o; (k (6.2)

Here o;(k) are the Dirac structures given in the leftmost column of table 1 and ¢/ (k,t)
are some four-momentum- and possibly time-dependent functions.'” Interaction terms

ONote that the last four rows in table 1 contain redundant information. For example, usmg the fact that
¥Pur = (kov° — h|Ek|v°~®) Puk, one finds that (776)}”“ = Wi (Tegn(k)r® )hsq h|k|(T,0., 5)'“g It is easy to
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i (Ti) e (To)kse’ (7o)’ (To)hs

1 285381% S//fk, S/fk 25533’%/§k

P —213555/% s' B}y, sB,:,j/ —213655/%/&
sgn(ko)7° 250 g 0 0 28055 / &k

0~ 28(553/h% —s' A5, —sA,:,j/ 28558/h%/§k

¥ 258, 121 Shik|Ay, — shlklAy 286,070 g,
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Table 1. Collision term coefficients for different self-energy components o;(k) of Xg.

corresponding to equation (6.2) are given by

Ty (k. 1) ZC T (K1),
Cc: (S c: |\ —S C'A S —C'f4 —S
Tchss’(’k‘ t):Z|:z()+21( )*88/1() 21( ) ( )hss<|k|)
(6.3)
T (k. 1) ZC Time (1K),

A A
ss’ G (S) — G (_5) ss’
T (K| t) =) 5 (To)ee™ (1K),
where ¢ (s) = c¢/(swg, |k, t) and the functions (T)ng can be read from table 1, where we
further defined

|klmr . ™y
2. =h — 6.4
hk ) =+ 13wk; (6.4)
B;, = shikl L mRim (6.5)
hie = wk wi ' '

The collision terms of equations (6.3) together with table 1 allow for completely general
coefficient functions ¢;(k,t) of the self-energy (6.2). However, in thermal equilibrium the
functions ¢;(k,t) are typically either even or odd functions of ky. As an example, we
consider a thermal self-energy with a chiral interaction given by

it (ko) = (ak + b) P, (6.6)

check that this relation is satisfied by the entries of table 1. Similarly %['yo,}ﬂPhk = —h|k|y® Puk, which
implies that the last two rows are just —h|k| times the first two lines in reverse order. However, rather than

being minimalistic, we give a complete list of the possible structures.
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where u,, is the fluid four-velocity. We further assume that, in the rest frame of the thermal
plasma where % — °, the coefficient a = a(ko, |k|) is an odd and b = b(ko, |k|) an even
function of ky. Using table 1, we then get the following collision terms for equations (6.1):

2 k
Thss' (K|, t) = [””'ak n <1 - sh||> bk] Sss's
WE Wk
/

/ S
T (1) = 5 | (wn — s'lklax + be| Aj

(6.7)
T (Kl t) = 5 [(wn + shik])an + bi] A7
' 1 [|m|?
Tc}éss (|k|7t) = fik: |:|wkak + bk:| 555’

Here ay, = a(wg, |k|), bg = b(we, |k|) and we used the parity properties a(swg, |k|) = sag
and b(swg, |k|) = br. Also, given that ag,bx > 0, note how T and T*% are always
positive.

Let us finally point out that it is easy to generalise equations (6.1) to the case with a
non-thermal self-energy that does not obey the KMS-relation. One just needs to replace

the two terms involving the equilibrium distribution function n¢, as follows:

(nh = i) T2 (k10 (et - jec @) ) P (Rl (09

for a = m, ¢, where we defined iX5 (ko,t) = >, ¢ (k,t)o;(k). We remind, however, that
evaluating the self-energy diagrams involving coherent propagators as internal lines requires
special techniques developed in refs. [11, 12].

6.1 A numerical example

In figure 9 we show a result of a model calculation with a non-vanishing interaction rate
using a self-energy of the form (6.6) with ag = 0 03 and by, = 0. The left panels, where we
imposed the vacuum initial conditions nfk = hk = 0, correspond to the interacting version
of the case studied in figure 8. Initially, the particle number approaches smoothly the
thermal value. At the onset of the transition it again starts oscillating, but the amplitude
is strongly damped in comparison to the non-interacting case. In the right panels we show
the analogous calculation with equilibrium initial conditions nfk = ni with 7' =1 in the
units we are working with and fhk = (0. Now the particle number stays unchanged until
the onset of the transition, after which it oscillates approaching asymptotically the same
post-transition equilibrium value as in the case with vacuum initial conditions. Pushing
the starting point further away from the transition region would make the later evolution
indistinguishable in the two cases.

The main difference to the non-interacting case is that the left-chiral interaction, in
connection with the coherent CP-violating oscillations, creates a temporary non-zero av-
erage chiral current after transition. This is due to the fact that the chiral interaction
term (6.6) breaks the helicity symmetry. The average current is well captured at late times
by the pure mass shell contribution, shown in green dashed line in figure 9. However at
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Figure 9. Shown is the integrated number density nf of positive helicity particles (the upper
panels) and the integrated axial charge density js (the lower panels) in interacting cQPA. The
left panels correspond to the vacuum initial condition and the right panels to the thermal initial
condition with 7= 1. We used the same set of mass parameters as in figure 7.

the transition point the main peak is still pure coherence. While the current eventually
equilibrates to zero, the region where it is non-vanishing could act as a seed for example
for a particle-antiparticle asymmetry creation in such a transition.

The calculation we presented here was just a toy model whose sole purpose was to show
how to implement the method and display some of the effects of interactions. There are
several interesting applications for the formalism that we shall pursue in the future. One
avenue is the study of baryogenesis in abrupt spatially homogeneous phase transitions in the
early universe, such as the models considered in the context of the cold baryogenesis [32-34].
Another application is to study the reheating phase after inflation. It is straightforward to
couple equations (6.1) with an equation of motion for the inflaton and model the reheating
phase including all quantum effects and interactions. Our formalism, extended to the
flavour mixing case [12], can also be applied to the study of leptogenesis. It is of particular
interest to compare our approach with several other transport theory formulations that
also employ the closed time path (CTP) methods, such as those presented in refs. [35-42].

7 Conclusions and outlook

We have studied the phase space structure of a fermionic two-point function with a varying
complex mass. We computed the Wightman function of a non-interacting system for a
specific mass profile, and demonstrated that its phase space contains, in addition to the
usual mass shell solutions, a shell-like structure located at kg = 0. This zero-momentum
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shell describes local-in-time quantum coherence between particles and antiparticles and it
was discovered earlier in the context of the cQPA-formalism [6-12]. However, our present
derivation did not rely on any approximations, but derived the free Wightman function
from the exact mode functions of the system.

In addition to the cQPA-solutions we found other, non-local coherence structures in
the exact Wightman function. These structures look peculiar, appearing to let the system
become aware of the transition before it actually takes place in the local time coordinate,
but of course they are just a reflection of the usual quantum non-locality in the phase
space picture. We argued that the non-local correlations would dominate the phase space
structure in large non-dissipative systems. However, when dissipation is included (modelled
here by a damping term coupled to the relative time coordinate), the non-locality gets
confined to the neighbourhood of the transition region. These results underline the delicate
role of dissipation in the emergence of the local (cQPA) limit, and eventually (in the nearly
translationally invariant systems) of the familiar Boltzmann transport theory.

In section 2 we introduced a new and particularly useful way to reorganise the gradi-
ent expansion in the mixed representation Kadanoff-Baym equations. Then, based on this
form, we gave a simple and transparent derivation of the cQPA equations. In section 6
we completed the analysis by providing explicit collision integrals for generic interaction
self-energies. The resulting equations (6.1) are one of the main results of this paper: they
generalise the Boltzmann transport theory to systems with local coherence between par-
ticles and antiparticles. In particular they fully encompass the well known semiclassical
effects. Such coherences may be relevant for example for baryogenesis during phase tran-
sitions and for particle production at the end of inflation.

We further computed axial phase space densities out of the Wightman functions and
compared these to the same quantities obtained from the semiclassical approximation. We
found out that the semiclassical methods work reasonably well even in systems where the
relevant modes have wavelengths down to a half of the wall width. This is encouraging for
baryogenesis studies in very strong electroweak phase transitions, often encountered in the
context of models producing large, observable gravitational wave signals [17, 18].

In this work we only considered a time-dependent mass. A natural follow-up, relevant
for the baryogenesis problem, would be to generalise the analysis to a mass depending
on one spatial coordinate. Part of this program is straightforward, but some new features
emerge as well, such as the tunneling solutions, whose proper description at the phase space
level is non-trivial. But there are practical applications of the time-dependent formalism as
well, which we shall be pursuing. One is the baryogenesis at a phase transition as discussed
in section 6 and already studied in the context of a simple toy model in ref. [11]. Another
immediate goal is to use equations (6.1), coupled to the one-point function of the inflaton,
to model accurately the reheating phase at the end of the inflation. Also, we are pursuing
a generalisation of the present formalism to the case with mixing fermion fields, in the
context of resonant leptogenesis [43].
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1 Introduction

Quantum coherence, and the related mixing and oscillation of quantum states, plays an
important role in many interesting phenomena in particle physics and in the early uni-
verse. Examples include neutrino mixing and oscillations [1-9], particle scattering from
phase transition walls in baryogenesis [10-18], mixing of Majorana neutrinos in leptogene-
sis [19-21], and particle production after inflation or in phase transitions [22-24]. In these
applications a quantum field theoretical treatment of coherence is essential. Several differ-
ent types of coherence may be relevant depending on the problem: particle production is
driven by the particle-antiparticle coherence, and coherent mixing of left- and right-moving
particles can be the engine for creating the particle-antiparticle asymmetry during the elec-
troweak phase transition. Finally, coherence between different flavour states powers the
familiar phenomenon of neutrino oscillations as well as the particle-antiparticle asymmetry
generation in leptogenesis, which is the main topic of this paper.

The primary goal of this work is to develop a general and transparent formalism for
treating problems involving quantum flavour coherence. While our results are more gen-
eral, a large part of the development will be done in the context of (resonant) leptogenesis.
We will develop a series of implementations of quantum transport equations with differ-
ent levels of sophistication. At the most general level our formalism includes also the
particle-antiparticle coherences. From there we move by a well defined reduction process
to equations fully describing the flavour coherence separately in the particle and antipar-
ticle sectors. These equations are valid for arbitrary helicities and neutrino masses. We
also show how these equations can be further reduced to a helicity-symmetric density ma-
trix equation and eventually to the Boltzmann limit with a soundly motivated form for



the CP-violating source in the leptogenesis application. This hierarchy of implementations
serves both to compare our results against the existing literature, and provides a “library of
methods” from where one can choose the one that is best suitable for the given application
at hand.

In the leptogenesis scenario [19] an initial lepton asymmetry ny gets converted to
the baryon asymmetry via the B + L-violating sphaleron processes [25] present in the
standard model (SM) [26-29]. Several versions of the leptogenesis mechanism exist [20,
21]. In standard thermal leptogenesis ny, is generated by CP-violating out-of-equilibrium
decays of heavy Majorana neutrinos and the same basic mechanism carries over to resonant
leptogenesis. In the latter the neutrino masses are nearly degenerate however, which leads
to an enhanced efficiency. The enhancement is maximal when the timescale ~ 1/Am of
the flavour oscillations is comparable to the timescale ~ 1/T" of the change of the neutrino
abundances. In this case the flavour mixing has been found to be the dominant source of
the lepton asymmetry [20, 21]. Thermal leptogenesis can be well treated using standard
kinetic equations, but the resonant case needs a more refined treatment to correctly account
for the flavour mixing.

We will use the Schwinger-Keldysh closed time path (CTP) formalism [30, 31] to derive
Kadanoff-Baym evolution equations [32, 33] for the two-point correlation function of the
mixing fermions from first principles, using the two-particle irreducible effective action
(2PIEA) method [34, 35]. We specialize to spatially homogeneous and isotropic systems
and include the expansion of the universe, relevant for the leptogenesis application. The
central object for our study is the local Wightman function Sy (t,t), which encodes the
statistical properties of the system including flavour diagonal and off-diagonal correlations.
The key element of our approach is finding a closed equation for Sy (¢,t). Our method
does not rely on restricted forms of the correlation function, such as the Kadanoff-Baym
or quasiparticle ansitze [33, 36]. Rather, it is based on the identification of a proper
background solution and a judicious approximation to compute the collision terms. This
makes it well suited for a study of dynamical mixing as all components of the correlation
function are treated on an equal footing. We point out that leptogenesis has already
been studied extensively using first principles methods [37-56] and resonant leptogenesis
in particular [57-71]. Technically our approach is closest to that of ref. [61].

Our formalism is a generalisation of the coherent quasiparticle approximation (cQPA)
first developed in [72-78] and further studied in [79]. The cQPA is a two-step approximation
where the structure of the Wightman function is solved first in a collisionless approximation
in the Wigner representation. This results in a spectral shell structure, including particle
and coherence shells, which is then used to solve the full dynamical equation. The present
method is not restricted to spectral structures as the equations are solved directly in the
two-time representation, which allows taking into account a finite width of the pole propa-
gators. If the width is neglected however, our equations are equivalent to cQPA equations.

Our main results include the quantum transport equations (5.7) and (5.15), the helicity
symmetric equations (8.1)—(8.3) and the Boltzmann equation source term (8.10) with the
CP-violating parameter (8.11). We provide an explicit implementation for a benchmark
model with two Majorana neutrinos and one lepton flavour including decay and inverse



decay interactions, but generalising to more complicated fermion sectors and scattering
processes would be straightforward. Numerically all approaches are in good agreement in
the weakly resonant case, m > Am > I', and the helicity-symmetric equation is in good
agreement with the full master equation for all parameter values. However, when Am < T'
the Boltzmann equation results depend strongly on the choice of the CP-violating source,
the precise form of which has been debated in the literature [55, 62, 66, 70]. Our result
agrees with ref. [62]. We show that the effective width that defines this source corresponds
to the off-diagonal damping of flavour coherence in the density matrix equations. We
also find that the Boltzmann equations equipped with this source are in best numerical
agreement with the full master equation results.

This paper is organised as follows: in section 2 we review the underlying CTP formalism
and examine the general structure of solutions. In section 3 we derive the transport equation
for the local correlation function S (¢,t) and the key approximation leading to a closure is
introduced in section 3.2. In section 4 we introduce the leptogenesis model, compute the
self-energy functions for the decay processes, find the adiabatic background solutions and
adapt the transport equations of section 3 to the leptogenesis case. We conclude the section
with renormalised master equations for leptogenesis, including an equation for the lepton
asymmetry and explicit forms for the source and washout terms. In section 5 we project
the neutrino master equation onto different frequency, helicity and flavour quantum states,
recasting it as a generalised density matrix equation, which we then further simplify by
averaging over the particle-antiparticle oscillations. In section 6 we generalise to the case
of an expanding universe and in section 7 we give detailed numerical results for the lepton
asymmetry in some benchmark cases. In section 8 we introduce further approximations,
first by dropping the helicity dependence and then reducing the master equation to a
density matrix equation in the quasidegenerate case and finally into a Boltzmann equation
in the decoupling limit, including a semiclassical source term. In section 9 we present
detailed comparisons to earlier work in the literature. Further details of the derivation are
presented in several appendices. Finally, section 10 contains our conclusions and outlook.

2 Kadanoff-Baym equations

For completeness and to introduce the notations, we start with a brief review of the CTP
formalism. The basic quantity of interest in the CTP quantum transport theory is the
contour-time ordered two-point correlation function. For flavoured fermions it is defined by

187,05, v) = (Te[ti,a(w))a(v)]), (2.1)

where C is a complex time contour and the expectation value is defined as a trace weighted
by the non-equilibrium density operator of the system. We will usually suppress the Dirac
(o, B) and flavour (i, j) indices when possible, as they follow the spacetime coordinates
u and v of the fermion field . All products involving the two-point and self-energy
functions are thus implicitly matrix products in Dirac as well as flavour indices. In this
paper we consider the Schwinger-Keldysh path shown in figure 1 and parametrise the
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Figure 1. Shown is the Schwinger-Keldysh closed time path C. Arrows show the direction of
increasing contour-time.

contour function (2.1) in terms of four real-time valued correlation functions: the Wightman

functions
15 (u,v) = (Y(v)1h(w)), (2.2a)
157 (u,v) = (¥ (u)(v)), (2.2b)
and the retarded and advanced pole propagators’
iS"(u,v) = 20(u’® — v°)A(u,v), (2.3a)
15%(u,v) = —20(v° — u°) A(u,v). (2.3b)

Here A(u,v) = ({t(u),(v)}) is the spectral function, which satisfies A = 1(S> +5<) =
%(ST — §%). We also denote A = S* below. We also need the Hermitian part of the
pole propagators SH = %(S’” + 5%). The fermion self-energy ¥ can be divided into real-
time components similarly and the various self-energy functions $<>, 7@ LAH gatisfy
analogous relations.

With the leptogenesis application in mind, we now specialize to spatially homogeneous
and isotropic systems where the correlation and self-energy functions F' € {S,¥} have
spatial translational invariance: F(u,v) = F(u® v";u —v). In this case it is convenient to

use the two-time representation
Fu(ty, t2) = / B e FTE(t, 1o 1), (2.4)

which is just the spatial Fourier transform and k is the Euclidean three-momentum vector.

The Schwinger-Dyson equation obeyed by the two-point function (2.1) can be cast into
four real-time Kadanoff-Baym (KB) equations for the real-time correlation and self-energy
functions. In the homogeneous and isotropic case and in the two-time representation (2.4)
they are given by

[(So — Zh) # SP)(t1,12) = 6(t1 — t2), (2.58)
[(Soe — Zk) = Si] (t1,t2) = (3 SE) (t1, 2), (2.5b)

LA related parametrisation is S%°, where a,b = + denote the CTP branches of the time arguments u"
and v°: + referring to the upper and — to the lower branch in figure 1. Then S< = —St" and S =951,
while St+ = ST and S7~ = ST are the time-ordered and reverse time-ordered propagators. Note that
our definition of S< has an additional minus sign for fermions compared to what is often used elsewhere in
the literature.



where p = r,a and s = <,>. The convolution appearing here is defined by

o0
(Fk * Gk)(tl,tg) = thk(tl,t)Gk(t,tQ), (26)
tin
where t;, is the initial time of the CTP, and we have taken the limit ¢y — oo for the final
time. We will eventually also take the limit ¢, — —oo when deriving the kinetic transport
equations. Finally, the inverse free propagator in equations (2.5) is given by

Soa(ti,ta) = [1W°0, — -k —m(t1)]6(t1 — ta). (2.7)

The time dependent, real mass matrix m(t), can be viewed as a singular contribution to
the Hermitian part of the self-energy, but with our immediate application to leptogenesis
in mind, it is useful to write it explicitly.

Later on we make frequent use of the Hermiticity relations of the propagators and the
self-energies. In the two-time representation we can write them as

Sy (t, )t = 557 (t2, 1), (2.8a)

§?7H(tla tQ)T = 32:47}1(752’ tl)a (28b)

gza(tl’tQ)T = gzm(t27t1)a (28C)

where we defined §<> = 5770, g7 = 57440 and SAH = GAHL0 " The relations (2.8)

follow straightforwardly from the definitions (2.2)—(2.4). Note that Hermitian conjugation
exchanges the pole propagators in addition to their time arguments. Similar Hermiticity
properties hold among the self-energy functions (with S replaced by ¥ in equations (2.8))
with the definitions <> = 40X <>, 1@ = A087e and TAH = A408AH We will also need
the spectral sum rule, which in the two-time representation reads

2A(t,t) =1 for any t. (2.9)

Equation (2.9) is a direct consequence of the canonical equal-time anti-commutation rela-
tions, and it can be also derived from the definitions (2.3), the analogous relations for the
self-energy functions and equations (2.5a) and (2.7).

The coupled integro-differential equations (2.5) would be difficult to solve even if the
self-energies were some externally given functions. The fact that self-energies are in gen-
eral functionals of the correlation functions S™% <>, makes (2.5) also non-linear and con-
sequently much more complicated. Our main goal is to find a tractable and efficient
approximation scheme for these equations, which still captures the relevant physics.

2.1 Formal solutions

Before introducing our approximations, it is useful to study some general properties of the
solutions. We start by rewriting (2.5) in an alternative, but equivalent form of Schwinger-
Dyson integral equations:

Sp = Stk + S0 ¥ X5 * Sk, (2.10a)
Sk = S0k + 50 k¥ X5 *Sg + Sp g X+ Sk + Sp g+ X * Sk (2.10b)



where the free propagators Sf and S§ satisfy

Sox*She =1, (2.11a)
Soa*Sox =0, (2.11b)

and again p = r,a and s = <, >.> We suppressed the now obvious coordinate dependencies
and used 1 to denote the functional identity matrix (i.e. the delta function in time vari-
ables).

We can turn (2.10) into formal solutions by iterating and rearranging the infinite series
solutions suitably (intermediate steps of the procedure are given in appendix A). The formal
pole propagator solutions are given by

_ —1
Sp= (54— 50 (212)

The Wightman functions Sj, can be broken into homogeneous and inhomogeneous parts:
Sk = Shom,k + Stk Where

Shomk = (1+ S,Z*EZ)*SS’,C* (14 Xi=Sk), (2.13)

1

The inhomogeneous part Si, , is a particular solution to the full KB equation (2.5b),
while the homogeneous part S, . satisfies the same equation with the right-hand side
put to zero. Solutions (2.12)—(2.14) are still completely general, but indeed purely formal
because the self-energies in general depend on S;.> However, they provide important
insight as to how to define and set up approximative solutions and equations. For example,
if the self-energy functions are dominated by some known part, such as the equilibrium
contribution, they suggest how to split the pole-functions and the inhomogeneous part of
the Wightman function to a leading part and a perturbation, following schematically the
division Yj = ¥eq x +02k. We shall put this observation into good use in section 3 below.

2.2 Homogeneous solutions

We can gain further insight to the homogeneous solution (2.13), simplifying it further (still
in full generality) by using the KB equations. To this end we first substitute the inverse
free propagator (2.7) to equations (2.5) and write them explicitly as

*

SPY(t1,te) = 0(t1 — t2) (2.15a)

10y, — Hi(t1)] Sk (t1,t2) — (X * S}, 7
S’Z tl t2 ]7; * gi)(tl, tQ) = (EZ * 3’%)(t1,t2). (215b)

3]
104, — Hy(t1)] Si(

Here Hy(t) = a - k + v%m(t) is the free Dirac Hamiltonian with a = 4%y, and we used
the barred propagators S and self-energies 3. defined below equations (2.8). Using the pole

2Tt is easy to show, using (2.11a) and (2.11b) that any solution S* to (2.10b) is also a solution to (2.5b).

30f course, when one makes approximations, such as the 2PI expansion for the self-energy, the generality
of these equations is restricted. In particular, when using the 2PIEA-method, one also makes an implicit
assumption of Gaussianity of the initial state [62, 80]. This is not always warranted, but the nontrivial
correlations induced tend to be short lived, lasting only over ¢t < O(1 — 10)/m [81].
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Figure 2. Left panel: schematics of the propagation of the homogeneous correlation from the initial
condition set at (t1,t2) = (tin, tin) (red) and the extent of the non-local correlation around a local
solution defined at (¢1,%2) = (t,%) (green, see section 3.2). The strength of the colour illustrates
the strength of the correlation. Outside the spheres, with |At| > 1/, points are no longer
correlated (with (in, tin) and (¢, t) respectively) because of the dissipation. Right panel: shown are
the particular time-contours of relevance for the local equation as discussed in section 3.3.

equation (2.15a) and its Hermitian conjugate in equation (2.13) then leads to

SVflom,k:(tl? t2)
= / dtdt’ Si,(t1,t) [—ib_t — Hy (1)) S64(t, ') [i0y — Hy(t')] SE(t', t2)
tin tin

= 24 (t1, tin) S{ 1 (tins tin) 2Ak (tin, t2)

)

S
0
= 2Ak(t1, tin) Shom k (tins tin) 2Ak (tin, t2). (2.16)

To get the second equality we integrated the derivative terms by parts, used equa-
tion (2.11b) and its Hermitian conjugate and the definitions (2.3). The only remaining
term in the expression is then the boundary term involving the initial time ¢;,. Note that
it is essential in this derivation that ¢, is smaller than both ¢; and ¢o. Finally, we used the
sum rule (2.9) at t = i, to identify S‘S’k(tm, tin) = gﬁom,k(tifh tin).

The result (2.16) is exact and it shows that homogeneous solutions describe transients
evolving from initial conditions set at a finite initial time #;,. Indeed, it is easy to show
that the spectral function is the unitary time-evolution operator for two-point functions in
the free theory limit: 2A4g(t1,t2) = U(t1,t2), for which the spectral sum rule (2.9) imposes
the correct normalisation U(t,t) = 1. However, in dissipative systems this time-evolution
is no longer unitary. Dissipation shows up as a finite width of the pole functions in the
Wigner representation. Going to the Wigner representation, finding quasiparticle poles
and computing the corresponding quasiparticle widths v, and transforming back to the
two-time representation, one could then obtain a more general Aj effecting an explicit
non-unitary decay of correlations in the relative time [79]: 2A(t1,t2) ~ e wl—t2l 4 Ag

4In this qualitative explanation we do not explicitly account for flavour dependence. It is clear however,
that flavour dependent ~x’s correspond to the widths of quasi-states in the locally diagonalised matter basis.



a result, if the initial time is pushed to the past infinity, ¢, — —oo, all memory of the
initial conditions will vanish, leaving only the inhomogeneous solution. We illustrate this
phenomenon schematically in figure 2.

We find the homogeneous solutions of the form (2.16) to be very useful still in another
way, which is crucial to our scheme. We will return to this issue in section 3.2 below.

3 Local quantum kinetic equation

The main source of complexity in equations (2.15) comes from their non-locality and the
associated need for a complete accounting of the memory effects. Yet, all physical observ-
ables are expressible in terms of the local correlation function Sk(t,t), and moreover, we
have seen that dissipative processes in general wash out memory effects over time intervals
|At| > 1/~g. This suggests to try to find an approximative equation that involves only the
local correlation function. Such an equation is easy to set up formally: we first use the
chain rule to write®

a8 (1) = [0+ 0)Sg(t:1)] (3.1)

t'=t
Using this with the KB equation (2.15b) and its Hermitian conjugate together with the
Hermiticity relations (2.8) yields the equal-time equation

2
* X5 (t,t). (3.2)

This equation is still exact, but of course not closed because it still involves the non-local
function Sj (¢,t") with ¢ # ¢’ explicitly in the interaction convolution terms ¥, * Sy and
7; * 2¢ and implicitly within the self-energies. It also depends explicitly on the pole
functions S;“(t1,t2). To make (3.2) self-contained, we need to supply it with enough
information of these particular correlations, without going back to the full KB equations.

3.1 Perturbation around the adiabatic solution

Let us first address the coupling between the Wightman functions and the pole functions.
This issue is intimately connected to finding a good approximation for the inhomogeneous
solution for the Wightman functions as is suggested by equations (2.12) and (2.14). We
start by formally dividing the correlation functions into some known adiabatic background
solution and a perturbation:

Sk = Saa + Sk - (3.3)

where a = r,a, <,>. There is some freedom as to how to choose the adiabatic solutions.
For example, in a system near thermal equilibrium, the instantaneous thermal equilibrium
solutions would be an obvious choice. More formally, the adiabatic Wightman function
can be defined as a solution that reduces to the stationary solution of (3.2), when ignoring

°In order to get an equation for the local correlation function, it is essential that the derivative acts
on both time-variables. Otherwise the limiting procedure introduces other independent functions (first
moment of the propagator in the mixed representation) to the left hand side of the equation (3.2).



all local time dependence.® When aa g fulfil this requirement, inserting the division (3.3)
into equation (3.2) leads to

10,085 (t.t) ~ [H(t), 655 (t, )] + (Sf, = 655) (£ £) — (055 * Zp)(,1)
+ (X5 * 05%)(t, ) — (6S), = S5 ) (t, 1)

The source —idpS5, 1 (t,t) is the leading correction left from the terms involving the adi-
abatic solution in the full dynamical equation. Note that as the Wightman function can
contain also a homogeneous transient, 65 is not necessarily small even when the adiabatic
solution is an equilibrium solution.

The equal-time pole functions, on the other hand, can be taken to be purely adiabatic
with no dynamical perturbations: (5S£ = 0. In the equal-time limit this condition is actually
strictly imposed by the spectral sum rule (2.9) and the relations (2.3) between the pole
functions and the spectral function. One can also show that 8tS§d7k(t,t) = 0 exactly at
least in a non-interacting theory. This suggests that no perturbations in the pole functions
can be included in a truncation to the local limit. It is then remarkable, that in the
truncation scheme for the collision terms developed in the next section, the non-local pole
function perturbations vanish consistently with their vanishing equal-time counterparts.
This means that pole functions become entirely non-dynamical quantities that account
for the structure of the phase space only. With this information, equation (3.4) further
reduces to

101055 (t,t) ~ [Hy(t), 055 (t,1)] —i0:S5q 5 (t, 1) + [(Xf * 65%) (¢, 1) — H.c.]. (3.5)

This equation no longer depends explicitly on the pole functions. They only have limited
influence on (3.5) through the source function and the self-energy functions, as we shall
discuss below.

On the choice of the adiabatic solution. Explicit forms for the adiabatic solutions
are most conveniently given in the Wigner representation, which is defined as the Fourier
transform of the two-time representation (2.4) with respect to the relative time-coordinate:

0

F(k,t) z/ ar® e B (b 4 5t — ). (3.6)

Here t = (1 +t2)/2 is the average time coordinate and k° is the internal energy conjugate
to the relative time coordinate 0 = ¢; — t5. Note that we always take the limit ¢, — —o0
before calculating any Wigner transforms. We now define the adiabatic solutions with

5This corresponds to working to lowest order in gradients in the Wigner representation.



instantaneous mass m(t) and self-energies as follows:”

Sty (k) = [ —m(t) — S (k)] 7, (3.7a)
Sk, t) = STa(k, 0S50 (k, 0) 2 (k. 0). (3.7b)

There still is significant freedom left in these solutions related to the choice of the self-
energy functions X¢;. For example, one might choose to ignore or include the Hermitian
part ng of the pole self-energy functions, leading to solutions either with vacuum or
quasiparticle dispersion relations. Moreover, if one neglects the finite width, setting Z;‘h =
0, the corresponding solutions become spectral (either vacuum or quasiparticle). This is the
choice made in the derivation of cQPA-formalism [72-79], as well as in the usual Boltzmann
theory [82]. If one includes a finite width however, the adiabatic part of the solution spreads
out in phase space, with a consequent change in the source term in the equation (3.5) for
the perturbation 0S;. One can even include corrections from the perturbations 4.S); in
the self-energies, without changing the basic structure of the equation for the perturbation
0y, itself. The point is that the validity of all these approximations is controlled by the
coupling constant expansion.

3.2 Local approximation

The division into an adiabatic background and the perturbation simplified the original
equal-time equation considerably. However, the problem of closure still remains: our equa-
tion describes the evolution of the perturbation only along the diagonal t; = 5 in figure 2,
but the collision integrals depend on 8.5 (t1,t2) everywhere in the two-time plane. In a
system with dissipation, these memory effects are suppressed however, and there is hope
that a strictly local description can be found. We use the evolution of the homogeneous
perturbation (2.16) as our guiding principle to reach this goal.

Indeed, imagine first that we somehow have found the correct solution 655 (¢,t) along
the diagonal. For ¢; 2 not too far from the time ¢, the true non-local solution 4.5 (t1,t2)
should be correlated with 655 (t,t), and even reasonably well approximated by a homo-
geneous solution similar to equation (2.16), with the initial time t;, replaced by the local
time ¢t. Even when we do not know the local solution beforehand, we can parametrise the
non-local solution with the local one. Specifically, we make the local ansatz

855 (t1,te) = 2Ak(t1,t)055 (¢, )2 Ak (¢, t2) for any t. (3.8)

Note in particular that the spectral function is not a dynamical quantity in (3.8); following
the discussion of the previous section, the generalised time evolution operator 24y (t1,t2)
is a non-dynamical adiabatic solution that can be computed to the desired accuracy inde-
pendently from the local correlation function §.5j(¢,t). We stress that the ansatz (3.8) will

"More precisely, we should replace the self-energies ¥ (k,t) in equations (3.7) by their “out-versions”
defined below equation (3.9). This is important when the self-energy depends on the perturbation 4.5 itself
and may thus contain rapidly oscillating coherence functions [76, 77, 79]. However, this phenomenon is not
relevant for us in this paper where we eventually will average over such fast fluctuations and both definitions
correspond to the same local correlator in the two-time representation.

— 10 —



only be used in the convolution terms describing the interactions. Indeed, if taken to hold
universally for all ¢, it would generally be too restrictive and in contradiction with the local
equation of motion (3.5).

cQPA and Boltzmann theory limit. It should be stressed that the ansatz (3.8) is
an exact relation in free theory and for spectral quasiparticles, where the full solution is
homogeneous and the free spectral function is the unitary time evolution operator. Indeed,
we can derive the cQPA-correlation function [77, 79], and eventually the Boltzmann theory
limit directly from (3.8). First choosing ¢ = (¢;+t2)/2 and then Wigner-transforming (3.8),
one finds (here we write the results explicitly for S< but analogous results hold for S~)

0
5§< (kv t) = / di2'/71in,k: (p()’ t)(s‘glj (ta t)2-710ut,k(2k0 - p0> t)v (39)
T

where Aoyt (k,t) = eﬁatako.%l(k,t) and Ay (k,t) = e_%atakOA(k:,t). This form is still valid
for any adiabatic solution for the spectral function. Working to lowest order in gradients
and using the free adiabatic spectral function,

Agg (K%, 1) = msgn(k®) (F + mi(t))y" 6(k* — m3)dy, (3.10)
equation (3.9) reduces to the spectral form

0S5 (k,t) =21 > PPt 685, (6 t) Pt 0 (K0 F Swmi T/ wij), (3.11)
h,+,+’

where the helicity and energy projection matrices are defined by

Py, = %(1+hl3k>, Py = ;<1+si’:> (3.12)
with hg = o - 12375, Hyi = a -k ++"m; and wy; = /|k[2 + m;2. The helicity and energy
indices both take values h, s = +. It is easy to show that the projectors thP,ifyOP,j;/ form a
complete basis of matrices consistent with homogeneity and isotropy (this will be elaborated
further in section 5.1). In the spectral limit the adiabatic solutions and the perturbations
can be combined on the common shell functions. Expanding the corresponding full ?,j (t,t)
in this basis (for the precise definition of P,ifl/ij see equation (5.2) below), we can rewrite
equation (3.11) as

S< k t - QWZ(thz]fkhU k + w’“]) + thzyflg}?z:](s( + %Awkij))7 (313)

where @gij = (wWki +wk;j)/2 and Awgij = wii —wij. This is the flavoured cQPA-propagator,
up to normalisation, derived in [77] and it carries information of all coherence structures
consistent with homogeneity and isotropy in the spectral limit.
If one ignores all coherence information, equation (3.13) reduces to a generalised
KB-ansatz
S5 (k1) Zth fisan(k 2Akw( t) sgn(k°), (3.14)

— 11 —



which corresponds to the Boltzmann theory limit with distribution functions that are diago-
nal in flavour and helicity. The extra sgn(k°) factor could be absorbed to normalisation, but
the present normalisation will be more convenient later. Moreover, if one imposes the ther-
mal equilibrium Kubo-Martin-Schwinger (KMS) condition for the cQPA Wightman func-
tions, S~ (k,t) = eﬁk05’<(k,t), which now is equivalent to S’fj(k,t) = QXég;(kO,t)pr(kO),

the distribution function further reduces to the thermal Fermi-Dirac distribution: fg}”jf =

3.3 Local transport equation

For us, the most important utility of the local approximation (3.8) is that it allows closure
in equation (3.5), reducing all interaction convolutions containing the non-local function
65} (t,1') to simple matrix products involving only the local function §Sj, (¢, t). For example,

(S}, %8Sy )(t,1)

/ dt' X5, (¢, )65 (', 1)
tin

12

U dt' S (¢, )2 A, (1, 1) | 65k (¢, 1)
tin
= igff,k(tat)églj(t7t>v (315)

where we introduced the effective self-energy i’e'ﬁf’ k- We remind that the spectral function is
adiabatic A = A,q in these expressions, consistent with our approximation scheme. While
the effective self-energy

Segp(t,t) = (S« 2A45) (1) (3.16)

is still a convolution, it can be computed at any time during the solution based only on
the local solution itself, or independently of it, depending on the approximation one uses
for the adiabatic functions, as discussed in section 3.1.

We now use the local approximation (3.8) to obtain closure in equation (3.5). This
amounts to using (3.15) and its Hermitian conjugate with (3.16) in equation (3.5), resulting
in the local equation of motion

0S5 (t,1) +1[Hy(t), 0S5 (t,1)] = =055 1 (1, 1) — (iBeg (8, 1)0SR (¢, 1) + Hee.).  (3.17)

Equation (3.17) is our final quantum kinetic equation (QKE) for non-equilibrium evo-
lution of mixing fermions. The non-local memory integrals have been truncated by the
local approximation, so it is an ordinary (matrix) differential equation for the local non-
equilibrium correlation function 65j (¢,¢). Equation (3.17) still describes both flavour and
particle-antiparticle coherence effects of the mixing fermions. It also takes into account
quantum statistical effects of the thermal medium (within the weak coupling expansion),
and it can accommodate thermal corrections to the dispersion relations via the effective
self-energy and the adiabatic source term. We have shown that (3.17) encompasses the
coherent cQPA-formalism and consequently the usual Boltzmann theory including also
semiclassical corrections [79], but it is a more general formulation in that it is not re-
stricted to the spectral limit. We will apply this equation in the leptogenesis setting to
describe the evolution of the right-handed Majorana neutrinos in the next section.

— 12 —



On the accuracy of the local ansatz. Despite its wide range of applicability, the
ansatz (3.8) should eventually break down if the system develops significant temporal
correlations (a memory) over large time intervals. When would this happen and how
large would the corrections be? Ultimately one would like to compare the results obtained
using the local equation (3.17) with a numerical solution of the full non-local two-time
equations (2.15), but we can get a good idea of the size of the memory effects by studying
their origin in the Wigner representation.

We first note that the Wigner transform (3.6) encodes all dependence on the relative
time ¥ = t; —ty at constant average time slices t = %(h +12) in the frequency components
Sk(k% 1) (see the right panel of figure 2 for illustration). In the weak coupling limit this
information gets concentrated on narrow shells in frequency space and eventually to spectral
solutions when widths are neglected. The non-local information relevant for equations (3.5)
and (3.17) is contained in the convolution integrals that can be expressed as follows:

0
(S Gut0) = [ A S 0G(E0) = [ S Shulh+30,0G(h 0,  (318)

where G = §5< in (3.5) and G = A in (3.17).% Clearly, for a fixed ¢ the non-local informa-
tion of G(t',t) contained in the two-time convolution (along the contour to = t) is fully
encoded in the gradients in the Wigner representation, since G(k,t) only contains infor-
mation along the contour (¢ + t2) = t. This correspondence is schematically illustrated
by the blue arrows in figure 2.

Finally then, the validity of the local approximation (3.8) boils down to the smallness
of the gradient corrections and assuming that 6.5 (k, t) has a similar phase space structure as
the adiabatic solution. In the leptogenesis application gradient corrections are controlled by
the Hubble expansion and hence they are small since H/T < 1. The phase space structures
of the adiabatic solution and the perturbation §.5(k,t) should be similar because the latter
is created by the former. Also, both solutions become spectral when the width is zero, so
this approximation becomes good also in the weak coupling limit.

4 Leptogenesis

We now apply our methods to study lepton asymmetry production in the early universe.
Leptogenesis has different variants, including the original thermal leptogenesis [19], reso-
nant leptogenesis [83, 84] and the freeze-in, or Akhmedov-Rubakov-Smirnov (ARS) lepto-
genesis [85]. For more discussion see e.g. [20, 21]. Our methods apply, with minor modifica-
tions, to all these variants, but we will focus to the resonant scenario in the minimal model
with two heavy Majorana neutrinos coupled to a single light SM lepton doublet and a Higgs
doublet. Generalisation to more neutrino flavours, or more SM lepton flavours necessary

8There is one subtlety if we take G = 6S< as in equation (3.5). In this case one has to account for the
gradient operator in the argument of ..., when it acts on the rapidly oscillating coherence solutions in
§S<. This ensures that the coherence shell contributions get computed on correct frequency shells in the
cQPA-formulation (see e.g. [79]). One of the nice features of the ansatz (3.8) is that it fully automatises
this resummation, also when evaluating higher loop self-energy functions [77]. Indeed, the issue clearly does
not arise when G = A, because A is an adiabatic function.
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e.g. for low scale leptogenesis [86, 87] and the ARS-mechanism, would be straightforward.
We will also only include the decay and inverse decay interactions, neglecting the 2 — 2
scattering processes. This limits the range of validity of our predictions, but our goal is not
the maximal phenomenological reach, but the accuracy of the quantum transport formula-
tion and detailed comparisons between different approximations. Again, generalisation to
more complex interactions would be straightforward.

In principle all particle species involved in the problem could be treated on the same
footing in the CTP-context, resulting in a network of local transport equations. However,
a number of simplifying approximations can be made for the SM fields. For example we
can neglect the decay widths of the lepton and Higgs fields and assume that they are in
kinetic equilibrium due to the SM gauge interactions. To first order, we can also neglect the
chemical potential of the Higgs field, which then decouples from the dynamics. The lepton
chemical potential py is essential of course, but we can assume /7T to be small, which
allows us to neglect the backreaction of u, to the dynamics of the Majorana neutrinos.
We can then solve the coupled neutrino and lepton equations consecutively instead of
simultaneously. For neutrinos we will use the local transport equation (3.17) with full
phase space structure and flavour coherence information. Since we are only accounting
for one-loop self-energies, we include only the indirect or e-type self-energy contribution
to the CP-violation. Including the direct &-type contribution would require a two-loop
self-energy calculation, but we refrain from doing this, because the indirect contribution is
dominant in the resonant regime.

In summary, the objective of this section is to derive an explicit local quantum transport
equation for the mixing Majorana neutrinos, coupled with an equation for the particle-
antiparticle asymmetry of the SM lepton doublet. We will compute explicitly all self-energy
functions and the adiabatic background solutions for the neutrinos, as well as the source
and washout terms for the lepton asymmetry equation. We will work consistently to the
leading order in the coupling constant expansion and discuss the renormalisation procedure
necessary for the loop calculations.

4.1 The minimal model

Our model contains two singlet Majorana neutrino fields NV;, coupled to an active lepton
SU(2)-doublet ¢ and the complex scalar Higgs doublet ¢ via chiral Yukawa interactions:

£=> [%Wz‘ﬁ@ — mi)Ni =y} (19) PaNi = y: N, PL(6T0) | + 2id £ + (9u0')(9"0).  (4.1)

We work in the mass basis for the Majorana neutrinos, where m; are the lepton number
violating real Majorana masses. The lepton and Higgs fields are assumed to be massless
as leptogenesis must take place in a high temperature in the electroweak symmetric phase.
Finally, the SU(2)-conjugate Higgs doublet is defined by gzNS = e¢* where ¢ is the anti-
symmetric 2 X 2 matrix with €19 = 1. The CP-violating phases necessary for leptogenesis
are contained in the complex coupling constants y;.
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The CTP propagators of the neutrino, lepton and Higgs fields are given by

iSij(x,y) = (Te[Ni(2)N;(y)]), (4.2)
iS5 (2, y) = (T [la(z)lB(Y)]), (4.2b)
iMap(z,y) = (Te[da(@)shw)]), (4.20)

respectively, with the various real-time propagators defined as in section 2.° Here we have
explicitly marked the SU(2)-doublet indices (A, B = 1,2) of the lepton and Higgs prop-
agators and the Majorana flavour indices (7,j) of the neutrino propagator. Because of
the SU(2) symmetry the lepton and Higgs propagators are diagonal in the SU(2)-indices:
Seap = Sedap and Ayp = Adap. In the following we work directly with the diagonal
elements Sy and A. On the other hand, the Majorana fields N; satisfy the Majorana con-
dition

N; = Nf = CN}, (4.3)
where C' is the unitary and antisymmetric charge conjugation matrix. An important con-
sequence of the condition (4.3) is that the neutrino propagator is constrained by

S(x,y) = CS(y,z)TC L. (4.4)

Note that here the transpose acts on all of the flavour, Dirac and CTP indices of the
propagator.

4.2 Self-energy functions

We calculate the self-energies in the 2PIEA formalism, where the self-energies are defined
as functional derivatives of the non-trivial part I'y of the effective action with respect to
the propagators. The non-trivial part I'y contains contributions of vacuum diagrams with
two or more loops. The two-loop contribution (see figure 3a) arising from the Yukawa
interaction in the Lagrangian (4.1) is given by

ing) =Cy Zyz‘yj //c dz d*y tr [PriSij(x,y)PrLiSe(y, z)|iA(y, z). (4.5)
0,J

Here ¢, = 2 is a multiplicity factor from the trace over the SU(2)-doublet indices, and C
denotes integration over the CTP.

To calculate the Majorana neutrino self-energy we need to take the functional derivative
of T'y with respect to the neutrino propagator S. As the propagator is constrained by the
Majorana condition (4.4), its functional derivative is defined by

W = 0ik0j10ar 055 0W (x — w)dW (y — 2)

+ 000k CasCly 0 ( — 2)6W (y — w), (4.6)

where the flavour and Dirac indices have been indicated explicitly. For an unconstrained
Dirac particle the second term on the right-hand side of equation (4.6) would not be present.

9The real-time components of the complex scalar propagator are defined similarly to equations (2.2)
and (2.3): for example the Wightman functions are A< (u,v) = <¢T (v)¢(u)> and A~ (u,v) = <(15(u)z;zSJr (v)>
The only difference to the fermionic case is that the bosonic spectral function is a commutator of the fields,
rather than an anti-commutator, and we use the standard sign convention A< = A™~ for bosons.
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Figure 3. Shown on the left (a) is the 2PI two-loop vacuum diagram in theory (4.1). The
corresponding 1PT diagrams contributing to the Majorana neutrino (b) and lepton (¢) self-energies
are shown on the right.

The one-loop Majorana neutrino self-energy ¥;; (figure 3b), calculated using equa-
tions (4.5) and (4.6), is then given in direct space by

ol

i¥ij(z,y) = m

= e [yay PLiSi(x,y) Prid (z, )
+ Yy PrCise(y, )" C 7 PLiA(y, o) (4.7)

The lepton self-energy (figure 3c) is calculated similarly, and the result for the SU(2)-
diagonal element is
iSe(x,y) = > yiy; PriSi(x, y) PLIA(y, @). (4.8)
0.
From these it is straightforward to calculate the real-time self-energies by inserting the
CTP indices (which follow the spacetime arguments) and using the relations of the different
propagators. Later we need the following neutrino self-energy functions (given now in the

Wigner representation):

iEfj’>(k, t) = ¢y / (;1;‘3;1 [yiy;PLiS;’>(p, t)PrRIAS (k — p,t)
— gy OIS, (—p ) TCT RIAT (0 — Ky t)], (49)
Sk,0) = e [ 2 [y P ) PRAAT (k1)
AN (2m)4 J ’ ’

+ iy  PLiST (p, t) PRAY (k — p, t)
+yiy PROS) (=p,t) ' C T PLIAT (p — K, t)
+ 4y PrCiSE (—p, ) CT LA (p — k1), (4.10)

where we defined the statistical propagators ST = %(S> —8<) and AF = %(A> + A%).
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4.3 Tree level propagators

In order to calculate the self-energies further we now introduce the tree level equilibrium
approximations for the lepton and Higgs propagators Sy and A. We assume that the
diagonal elements of the SU(2)-symmetric lepton and Higgs correlators are given, in the
Wigner representation, by

Stk (k) = msgn(k) Pk 6(k?), Az (k)
Sgeq(k) = PLK PV(}%)’ Ag:l(k)
iS7 (k. t) = 257 (k) fro (£(K® — me)), 1A%, (k)

msgn(k®) §(k?), (4.11a)
PV (&), (4.11b)
207 (k) foe(£E"), (4.11¢)

where PV denotes the Cauchy principal value and py is the lepton chemical potential.
The =+ sign in equations (4.11c) corresponds to the < sign (+ for < and — for >). The
Fermi-Dirac and Bose-Einstein phase space distribution functions are

1
ek 117

1

0y _
fe(k") = TR

fon (k) = (112)
where 8 =1/T and we assume a common temperature 7" for both ¢ and ¢. Note that the
time-dependence of the lepton Wightman functions S;” (k, ) in (4.11c) comes solely from
the chemical potential 1y = pg(t).

Similarly to the Majorana neutrino correlation function, it is convenient to split the
lepton Wightman functions into the equilibrium and non-equilibrium parts,

Sy (kyt) = Sy (k) + 0877 (R, t), (4.13)

where ;7 (k) is given by equation (4.11c) with g = 0 and the non-equilibrium parts
satisfy 05, = —d6S;. It then suffices to consider e.g. S, only, for which we define the
non-equilibrium lepton distribution

517 (k%) = fep (k" = o) — frn(K°) ~ — fip (k) e (4.14)

Here we also assumed that the lepton chemical potential p, remains small during lep-
togenesis. We can now split the Majorana neutrino self-energies (4.9) and (4.10) using
equation (4.13):

Y(k,t) = Xeq(k) + 02(k, 1), (4.15)

where ¥4 is the thermal equilibrium part with vanishing 11y, and 03 is proportional to 65
and hence linear in yuy in the approximation (4.14).

Using equations (4.9)—(4.12), (4.14) and (4.15), together with ¥4 = (2> + £<), we
can calculate all the needed Majorana neutrino self-energies. We parametrise them as

* * A
Eélﬂ,j(k:) = Cw (yzyj P+ Yi yjPR)$eq“u(k)7 (416&)
Sl (k) = ew (wis Pr + vy Pr) Ben . (K), (4.16D)
105557 (k,t) = cw(yiy; P — yfyjPR)6$;’>(k) Blie, (4.16¢)
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where the various &, functions are calculated explicitly in appendix B. Due to homogeneity
and isotropy there are only two independent functions Sg(k) = a(k?, |k|) and &;(k) =
b(kO, |k|)k? (for all i = 1,2, 3) for each . Note that we give only the temperature dependent
part qu(T) of the dispersive self-energy qu(k) in equation (4.16b). The vacuum part
Zfifv“) and its on-shell renormalisation are presented in section 4.8. The renormalisation
of the Majorana neutrinos is not trivial because they mix and are unstable. Nevertheless,
the relevant outcome for this paper is simple: the renormalised (vacuum part) igq(v‘“) does

not contribute to our results in the leading order approximation considered in this work.

4.4 Adiabatic neutrino solutions

Now that we have specified the self-energy, we can calculate the adiabatic solutions (3.7)
for the neutrino which are needed in the kinetic equation (3.17). Working to the lowest
order approximation we only take the equilibrium part of the neutrino self-energy (4.15)
into account:

Shy(k,t) = [k —m(t) — 2, (k)] ", (4.17a)
sk, ) = Sta(k, )52, (k) Sea (k. 1). (4.17b)

We are implicitly assuming that all quantities have been renormalised, so the pole self-
energy XL, appearing here is actually the on-shell renormalised pole self-energy igq given
by equations (4.44) and (4.51). Furthermore, using the KMS relation ¥, (k) = eﬁkOqu(k)
and the exact identity A = S"¥4S%, which holds in direct space as a convolution and as
a simple product to zeroth order in gradients in the Wigner representation, we can write
the Wightman functions (4.17b) as

iS5q(k,t) = 2Aaa(k, t) fen (K°), (4.18a)
1574 (k,t) = 2Aaq(k, ) (1 — frp(K")). (4.18D)

In perturbative expansions it is more convenient to use the form (4.18) than equa-
tion (4.17b). For example, a naive coupling constant expansion of the pole propagators
in equation (4.17b) would appear to give a O(y2) result, whereas the right-hand side of
equation (4.18) obviously gives the correct O(1) result. In other words, a consistent ex-
pansion of the Wightman function (4.17b) requires resumming the pole propagators, which
the identity A = S"XAS® implements automatically in equations (4.18).

Given the adiabatic solution, we can now compute the source term —0;S;, . (¢,t) in
equation (3.17). To this end, we employ the inverse Wigner transform

dko —iko(t1—t2) t1+t2
Fk(tl,tg)—/ge (k2 22) (4.19)

to calculate the two-time representation function ;dﬂk(tl, to) from the Wigner representa-

tion (4.18a). Utilising Cauchy’s integral theorem to perform the kY integral, we can write
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the two-time representation as

Q dko fiko(t —t2):/Qr a 0
Saaklti,te) = [ ——e (Shq — Saa) (K, t) frp (K7)

27
poles oo
~ > 0(=spr®) > e fap (k%) Resyo [S24 (k. 1)], (4.20)
p=r,a Ay
where the k%-sum is taken over the poles of S¥;(k,t), and s, = —1,1 for p = r, a, respec-

tively. We also used the short-hands % = t; — t3 and ¢ = (¢; + t2)/2. The corresponding
result for S”;(Lk follows by replacing frp(k°) above with fep(—k°) = 1— frp(k?). Note that
we neglected any branch cuts in equation (4.20) and kept only the residue contributions of
the single particle poles, but otherwise the result is general. Also, the poles of frp(k®) at
the imaginary axis do not contribute due to the KMS relation.

Leading order approximation. Equation (4.20) is written with a general adiabatic
pole function, but it will be eventually sufficient to compute it to lowest order in gradients
and in the coupling constants. In this case we can use the free tree-level solution with
vacuum dispersion relations for the adiabatic pole propagators S”, (k, t) in equation (4.17a),
given by

F+mi(t)
k% —m2(t) —isp sgn(k:o)géij' (4.21)

The small imaginary part with € > 0 ensures the correct boundary conditions for p = r, a.

0
PO (k,t) =

Inserting this solution into equation (4.20), calculating the residues and taking the limit
e — 0T yields the leading order result

e—is(ti—t2)wk;

Sl (tit) = > frp (swri) (Fy; + mi)7 835 (4.22)

= 25WE;

Here f ; = swiiy’ — v - k and w; = /[k[? + m;2, and the time-dependent masses m;(t)
are evaluated at the average time t = (t; 4 t2)/2.' Note that the lowest order adiabatic
pole and Wightman functions are diagonal in the mass basis in agreement with [63]. We
emphasize that in our approach the off-diagonal corrections to the adiabatic propagators
are not required to leading order, as we do not need to calculate the homogeneous solution
non-dynamically from equation (2.16), as was done in e.g. [62]. Instead, corrections from
the full adiabatic pole propagators are already taken into account in the source term of
our dynamical equation (3.17) (see also equation (3.4)). More discussion about these
corrections is given at the end of section 4.5.

Setting t; = to = t in equation (4.22) we then get the equal-time adiabatic func-
tion ?;d’k(t,t) needed in the kinetic equation (3.17). The result may also be cast into a
compact form

ge:cg?lz:ij(tat) = > frp(swri) Pgidij, (4.23)
s==+

%The leading order result (4.22) can be obtained also by substituting the tree-level spectral function (3.10)
directly into the first line of equation (4.20) and performing the integration with the delta function, without
resorting to the residue formula. Including a finite width requires using the more general formula however.
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where the energy projection matrix Py, was defined in equation (3.12). To calculate the
time-derivative in order to get the source term —ﬁtgafd’ki ;(t,t) for equation (3.17) is now a
simple matter, once the time-dependent masses m;(t) are specified. Equation (4.23) is also
needed to calculate the initial values for the (local) non-equilibrium Wightman function
05< = §< — S;; once the initial value for the full function S has been specified.

4.5 Effective neutrino self-energy

We now calculate the effective self-energy (3.16), which appears in the local kinetic equa-
tion (3.17) for Majorana neutrinos. We use the general result for a convolution in terms of
the Wigner representation correlation functions:

(Fi * Gi)(t1,12) = C;k e W-12) =2 O 0% 00 Pk )G (k. 1)
T

dk©°
) on

t=(t1+t2)/2

e WO F (k1) G (K, 1) L:(tlm)/a’ (4.24)
where Fyu(k,t) and Giy(k,t) were defined below equation (3.9). The first line of equa-
tion (4.24) is the inverse Wigner transform of the Moyal product (often denoted by
(). When the gradients are small we may further approximate Fou(k,t) ~ F(k,t) and
Gin(k,t) ~ G(k,t). We will again assume an adiabatic, equilibrium self-energy function and
expand to zeroth order in gradients. The general result is then similar to equation (4.20):

S dko —ikO(t1—to) o s/ ar °
Yeqeff k(t1,t2) = o7 © B tz)zeq(k)l( ad — Saa) (K, 1) (4.25)
poles 00
Z 0(—s,r° Z e kT Soq (k) Resyo [S2, (K, 1)]. (4.26)
p=r,a

On the last line we again kept only the residue contribution from the poles of the propa-
gator and neglected contributions from possible branch cuts. To calculate the leading tree
level approximation we will again use the free pole propagators like in equations (4.22)
and (4.23). The calculation proceeds as before and one finds the lowest order coupling
constant result

57(0)
quveﬂ”,kzy Z Eeq ij ks; Pk] (4.27)

Corrections resulting from resummed pole propagators could be included by using the
residue formula (4.26) with complex poles, but as will be argued below, their effect would
be formally of higher order (~ O(y})) in the coupling constants.

Beyond the leading approximation. To improve on the leading approximation in
coupling constants used above, one should solve the complex k%-poles from the determinant
of S”,(k,t), keeping the self-energy corrections and use them to calculate the residues in
equations (4.20) and (4.26). This is in principle straightforward, but laborious because
the block-wise inversion of equation (4.17a) results in complicated formulae due to the
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flavour mixing. We will not implement these corrections in this paper, because we use the
weak coupling approximation where these corrections should be small. We give details of
the inversion procedure in appendix C for completeness however, and note that a similar
analysis was presented in [62], with a non-relativistic approximation for the self-energy.
It should also be noted that these higher order corrections to (4.23) and (4.27) remain
parametrically small also in the maximally resonant regime where Ama; /m ~ |y|?. We have
verified this explicitly in a generic power counting expansion of the formula (4.20) where
Amsgy/m and |y|? are expanded simultaneously, under the assumption that the difference
of the full k’-poles to the corresponding free theory poles is O(y?). To get the correct
perturbative result it is also crucial to start from the resummed form of equation (4.18a).

The self-energy corrections to the pole propagators can be divided into dispersive cor-
rections due to the Hermitian self-energy and dissipative ones due to the antihermitian
self-energy part. The main effect of the latter was already discussed qualitatively in sec-
tion 2.2. While the actual formulae are very complex, it is easy to see that the main quali-
tative effect of evaluating (4.20) at a complex pole is to introduce complex damping terms
~ e Yilli—t2| into equation (4.22). Such factors represent the dissipation in the relative
time coordinate, but eventually do not affect the source term in the local equation (3.17).
Indeed, the only effect on the source, and likewise on the self-energy convolutions (4.26)
appearing in (3.17), from a finite width then amounts to shifts ~ y? to the energy shells
where these terms are evaluated. In the weak coupling limit such corrections should be
small, which we have verified numerically.

The dispersive corrections could be more interesting. Including Hermitian self-energy
corrections would lead to new real-frequency poles for the adiabatic functions. Combining
the vacuum Hamiltonian in equation (3.17) with the effective Hermitian self-energy evalu-
ated at these poles, would give rise to an effective matter Hamiltonian for the quasistates.
The effective Hamiltonian would in general be no longer diagonal in the mass basis and
the energy difference between the matter eigenstates would be a function of time, similar
to the case of mixing light neutrinos in the early universe [3, 4, 7]. Such a dynamical mod-
ification of the energy level splitting could be relevant for resonant leptogenesis, although
the analysis of ref. [65] (performed in a simplified setup) does not suggest that the effect
is quantitatively significant.

4.6 Lepton transport equation

The equation for the lepton asymmetry can be derived from the KB equations (2.5) for the
lepton propagator. However, as the lepton is massless and we use the tree-level spectral
approximation for its propagator, the lowest order adiabatic source term in equation (3.4)
vanishes. To derive the leading source for the lepton asymmetry, it is convenient to use
a different but equivalent formulation of the KB equations (see e.g. equations 17 and 18
in [73]). The appropriate form of the equation where the finite width and dispersive
contributions have been neglected is

_ 1
(St * Sow) (b1, t2) = 5 (S * Sip — B+ S7) (t1,12)- (4.28)
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The corresponding local equation for the local correlation function of the lepton can be
derived in the same way that we derived equation (3.2). The result is

10,57 4(t,1) = [ k, 57 (t,1)] — %(Ezk %57 — Sk % 575 (11
— 5 (S * i — Sia S (81), (4.29)

where « -k is the free Hamiltonian for the massless lepton. We also remind here that equa-
tions (4.28) and (4.29) are formulated for the diagonal element Sy of the SU(2)-symmetric
lepton correlator (4.2b). This equation could be solved as such, coupled with the local equa-
tion for the mixing Majorana states. However, in practice we can make several further ap-
proximations, eventually converging to a simple scalar equation for the lepton asymmetry.

Lepton asymmetry. The lepton asymmetry we are interested in this work can be related
to the chiral current density of the left-handed leptons, which is defined by

gy (@) = (La(@)y" PLla(z)), (4.30)

where an implicit summation over the SU(2)-index is assumed. Since we consider a spatially
homogeneous and isotropic system, the current depends only on the time x° = ¢ and it can
be further related to the local two-time Wightman function. Using definitions (2.2), (2.4)
and (4.30), we then get

3
b (t) = cw/((;ﬂ,;’tr[’y“PLiSZk(t,t)}. (4.31)

Because no asymmetry can exist in thermal equilibrium [88], we can define the lepton
asymmetry density ny, — iy as the zeroth component of the non-equilibrium part of the cur-

rent: 5

ne — ig = 049 (t) = ¢y / (;17:6)3 tr [PL(SS’Zk(t, t)} (4.32)

We can further relate the asymmetry to the chemical potential of the tree-level lepton
propagator. Using equations (4.11c), (4.12), (4.13) and (4.19) we calculate the trace on the
right-hand side of equation (4.32). The result, written in terms of lepton and anti-lepton
phase space distributions, is

_ A3k
né_nK:Cw/W(fFD(|k| _Nﬁ)_fFD(|k|+,u£))a (4.33)
where ¢, = 2 is the weak isospin multiplicity factor. There is no additional spin multiplicity
factor because of the chiral projection, i.e. only one spin state couples to the Majorana
neutrino and develops an asymmetry in the massless limit. A standard calculation of the
integral gives the relation between the asymmetry and the chemical potential:

Tg — Tig = e T {H(W) + (Wﬂ o T (ﬂ) (4.34)

672 T T 6 \T

where in the last step we used the linear approximation for j, like in equation (4.14).
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Lepton asymmetry equation. We can get the equation of motion for the lepton asym-
metry (4.32) by using the split (4.13) in equation (4.29), taking the trace over spinor indices
and integrating over momentum. The trace of the commutator term vanishes due to the
Dirac structure of the tree level propagator, so that we are left with

Cw Bk
2J (2m)?

Or(ng —y) = tr[(izk * S7p) () — (Z74 * STa)(t, t)] + H.c. (4.35)

Substituting the two-time representation of the lepton self-energy (4.8) to the right-hand
side then yields

_ Cw d3k d3
Or(ng — ny) = Zyzyj/ /dt

X tr [PRls (t, U PLIAS

o EDiSS(E, 1) — (> ¢ <) +He  (436)

eq,p— k(

This equation can actually be expressed using the already calculated Majorana neutrino
self-energy (4.9). Indeed, because of the trace and the equal time arguments it is just
a matter of combining the terms differently in the right-hand side of equation (4.36) to
rewrite the integral in terms of the Majorana neutrino correlation function and the chirally
projected Majorana self-energy 1,, which results in:

3
By(ng — 7ig) = % / (‘217:;’3 T[54 S5) (1) — (5f 5 57) ()] + He, (4.37)

One should note that the trace is now taken over both the Majorana neutrino flavours
and the Dirac indices and we defined the barred chiral Majorana neutrino self-energy as
Sr7 = 1%PLi¥<>. Also note that the lepton doublet multiplicity ¢y is now included in
the neutrino self-energy.

Results similar to (4.37) are already known in the literature [62], but the novelty of our
approach is in the use of the local approximation of section 3 to evaluate the convolution
integrals. This is now straightforward because equation (4.37) is written explicitly in terms
of the Majorana neutrino propagator. We first use equations (3.3) and (4.15) to split the
neutrino Wightman functions and self-energies into the equilibrium and non-equilibrium
parts. Then we invoke the local approximation (3.8) to compute convolution integrals
with the perturbations 05<~, along with the constraint 6Sg (¢,t) = —0Sy (t,t), which is
imposed by the sum rule. Finally, we write the convolution integrals involving S5~ in the
Wigner representation using equation (4.24) and expand consistently to the leading order
in coupling constants and gradients to obtain:

3
Oulne =) = [ 5y T[S IS (0.1) + 5 a0 85 (0.1

0
+ 5 / %(5ii(k,t)§§d(k,t) — 5iﬁ(k,t)7;d(k7t)):| + H.c. (438)

The first term on the right-hand side of equation (4.38), proportional to Eg‘ll, does not
contain the lepton chemical potential py. It is therefore the source term for the lepton
asymmetry. The remaining terms, proportional to X%, are linear in uy o< ny — iy (in the

approximation (4.14)) and so they contribute to the washout.

— 923 —



4.7 General leptogenesis equations

To summarise, we use the local equation (3.17) with equilibrium self-energies to solve the
evolution of the Majorana neutrinos and equation (4.38) to subsequently calculate the
lepton asymmetry. Our coupled equations for leptogenesis therefore read

DpOSy (1) +i[Hy(t), 055 (t,1)] = —0pS5q . (t: 1) — (ieq ek (1, 1)0SE (¢, 1) + Hee.), (4.39)
Or(ng — y) = Scp + W + Wy, (4.40)

where the CP-violating source term Scp and the washout terms éW and W,q of the lepton
equation are given by

3
Ser = [ g Te[Sthuqana(t. 035500 + T, (441)
SW = / &k Tr[(sifl (t,£)085 (¢ t)+H.c.] (4.42)
(2m)3 L,eff k\ E\L )
Wag = /d4k1Tr[62>(k )8 (k,t) — 055 (k, )82, (k, t) +Hc} (4.43)
* (2m)42 LA ad it A adi ’

The washout terms are proportional to the lepton asymmetry n, — 7y via equation (4.34).
The adiabatic source term —8f§d7k(t, t) of the neutrino equation (4.39) is calculated from
equation (4.23), and the effective self-energy igq’emk(t,t) is given by equation (4.27). We
expect W,q to be the dominant washout term because it is proportional to the adiabatic
functions, as opposed to §W which depends on the non-equilibrium perturbation §5< only.

Equations (4.39)—(4.43) are fully general apart from our using the local ansatz (3.8)
to compute the collision terms and the simplifications made in the reduction of the SM
sector. The effective self-energies in the lepton source and washout terms (4.41)—(4.43) are
all calculated expanding consistently to the leading order in gradients and in the coupling
constant expansion (more precisely: they are first order in |y;|2, 9ym and d;py combined).
This is the most compact form of the equations relevant for the leptogenesis problem.
They correspond to an initial value problem for a set of coupled first order equations which
is straightforward to solve numerically by discretising the momentum variable. We shall
recast these equations into a set of coupled Boltzmann-like equations for the generalised
phase space functions in section 5, after a short discussion of the issue of renormalisation.

4.8 Vacuum on-shell renormalisation

So far we have implicitly assumed that we are working with finite, renormalised quantities.
The renormalisation procedure is slightly intricate due to the flavour mixing. For com-
pleteness, we perform the one-loop vacuum renormalisation in our model, following the
on-shell method of ref. [89]. This is sufficient for our purposes since we do not consider

gauge interactions [90, 91]. In this section we denote renormalised quantities by a hat. The

P
eq,ij
functions and the counterterms as follows:

igqﬁij(k:, t) =30 (k) — (F—mi)(PL30ZE + PrioZR)
— (PLYSZE + PR3 Z57)(F — my) + omidi;. (4.44)

renormalised pole sclf-energies 3 (k,t) can be written in terms of the unrenormalised
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The complex conjugation is here understood element-wise and not in the matrix sense.
The mass counterterms dm; are diagonal in the vacuum mass basis, but the wave function
renormalisation factors (5ZZ»Lj’R are in general flavour matrices [89]. Because our neutrinos
are Majorana fields, the counterterms for different chiralities are related by

§ZL =625 . (4.45)

Because of the Hermiticity of the counterterm Lagrangian, only the dispersive part of the
self-energy XL, = EH + 13102“‘}1 contributes to renormalisation. The absorptive parts are
finite as such and can be understood as being computed in terms of renormalised parameters
throughout. Also thermal corrections are purely finite and may be split from the vacuum
parts according to equations (B.la) and (B.2) given in appendix B. Renormalisation is
then associated only with the vacuum part of the Hermitian self-energy function EH(vaC).
The on-shell renormalisation conditions which guarantee that there is no mixing in the
external legs, that m; are the renormalised masses and that the residue of the diagonal

propagator is unity, are given by [89, 92, 93]

fl?q(:;m)(k)uj(k) — 0, when k? — m?, (4.46a)
5 (k) Sty (k) = 0, when k2 — m?, (4.46b)
i _1mz f]gf:?c)(k)uf(k) — 0, when k? — mg, (4.46¢)
as (k) SH) (k) - 50, when k2 - m?, (4.46d)

F—m
where uf satisfies (F — m;)us(k) = 0 when k* = m?. Note that there is no summation

over repeated indices here. The dimensionally regularised vacuum self-energy is given by

E(I:g(;?c)(k) = cw(yzy] P+ yJPR)(f? (Vac)(k) with
2

H(vac) - k 1 k
$eq (k>_3271'2(5+2_10g,u2

)+O@, (4.47)

where 1/2 = 1/e — g + log(47), D = 4 — 2¢ is the spacetime dimension, g is the Euler-
Mascheroni constant and p is the renormalisation scale parameter. Using these results we
find the following counterterms for the Majorana neutrinos:

2
R A Cw  2my . A 1 m;
5Z = 3972 7711?(7770 yzyj +m; y:yj) [5 + 2 — log(lﬂ s (448&)
1 m?
R 2
6 Z; = 32 5 Yl L - log<ug)], (4.48b)
_ Cw 2[1 m?
5mi—%mi|y¢| g—l—Z—log )| (4.48¢)

where ¢ # j in the first equation. The corresponding renormalised vacuum self-energy is

Seny (1) = o[ Puk (s cl} — yiysdiy) + Pu(viyymi — yiyym;)di) (4.49)

+ Prk(yiyier; — vayidiy) + Pr(yiyima — yiyjmj)dg},
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with

1 k2 1 MM, m?
H H H _ i i
= ——1 M g1 , d; — 1 . 4.50
i T 39,208 mf m; U 3272 m? — mj2 Og(m?) (4.50)
The full renormalised pole self-energy (4.44) can now be written as
Sk t) = S0 (k) + 0D (k) 415,22 4 (K). (4.51)

Note that the renormalisation procedure associated with the processes relevant for
leptogenesis is not affected by the expansion of the universe. Indeed, as long as curvature
effects are not relevant for the physical processes involved, renormalisation can be car-
ried out in the local orthonormal coordinate system, which is locally a Minkowski space.
We shall introduce the extension of our equations to the expanding Friedman-Robertson-
Walker spacetime in section 6.

5 Non-equilibrium distribution functions

The local correlation function §S5 (,t) is a matrix in both Dirac and flavour indices and its
components have a complicated time dependence involving many different scales. These
scales reflect the complicated phase space structure of the underlying Wigner function
6?;(1430,25), and they ultimately arise from the different physical phenomena the correla-
tion function describes. In particular, the vast difference between the particle-antiparticle
oscillation time ~ 1/wy and the flavour oscillation time ~ 1/Am makes equation (4.39)
challenging for studying resonant leptogenesis as such. To overcome this problem we will
parametrise 653 % (t,t) in terms of phase space distribution functions ¢ fk,n ;» and derive their
coupled equations of motion. The benefit of this parametrisation, first introduced in [77],
is that each phase space function d fkh” describes separate, clearly defined physics with
characteristic time-dependence. This allows us to isolate the physics that we are interested
in and to write simplified and yet accurate versions of equation (4.39), that are amenable
to efficient numerical solution.

5.1 Projection matrix parametrisation

Since we consider a spatially homogeneous and isotropic system, we can construct §Sj, (¢, ¢)
using only 8 of the 16 basis elements of the full Dirac algebra. The basis matrices of this
subalgebra commute with the momentum representation of the Dirac helicity operator,

hi = o kAP, (5.1)

where k = k/|k| is the unit three-momentum vector. As mentioned above, we will use
the parametrisation introduced in [77], and which we already used in the spectral solu-
tion (3.13):

kzy Z th’tj kh/bj ) (523)
h,s,s'=+
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with
éiz-j = Nlifn'j thpigﬂoplij- (5.2b)

Here Py and Py, are the helicity and energy projection matrices defined in equation (3.12)
and are labelled by helicity h = %1, neutrino flavour 7, j and the energy sign indices s, s’ =
£1. These matrices obviously satisfy the completeness relations Py + P = P,;E +P,; =1
and it is easy to show that they also satisfy the idempotence and orthogonality relations
Prp, Pen = Oppe P, and P,jiP,j; = 05 Py;;. It can also be shown that for any given k, 4, j, the
four different matrices P,gi'yOP,j; (with s, s’ = £1) span the same set as {1,7°,~ - k, o- 12:}
which commute with the helicity operator hy. Thus the eight matrices thP,ji’yOP,j; (with
h,s,s’ = +1) in equation (5.2) can be used as a basis for the entire homogeneous and
isotropic Dirac subalgebra.

The normalisation factors ,ji;j, which in part define the perturbations o0 f;jfl;j, can
be chosen freely in (5.2). The choice which gives the most symmetric relations between
the phase space distribution functions and the correlation function as well as between
the different distribution function components, and leads to simplest source terms in the

11
- \/ 2kt (5.3)

evolution equations is

[SIE

N = tr (P ey  PEA®) ™ :
khij (PrenPriiy" Peg”) wriwk; + 58 (mimj — |k|?)

With this choice the phase space distributions are also correctly normalised in the thermal

limit. Note that despite the fact that the definition (5.3) involves the helicity projector,
,ﬁ,sl;] does not depend on helicity. It is also symmetric in the energy and flavour indices.

We can invert the parametrisation (5.2) to express the phase space distribution functions in

terms of the matrix form of the correlation function. Using (5.3) this relation reads simply
0 fihij = tr[Prnji 0S5 (8 1)) (5.4)

That is, with the normalisation (5.3), P,i;fji is a “correctly normalised” projection operator
in our basis.

The basis spanned by Pg;fji can be used to define generalised distribution functions for
any local correlation function. Below we need the adiabatic distribution functions, which

can now be defined analogously to (5.4):

fadkhii = t[Pinji Saapi (t:1)]- (5.5)

Substituting here the leading order §§d7k (t,t) given by equation (4.23) (i.e. the free case)
we get
fadknij = SJFD(8Wki)dssr dij- (5.6)

This shows that the parametrisation (5.2) with the normalisation (5.3) naturally matches to
the Fermi-Dirac distribution in the free theory (up to a sign for negative frequency states).

"Tn the massless limit (5.3) becomes singular. This is a technical problem similar to the one encountered
with massless spinors, and it can be avoided by using a different normalisation. Alternatively one can
use (5.3) with finite masses, and take the limit m; — 0 at the end of the calculation when needed.
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5.2 Generalised density matrix equation

Using the parametrisation (5.2) with the normalisation (5.3) for 65}, (¢,¢) in equation (4.39)
we can derive an equation for the non-equilibrium distribution functions ¢ fk hij (t). The
calculation is complicated by the fact that also the normalisation factors and the energy
projection operators depend on time due to the time dependent masses m;(t), but the final
master equation is structurally very simple:

00 fihiy = — i(swri — s'wméf,iz;j — O eni
|K| _
t+ss / 9 ( szhw flf:hzj)
- Z[ 2751] khl] + Z}Zslz) 5fkhzl} (5.7)

Here 1; = Oym; and we combined fi = faqr + 0 fx in the second line, with the adiabatic
distribution functions f,q defined in equation (5.5), and the collision term is given by

Crenaj = 10 [Pinjs Seqefr kit (6 1) Prpg)- (5.8)

Equation (5.7) describes all particle-antiparticle and flavour-coherence effects in the
local limit and includes helicity. This universality is reflected in the large number of
indices, which may appear overwhelming at first. However, all terms in (5.7) have simple
interpretations. For example the first term on the right-hand side corresponds to the
Hamiltonian commutator term in equation (4.39). It falls into this simple form because
H,, P, = P H,,; = sw; Py;. The Hamiltonian term causes oscillations in the off-diagonal
components and its simple form is pivotal in distinguishing the relevant time scales. For s =
—s' the oscillations are very fast. These oscillations are essential e.g. for vacuum particle
production, but they can be a problem if one is interested only in flavour oscillations, which
correspond to s = s’ but ¢ # j, and usually evolve much more slowly. In the next section we
derive an effective equation for flavour oscillations by averaging over the fast oscillations.

The second line in equation (5.7) arises from the time dependence of the basis matri-
ces P,‘ZZIU in the parametrisation (5.2). The precise form of these terms depends on the
normalisation, and the choice (5.3) turns out to give the most compact form. These terms
are again essential for vacuum particle production but they can be neglected in the lepto-
genesis application. The source terms 9, aj Khij result from the projection of the adiabatic
matrix source in (4.39). Lastly, the collision terms Ckh j1j can in general be separated into
dispersive and absorptive parts, just by using ¥ = H — i¥4 and consequently we define

sns’  _ ~H,sns' A,sns’
Cenitj = Crniy + Crnitj - (5.9)

The dispersive term Ckhll ; can be broadly characterised as a generalised matter Hamilto-
nian. It is of course a very general structure, but e.g. in the case of ordinary light neutrino
mixing it can be shown [94] to exactly reproduce the neutrino effective potential in matter.
It could be interesting for resonant leptogenesis as well, because it would make the energy
splitting Awy, between the neutrinos a dynamical quantity. We will not consider the dis-
persive corrections numerically in this paper, but also this topic will be pursued elsewhere.
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Finally, the absorptive part C,“:};fgsl of the collision term contains both flavour-diagonal

and off-diagonal damping rates, and importantly for leptogenesis, cross couplings between
the diagonal and off-diagonal distribution functions. These cross coupling functions to-
gether with the CP-violating flavour oscillation are the mechanism which generates the
lepton asymmetry.

5.3 Lepton source and washout terms

It is easy to write also the CP-violating source term and the washout terms of the lepton
equation using the parametrisation (5.2) and normalisation (5.3) for the Majorana neutrino
correlator. For the source term (4.41) and the washout term (4.42) we get, respectively,

PREeq eff,kji + (ig};,eﬂ,kij)TPR> PI?:ZZJ] 5fkhzg7 (5'10)
h,s,s’ i,j
Z / PR(SEeH kji (622%,161])1-})1:{)7?;21]} 5fkhz] (511)
h,s,s’ i,j

For the washout term (4.43), we again expand the adiabatic Wightman functions to leading
order to get the O(y?) result

Z/ d3k 1 PR({(SE ksi), fep (swii) Pi; b — {522‘(]“81')7fFD(_kai)Pﬁi})]'

(5.12)
Expanded forms of equations (5.10)—(5.12) are given in appendix F, where we use the
leading order approximation (4.27) for the effective self-energies and perform the traces.

5.4 Mass shell equations

As stated above, the most important benefit of the parametrisation (5.2) is that it allows to
separate the physics corresponding to different time scales. In particular we can distinguish
the mass shell functions corresponding to s = s’ (but including the flavour coherences
i # j) from the fast oscillating coherence shell functions for which s # s’.!2 For a graphical
illustration see figure 2 in [77]. We denote these functions by

SfE = o fEE, (5.13)
SfoE = 0fET. (5.14)

Indeed, from equation (5.7) we see that for § fk,w ; the Hamiltonian term is proportional
to Fi(wk; + wk]-) = F2iWy;;, corresponding to very fast particle-antiparticle oscillations
(zitterbewegung). For the mass shell solutions o f,:;”j; the Hamiltonian term is proportional
to Fi(wki — wkj) = FiAwg,j, corresponding to flavour oscillations for i # j, at a frequency
which is suppressed for large |k| or a small mass difference |m; — m;|. This is the case of
interest for resonant leptogenesis.

2This naming scheme follows the earlier cQPA notation [77] and the one we already used in (3.13),
although in our current treatment the phase space structures are not a priori restricted to a spectral form.
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If particle-antiparticle oscillations are much faster than the flavour oscillations, we
can drop the coherence functions ¢ f; in equations (5.7), since their effect on the flavour
oscillations averages out.'® This results in a much simpler coarse-grained master equation
for the mass shell functions:

m,s __ . m,s
O fropi; = — 18(Whi — wWiy)0 frpij — Ot fad dkhz]

=" [Cisd finis + (Ciisn) "o fir - (5.15)
l

Equation (5.15) still holds complete information of flavour mixing and the helicity degree of
freedom in the local limit. In particular it contains as limiting cases the familiar Boltzmann
theory, light neutrino density matrix formalism and the cQPA-formulation of the generic
flavour and spin dependent problem. It also agrees with or encompasses a number of
other quantum transport approaches in the literature, of which we give a more detailed
comparisons in section 9.

Removing the coherence shell solutions greatly facilitates the numerical solution, in
particular for quasi-degenerate Majorana neutrinos. In addition, a number of relations hold
between different components of ¢ fg, which further simplify the numerical task; we will
give these relations in appendix D. In the following sections we will solve equations (5.15)
numerically using the leading order expansion (4.27) for the effective self-energies in the

collision terms functions. Detailed expressions for Cg;%; - ;1; are given in appendix E.

Hierarchical limit. Let us briefly comment on the validity of our master equations in
the hierarchical limit of leptogenesis [20, 42], where Am/m ~ O(1). The general master
equation (5.7) is of course applicable also in this limit. However, the condition Awy;; <
20yi; might hold only to a limited degree (see footnote 13), so that neglecting the coherence
shell functions § fi might not be warranted, possibly reducing the accuracy of the mass-shell
equations (5.15). However, using equation (5.7) to model this case would be numerically
very challenging, because due to the large hierarchy H < m, both oscillation time scales
are very fast compared to the heavy neutrino decoupling time. Luckily, due to the very
same reason, one can in this case work in the decoupling limit (see section 8 below) and
derive an effective Boltzmann equation for the lepton asymmetry. To our knowledge the
contribution from the coherence shell functions ¢ fi has never been included, however. This
could be done by starting from the master equation (5.7) and it would indeed be interesting
to study the size of these corrections.

3We can formally justify this as follows. First, generically & fc*(t) = AL (t) exp(F2iokt), where A (1) are
some functions that vary only in the flavour scale. Next, take the convolution of (5.7) with some appropriate
normalised weight function W, e.g. the Weierstrass transform with W (t,t") ~ exp(—(t — t')?/20?), where
we can choose 1 / Awg > 0 > 1/2w,. This has no effect on the mass-shell contributions, because they do
not vary significantly over the time o. However, the terms involving the coherence solutions behave as

/ A W (1, ) DiE (1555 (1) ~ D (18 £ (1) exp (—2(@x0)?))

where D,j; represents whatever term that is multiplying the coherence solution. Because @Wo >> 1, these
terms are extremely suppressed and completely drop from the averaged mass-shell equations.
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6 Expansion of the universe

So far all our equations have been formulated in the flat Minkowski spacetime, but we
eventually need to work in the expanding Friedmann-Lemaitre-Robertson-Walker (FLRW)
background. In this section we show how the generalisation to an expanding universe can
be done by a simple reinterpretation of all variables in the comoving frame. We finish this
section by rewriting our master equations explicitly in the expanding universe in terms of
the scaled inverse temperature.

6.1 Lagrangian in curved spacetime

First we need to generalise the Minkowski Lagrangian (4.1) to curved spacetime:
S p (0 N Hf
L=+-yg Z[iNi(W Vi —mi)Ni — y; (€g) PRN; — y;i N PrL(¢ f)]
i=1

HEMY, L+ (0,01)(0"0) - ERoTo ). (6.1)

Here g = det(g,.) is the determinant of the metric and V, is the covariant derivative given
by the spin connection. We also added the non-minimal coupling of the Higgs field ¢ to
the scalar curvature R and the factor \/—g originates from the volume form of the curved
spacetime action integral. We then assume a spatially flat FLRW metric

ds® = g, dot dz” = a(n)?(dn? — dz?), (6.2)

where a = a(n) is the dimensionless scale factor and the conformal time 7 is defined by
dt = a(n)dn. With the metric (6.2) the contracted covariant derivative in equation (6.1)
becomes

u 1/, 3d
VVe= (VY Vg, (6.3)

where V is the usual flat spatial derivative vector, 9y = 9/9n and o’ = da/On.
Using equations (6.2) and (6.3) with \/—g = a* and scaling all fermion fields ¢ accord-
ing to ¥ — a~%/%¢) and the Higgs field as ¢ — a~'¢, the Lagrangian (6.1) is transformed to

"

(17060 +iny - V) 0+ ¢f [—03 + V2o g2 <§R - “)} &, (6.4)

L= 22: |:;Nz (i’yoao -+ i")/ -V — ami) NZ' — y;k (25) PRNi — yiNiPL (&ETE):|
=1
+ 0 =

where the scalar curvature is given by R = 6a”/a®. From the Lagrangian (6.4) we see
that the only effects of the expanding universe compared to the Minkowski theory (4.1)
are that the time variable is replaced by the conformal time 7, spatial coordinates become
the comoving ones, neutrino masses are multiplied by the scale factor a and the Higgs field
gets a geometric mass term. This mass term vanishes for a conformal coupling £ = 1/6 or
when the universe is radiation-dominated: a(n) o 1, which is the case to a high accuracy
in leptogenesis. We shall thus continue to assume that the Higgs field is massless.
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The comoving frame. Based on the above, all expressions and equations in the ear-
lier sections given in the Minkowski background remain valid also in the expanding flat
spacetime when we make the replacements

t—n, k — kcom, T — Teom, m;(t) — a(n)m;, (6.5)

where kcom = ka is the comoving momentum, Teom = Ta is the comoving temperature
of the relativistic SM heat bath and m; are the physical constant masses. Note that the
phase space distribution functions f are dimensionless scalars and have the same values in
both physical and comoving variables.

We assume that the universe is dominated by relativistic SM particles, which are kept
in equilibrium by fast gauge interactions, and that the universe expands adiabatically. In
the absence of entropy production the physical temperature then scales as T oc a~ !, so that
Teom remains constant. The comoving momentum k¢, is also constant, as the physical
momentum redshifts as k oc a~!. We can also write the Hubble parameter as

47T3 1/2 T2
H(T) = (459*) p— (6.6)

where mp; is the Planck mass and g, is the effective number of relativistic degrees of
freedom, which is g, = 110.25 when including all SM fields and two massless Majorana
neutrinos. Note that the scale factor can now be written as a(n) = H(Ttom)n. The entropy
density is given by s = 272¢,T3/45. Overall, the leptogenesis equations retain the same
form they had when formulated with a generic time dependent mass term in the Minkowski
background, when using the replacements (6.5) and scaling the equations by appropriate
powers of the scale factor a.

6.2 Final master equation in expanding space time

For the numerical implementation it is convenient to formulate the equations using dimen-
sionless variables. The most relevant temperature scale for leptogenesis is around T' = my,
where my is the mass of the lightest Majorana neutrino. We thereby use the variables

K|

mi m;
m T

z=—, T = K=

6.7
o (6.7
with

d d H;d

—=zH— = —— .

a - z dz’ (6:8)
where Hy = H(m;) is the Hubble parameter (6.6) evaluated at T = m;. The z-parameter
is directly proportional to the scale factor so it serves as the time evolution parameter.
Due to the constraints (D.9) there are only four independent mass shell functions for the

two mixing Majorana neutrinos. We choose them as follows:
S frn = (S farnts 0fmrons Red furh, Ima ). (6.9)

We can now formulate the k-dependent neutrino equation (5.15) as a vector equation for
the components (6.9). Including also the lepton asymmetry equation (4.40), our final
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master equations written using the dimensionless variables are

ds L df,
dJ; M — (A — Crn) b frn — / di”“h, (6.10)
dd% = Scp + (6W + Waq) Yz, (6.11)

where Y7, = (ny — 7ig)/s, and we used (4.34) to relate the lepton chemical potential to the
asymmetry. The dimensionless tree level oscillation coefficient A&y and the collision term
coefficient Cyj, of the neutrino equation, as well as the CP-violating lepton source term
Scp and the washout term coefficients W (with W = §W, W,q) are given by

~ 2 Awy, ~ 2 Cp,
AL = = 12
Wk, 0, T, (6.12)
~ z SCP ~ 6z W
Scp = W = 6.13
= sH, cwHpT? (6.13)

Equations (6.10) and (6.11) are formally analogous to the momentum dependent Boltz-
mann equations, which we present in equations (G.5) and (G.6) of appendix G. The differ-
ence is that the quantities Awy and Cly, in equations (6.10) and (6.12) are 4 x 4 matrices
consisting of the coefficients for different components of the column vector § fx;,. To avoid
confusion with earlier notation, we denote these components (when needed) with brack-
eted indices: for example 4 fiy,3 = Red f;’;ﬂz, and Cyy[19) is the coefficient of 6 fyp,p) in the
equation of 4 fyp,;)- The matrix Awy, corresponds to the tree level flavour oscillation term
and its only non-vanishing elements are Awyzy = —Awyys) = w1 — wg2. The collision
term coefficient matrix is given by

2Re(Cf}y) 0 2Re(C1y) 2Im(Cfy;)
0 2Re(Csy)  2Re(C5) —2TIm(C555)
Re(C31;)  Re(Chyy) Re(Chigp + Coyy) —Im(Chiy — Coy) |
—Im(Cyy,) Tm(Clyy) Tm(Cfy — Coyy) Re(Clig + Coyy)

Cin = (6.14)

where C;j = C;htly were defined in equation (5.8). Explicit expressions for the collision
terms C,j,:gl? are given in appendix E, computed using self-energies in the leading order
expansion (4.27) and explicitly written in appendix B. Finally, explicit expressions for the

lepton source and washout terms can be found in appendix F.

7 Numerical results

In this section we solve numerically the system of equations (6.10) and (6.11) for the Majo-
rana neutrino distribution functions d fi, and the (normalised) lepton asymmetry density
Y7, in the case of two Majorana neutrinos and one lepton flavour. We start by considering
possible initial conditions. Then, before going to the discussion of the final lepton asym-
metry and its dependence on model parameters, we establish the time scales relevant for
the problem and study the momentum dependent neutrino distribution functions.
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7.1 Initial conditions

While we took ti, — —oo for the CTP to calculate the interactions, we can of course choose
any finite time t = to (or z = 2¢) as the starting point of our calculation with arbitrary
initial conditions for the correlation functions. In particular, we will consider both vacuum
and thermal initial conditions for the Majorana neutrinos, while we assume that the lepton
and Higgs distributions stay in local equilibrium in the common SM plasma temperature 7T'.
In both cases we assume a vanishing initial lepton asymmetry: Y7, (¢y) = 0.

Vacuum initial conditions. Here we assume that at ¢ = tg the Majorana neutrinos
are decoupled and thus effectively in zero temperature (e.g. if only the SM particles get
reheated after inflation). The full local neutrino correlator is then given by

S (t0,t0) = S vac kij (fo: to) = Pr;(to)dij, (7.1)

which is calculated from (4.23) by taking the limit 7 — 0. For the non-equilibrium part
we then get, using equations (3.3) and (7.1),

0S5 (to:to) = Sid.vac .k (tos to) — Saa g (tos to)- (7.2)

Note that this perturbation is not necessarily small as it measures the deviation of the full
correlator S< (now initially in vacuum with zero temperature for the Majorana species)
from the adiabatic equilibrium correlator S3; (with the high temperature 7" of the SM
particle species). For the mass shell functions the initial condition (7.2) with (7.1) becomes

6fkhz;( 0)=—f dkh”( 0) = —frp (Wri)dij, (7.3)
0 frni (t0) = —0ij — fad kni; (t0) = — frp(whi) i, (7.4)

where we used equations (5.4) and (5.6).

Thermal initial conditions. Here we assume that also the Majorana neutrinos are in
local thermal equilibrium with the SM particles at ¢ = ¢y, corresponding to some high
initial temperature Ty > m;. The full local neutrino correlator is then given by

Si (to, to) = Szax(to, to) (7.5)

which trivially implies that S5 % (to,to) = 0 and that all non-equilibrium distribution func-
tions vanish initially: & fkhw (to) = (0. Note also that in this case the Majorana neutrinos
deviate from equilibrium only due to the dynamical source term —0; faq.

7.2 Physical scales and parameters

The minimal leptogenesis mechanism is mainly controlled by four time scales, corresponding
to the expansion rate of the universe H, the Majorana neutrino decay rate I', and the
oscillation frequencies Awy;; and 2Wy;;. We already discussed the role of the flavour and
zitterbewegung oscillations in section 5.4, finding that the latter may be relevant in the
hierarchical limit, but can be safely ignored when Awy;; < 2Wg;;. We work in this limit
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here, but the question of the relative sizes of the three slow time scales H~!, I'"! and Aw,;%
still remains. The resonant leptogenesis mechanism turns out to be most efficient when all
these scales are roughly comparable.

Indeed, if H > Auwy,j, there is no time for flavour oscillations to develop, while for
H < Awg;j; the source terms ~ H become suppressed. Also, in the very strong washout
limit, I' > H the asymmetry is suppressed by thermalisation due to interactions, whereas
for I' < Awgij;, the magnitude of CP-violation is suppressed, since the source in the asym-
metry equation is proportional to the couplings y;. Additionally, if I' > Awy,; the flavour
oscillations become over-damped [69], analogously to light mixing neutrino systems [3, 4, 7.
This leaves us to seek parameters in the range I' ~ Awy;; ~ H for maximal resonant en-
hancement.

Benchmark parameters. Our simple leptogenesis model has 5 physical input param-
eters: the magnitudes of the two Yukawa couplings y; and ys, their relative CP-violating
phase 612, the lighter Majorana neutrino mass mj and the relative mass-squared difference

Am3,/m? = (m3 — m2)/m3. We define the Yukawa phase as

: Im(y7y;)

We use the following set of benchmark values as a baseline:

= 0.06,
|y1| 012 = E, (77&)
|y2| = 017 4
2 2 2
my = 103 GeV, UL I+ 1v2” 4 o027, (7.7b)
my 167

In addition one has to define the number of effective relativistic degrees of freedom g, and
the initial temperature Ty where we start the calculation. For these we use g, = 110 and
29 = 1072. For the benchmark parameters this corresponds to the initial temperature
To = m1/zp = 10'5 GeV and the Hubble expansion rate H; = H(my) ~ 1.428 x 10 GeV.

Some more comments are still in order. First, we have chosen a high mass scale
10'3 GeV for the lightest Majorana neutrino, typical for traditional thermal leptogene-
sis [20]. However, it can be seen that all terms in equations (6.12) and (6.13) scale either
as ~ I'/H; or ~ Am/H;y, so that the dynamics does not depend on the mass scale m;
as long as I'/H; is kept constant (and if Am ~ I'). More precisely, the dynamics can be
effectively characterised by three parameters: the washout strength parameters

_n il

K; = 7.8
i H, m mpy ( )

and the number of flavour oscillations in a Hubble time: Ni2 = |Amis|/(2wH;p). Using
I‘EO) = |yi|?>m1/(87) (see appendix G.1), we find that in the benchmark case K; ~ O(10)
(corresponding to strong washout) along with Njo =~ 1.5.

These estimates agree qualitatively with what is previously known from the semiclassi-
cal Boltzmann approach, where the CP-asymmetry parameter EZ-CP o sin(26;2) is resonantly
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Figure 4. Shown are select intermediate functions of the Majorana neutrino equation (6.10). On
the left: the adiabatic distribution function x?f.y khll ~ k2 fpp(wk1) (top) and the source term

—K20, f ad, khll (bottom). On the right: the collision term coefficient functiong~ C’kh[u], which is the
same for both helicities (top), and the helicity-odd combination (C’k +1714] — Cr,—1714))/2 (bottom).

enhanced for Am ~ I'. The CP-violating angle 615 was chosen to be maximal in this sense
in the benchmark case, but it can be used to adjust the value of the final asymmetry down-
wards, as it affects the results mainly as an overall scaling factor with only a small impact
on the dynamics.

7.3 Neutrino distribution functions

Solving the master equations (6.10) accurately requires of the order of hundred discrete
momentum variables. Thousands of collision integrals C;hffr are then needed at each
time-step, each of which contains a one-dimensional integral. It is clear that these cannot
be feasibly computed during the evaluation. Fortunately, to the order we are working,
they can be computed and fitted before solving (6.10). Moreover, the source terms in the
neutrino equation (6.10) are localised in momenta and temperature, which facilitates the
fitting process.

In the left panels of figure 4 we show heat maps of the flavour diagonal adiabatic
distribution function (5.6) (top) multiplied by a phase space factor, x? f;g:zhu, and the
corresponding source term (bottom) —x%df dkhn/dz as a functions of z = my /T and
k = |k|/T. Both functions are indeed localised around |k| ~ 7' in momentum and the
source term is also localised around z ~ 1, while the distribution function frpp(wg1) exhibits
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exponential fall off to zero in the same region. Plots for f:fiizhﬂ are qualitatively similar,
with the fall off region moving according to the value of ms.

In the right panels of figure 4 we show heat maps of C’kh[n] = 2Re(CiH1T) 2/ Hy
and (C’k,+1[14} — ék7_1[14])/2 = Im(CZiful Clj,irilﬂ)Z/Hl’ given by equations (6.12)
and (6.14). The former is the damping rate for the flavour-diagonal distribution function
0 frn11, and the latter is the helicity-odd part of the function which couples the flavour
diagonal distribution to the off-diagonal distribution Im(d fxp12). The diagonal damping
rate is the same for both helicities in our leading order approximation. Note that the colour
bar scales in the figure are logarithmic for both positive and negative directions separately,
except for a small region around zero (up to one tick in both directions), where linear
scaling is used.

Figure 4 was created using the benchmark resonant leptogenesis parameters given in
subsection 7.2. Note that we have dropped the dispersive self-energy S everywhere, as
was discussed earlier. All other components of Ckml ; are qualitatively similar to the ones
shown here. In particular, the helicity even parts of the off-diagonal coupling functions
2Re(Cy715,) and 2 Re(Ci b)), which are important for leptogenesis, have similar forms to
the diagonal damping rates, and in the quasi-degenerate case m; =~ mo also their scales
are similar. Also, when ¥ is dropped, the diagonal damping rate Chnjiq) is actually just
the momentum and temperature dependent decay rate of the Majorana neutrinos. This is
because the leading order Majorana neutrino self-energy ¥4 used in this work corresponds
only to the decay and inverse decay processes.

In figure 5 we show similar heat maps of some non-equilibrium distribution func-
tions & fg}l’;, obtained from a numerical solution of equation (6.10), using the same bench-
mark parameters as in figure 4. In the top row we show the helicity—even parts of the
flavour- diagonal and off-diagonal functions: 2(6fy", G111t 6 f 1 7 11)/2 (left panel) and
K Im(éfk G2t 6fk 7, 12)/2 (right panel). In the bottom row we show the corresponding
helicity-odd parts, k(8 f; % i 5f T 11)/2 (left panel) and x2Tm(d f,"] a2 k iy 1 0)/2
(right panel). We will later see that the helicity-even part of Im(d fkm) gives the main
contribution to the CP-violating lepton source term. The results show that the off-diagonal
components are localised around z ~ 1 and complete approximately one period of flavour
oscillation before being exponentially suppressed (the blue colour indicates negative and
the red colour positive values). The localisation around |k| ~ T is due to the phase space
factor k2 together with the exponential suppression at high momenta. The negative values
of the h-even diagonal distribution (top left panel), extending to very small z result from
the vacuum initial conditions used here. The other independent components of § fkh” are
again qualitatively similar to the ones shown here.

7.4 Results on lepton asymmetry

Having now established the scales of the problem and that the numerical solution of the
neutrino correlation function is under control, we turn to study the lepton asymmetry
evolution. Because of the smallness of the lepton chemical potential pp, we can solve
the equations (6.10) and (6.11) sequentially. The neutrino equation is solved first and its
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Figure 5. Shown are select components of the numerical solution § ,T hJer of the Majorana neutrino
equation (6.10) with vacuum initial conditions. Left and right sides show the flavour-diagonal
function 0 fg 11 and the off-diagonal function Im(dfk n12), respectively. Top row features the
helicity-even combination (§fx +1 + 0fk,—1)/2 and the bottom row the helicity-odd combination
(8fk.+1 — Ofr,—1)/2 of the corresponding functions. All functions have been scaled by «2.

solutions 4 fx), are used to calculate the lepton source term Scp and the washout term
coefficients W and W,q according to equations (6.13), (F.1a), (F.2a) and (F.3). These are
then used to solve the lepton equation (6.11). Note that equation (6.10) does not couple
helicities or momenta so we can solve each mode 9 fx;, separately. In practice we reformulate
the neutrino equations in terms of the helicity-even and helicity-odd combinations (8 fx 4 £
0 fk,—)/2, which are more convenient for the calculation of Scp and 6W, as described in
appendix F.

Benchmark case. In section 7.3 we presented some intermediate results for the phase
space functions d f;, using the vacuum initial condition (7.3) and the benchmark parameter
values (7.7). In figure 6 we show the source term Scp and the washout term coefficients
Wad, 0W of the lepton equation (6.11) as functions of z for the same parameters and initial
conditions. We find that dividing the dimensionless momentum = |k|/T" to 100 bins in
logarithmic scale between 1072 and 10* already ensures that the results are not sensitive
to the cutoff or the discretisation. Indeed, one can see from figures 4 and 5 that the largest
contributions come from the range x € [0.1,10]. In figure 6 we also compare the results
from our full quantum kinetic equations (QKEs) (6.10) and (6.11) to those following from
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Figure 6. Numerically calculated CP-violating source term Scp(z) and the washout term coeffi-
cients Waq(z) and §W (2) of our main lepton equation (6.11) (solid line), Boltzmann equation (G.6)
(dashed line) and rate equation (G.20) (dotted line). We used the benchmark parameter values (7.7)
and vacuum initial conditions.

the traditional semiclassical Boltzmann equations (BEs) given in (G.5) and (G.6) and the
corresponding momentum integrated rate equations (REs) (G.19) and (G.20). The latter
two sets of equations are well known, but we provided them explicitly for completeness.

Also, we wrote all equations using a similar notation, which greatly facilitates the com-
Cp

parisons. Both BEs and REs require an externally provided CP-violating parameter ;.

Cp

At this point we are using ¢;* corresponding to the “mixed” regulator (G.24) [83, 84] (see

also e.g. [95]). Other regulators will be discussed in detail below.

It turns out that both the BEs and the REs significantly overestimate the source term
Scp in the relativistic region z < 1. The QKE-source starts to grow and changes the sign
later, but all sources start to converge for z 2 2. On the other hand, the washout terms
Waq and W have only minor differences. As expected, W,q is by far the dominant of the
two. It also appears to be identical in the full QKE and in the BE approach, and indeed
it is: this term originates from the flavour-diagonal equilibrium part of the Majorana
neutrino distributions, which we have calculated to the zeroth order in gradients in the
QKEs. The function W, which is proportional to the non-equilibrium perturbation df,
is approximately two orders of magnitude smaller and could be neglected with practically
no effect on the final asymmetry. Also, there is no corresponding function 6W in the
leading order rate equations (G.19) and (G.20) because in the Boltzmann approach this
part results from the Pauli blocking and stimulated emission factors, which are dropped
from the rate equations.

In figure 7 we show the lepton asymmetries Y7, as a function of z in the benchmark
case. Left panel corresponds to the vacuum initial conditions used above. The asymmetry
behaves as expected from the source term Scp shown in the left panel of figure 6. While
the Y7 (z)-evolution obtained using the BE or the RE deviate strongly from that found
using the full QKE, the final asymmetries differ by less than a factor of 2. In the right
panel we show the case with thermal initial conditions for the Majorana neutrinos. The
early evolution of the asymmetry is of course very different from the vacuum case, but
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Figure 7. Numerical solutions for the lepton asymmetry Y7, (z) from our main equation (6.11)
(solid line), Boltzmann equation (G.6) (dashed line) and rate equation (G.20) (dotted line). We
used the benchmark parameter values (7.7). The left (right) panel has vacuum (thermal) initial
conditions for the Majorana neutrinos. The final values of the asymmetries are shown as insets.

«10~5  Vacuum case, |y:| = 0.01 «10~4  Thermal case, |y1]| = 0.01
6 I 6.01x10~° [
| — Full QKE )
L —-- Boltzmann . .3.82x107°
4 o Rate \\_2'_8§>ﬁ1_0:i 10 r
2 -
0 = 77
| SO / 0.5
2 B \\‘. //
B | \ et
\ . /.
—4r \:{/..: L
T BT BT T 0.0 T T BT B
1072 10! 10° 10* 10> 1072 10! 10° 10* 102
z=m1/T z=m1/T

Figure 8. Numerical solutions for the lepton asymmetry Y7 (z), with the same setup and mass
difference as figure 7 except |y1| = 0.01. The final values of the asymmetries are indicated on the

corresponding graphs.

the final asymmetries are identical with both initial conditions. This behaviour is due to
the strong washout assumed in the benchmark case (K; =~ 10.0 and K =~ 27.9), which
efficiently erases the early evolution of the lepton asymmetry. The final asymmetry then
mostly depends on the source at the very end of the integration range, where the Scp
computed using different methods were found to agree better.

In figure 8 we show for comparison similar plots in the weak washout case, with |y;| =
0.01, corresponding to K7 ~ 0.279. The left panel again corresponds to the vacuum and the
right panel to thermal initial conditions. Now the early evolution deviates less in different
approaches. Also, as expected, the final asymmetries are no longer the same for vacuum
and thermal initial conditions. The differences between the BE and RE predictions and
our QKE results for the final asymmetry also remain significant. These results show that
the lepton asymmetry evolution and its asymptotic value depend in an essential way on
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the model parameters. Also, it is clear that to obtain accurate results, one should use the
full QKEs instead of the less accurate BE- or RE-approaches.

Varying mass difference. In the top panels of figure 9 we show the asymptotic lepton
asymmetry as a function of (m3 —m?)/m? ~ 2Ama; /m1, keeping other benchmark param-
eters fixed. We again compare the full QKE results with the BE and RE predictions, now
for four different CP-asymmetry parameters T that have been discussed in the litera-
ture [61, 62, 66, 70, 95, 96]. The different choices, which we denote as ‘mixed’, ‘difference’,
‘sum’ and ‘effective’ vary in how the resonance near m; = mso is regulated. Explicit forms
for the EZCP -parameter and the regulators are given in appendix G.3. All approaches give
qualitatively similar Amsi-dependence with a single maximum at Ams; ~ I'. However,
a more close look reveals significant quantitative differences between the full QKE results
and the BE and RE approximations, as well as between using different regulators in the
latter two approaches.

The location of the resonance peak is approximatively given by Am3, = ]mll“go) F
mQFg))] for the difference and sum regulators in the Boltzmann approaches. We have shown

max

these locations in the top-right panel of figure 9, denoting them by ALE and ALY, The
BE and RE results using different regulators fall either above or below the correct QKE-
result shown by the solid blue line, varying by an almost order of magnitude for Amgy; ST
The effective sum regulator given in [70] (see equation (8.13) below) is designed to work
in the strong washout case; it is thus not surprising that it works best in our benchmark
case. On the other hand, for Amsg; > T', where we enter the rapid flavour oscillation
regime, all results converge. This is expected, since the regulators become irrelevant in
the CP-parameter (G.23) and the diagonal elements decouple from the off-diagonals in the
QKEs in this limit (we will show this explicitly below). We also observe that the BEs
always give a slightly lower final asymmetry than do the REs, as was also observed in [97].
The difference between the BE and RE results is smaller, however, than the difference
arising from using different regulators and eventually the correct QKEs. That is, treating
the quantum physics part of the problem correctly is more important than the momentum
dependence of the phase space distributions.

The situation gets even more interesting when we begin to vary the couplings. In
the bottom panels of figure 9 we show the results for hierarchical (left panel) and for
almost degenerate (right panel) Yukawa couplings. In the left panel the washout is weaker,
K, =~ 0.279 and Ky =~ 27.9, whereas in the right panel the washout is strong, K; ~ 22.6.
The different CP-asymmetry regulators now lead to even more dispersion in the BE and
the RE results when Amso; < I'. In the hierarchical case using the mixed regulator leads
to two peaks at Amo; >~ I'y and Ameo; ~ I's, corresponding to the different regulators used
for the two Majorana neutrinos in this case. The full QKE result, again shown by the solid
blue line, shows no such structure. Also the effective regulator is somewhat less accurate
here. In the right panel, with almost degenerate Yukawas, the mixed and sum regulators
are in better agreement with the QKEs, but the difference regulator has an extra spurious
enhancement because the regulator vanishes and the CP-asymmetry is unbounded in the
double limit mo — my and I'y — I'y.
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Figure 9. Shown is the asymptotic lepton asymmetry Y; as a function of the relative mass-
squared difference Am3, /m? for different Yukawa couplings. The Boltzmann equation (BE) results
are shown with four different regulators for eS¥. The dotted and dash-dotted lines show the rate
equation results for the corresponding BE results. The top-right panel shows the region highlighted
in red in the left. The bottom panels have hierarchical (left) and almost degenerate (right) Yukawa
couplings. Other parameters have the benchmark values and vacuum initial conditions were used.

The main take-home message from this section is that the Boltzmann equation and
the rate equation approaches are inaccurate and strongly sensitive to the choice of the
regulator in the resonant and quasidegenerate region Ameo; < T';. The Boltzmann approach
reproduces the full QKE results accurately in all cases only in the region Ams; > I'; when
the regulator is already negligible and one is approaching the hierarchical mass limit. Also,
the most accurate regulator over varying coupling strengths is the sum regulator of [62].
We shall show below how the sum regulator indeed consistently emerges when we reduce
the QKEs to BEs in the helicity-symmetric decoupling limit.

Flavour oscillation. Let us look more closely at the role of the flavour oscillations in

resonant leptogenesis. In the left panel of figure 10 we show the evolution of the helicity-
even part of the off-diagonal Majorana neutrino phase space function Im(J f,?;’zf;) with
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Figure 10. Flavour oscillation of Im(éf,:,ﬁQ)(z) (helicity-even component) and Scp (z) for a
single k-mode, with Amsg; = 0.01m;. Other parameters have the benchmark values, and vacuum
initial conditions were used. On the right we show the single k-mode as well as the integrated
lepton asymmetry source from the full QKEs and the BEs.

|k| = 3T and Amg; = 0.01my. This is a case with rapid flavour oscillations corresponding
to Ni2 ~ 110. The modes of this ¢ f-component in the range |k|/T" ~ 0.1-10 give the
dominant contribution to the integrated lepton source term. In the right panel we plot
the contribution SCP,k of the same mode to the lepton source term, normalised according
to Scp = [ d3k/(27)3Scp /T3, Both the mode and its contribution to the lepton source
display a strong oscillation pattern with a quickly dying amplitude. This decay of the
oscillations is precisely the reason for the emergence of the semiclassical limit (shown as
the green dash-dotted line) from the QKEs. We will make this explicit in equation (8.8)
below. We show also in the right panel the full integrated source term from the QKEs
(dotted line) and from the Boltzmann approach with the sum regulator (dash-dot-dotted
line). Even in the QKE-result all oscillations are smoothed out in the integrated source,

due to the phase differences between different modes.

8 Helicity-symmetric approximation

In this section we will derive a series of approximations to the QKEs (5.15) (or equiva-
lently (6.10)), eventually reducing them to the semiclassical Boltzmann limit. This process
also leads to a simplified source term in the asymmetry equation (4.40), which eventually
reproduces the CP-asymmetry parameter with the sum regulator.

Looking more closely at equations (4.41) and (F.la), one can see that the lepton
asymmetry is sourced mainly by the helicity-even combination of the imaginary part of
the off-diagonal function d frp12 in the non-relativistic or mildly relativistic case. Based
on this observation, we drop the tracking of the helicity asymmetry in the equations for
0 fnij. We can then write a simpler set of equations for the h-even part, which we denote
simply by 0 fri; henceforth, and a simpler form for the lepton source term Scp including
only Im(8 fx12). We will also work with vacuum dispersion relations, setting % = 0. The
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resulting helicity-symmetric equations are

016 fr11 = —Tr11 0 fr11 — 3tfég?k11 — I'k12 Re(6 fr12), (8.1)
016 froo = —T'k22 0 fra2 — 8tfa(3?k22 — ko1 Re(d fri2), (8.2)
~ . 1
0¢0 fr1i2 = —T'k12 0 fr12 — 1Awg12 0 fr12 — 5(Fk21 0 fre11 + Tri2 0 fr22), (8.3)
and
Im(yjys) [ d°k
Scp = —2 Re(y712) / 2n) (Tka1 + Tr12) Im (6 fr12), (8.4)

where T1o = (Tr11 + Tioo)/2 and Ty = 2Re(C’,;"thfj“)|EH%0 with C’,jhtljf given by equa-
tion (E.1). Note that all T'y;; are now real so the diagonal functions 0 fx;; couple directly only
to Re(dfx12). The diagonal damping rate admits the factorisation I'g;; = (m; /wki)FEO)in
where m;/wg; is the time dilation factor, I‘EO) = |y;|*m;/(87) is the tree-level vacuum de-
cay width of the Majorana neutrino and AXj; is the thermal quantum statistical correction
factor, which obeys Xk; — 1 when |k|/T — oo (see equation (G.7)). The damping rate
I'ki2 in the off-diagonal equation, given by the average of the diagonal rates, agrees with
the flavour coherence damping rate found in the density matrix formalism for mixing neu-
trinos [3, 4, 7]. This is an expected result, as the two phenomena are of course closely
related. Indeed, if we further assume that T'go; ~ Tk, we can write equations (8.1)—(8.3)
in a simple density matrix form:

05 fi = ~07 Sy — ilH, 4] — L T 5k}, (35)

where Hy, = diag(wg1, wg2). A similar equation has been used earlier to study light neutrino
mixing in the early universe [3, 6-8] and in the resonant leptogenesis context it was first
derived in [61].1

The helicity-symmetric equations (8.1)—(8.4) provide an excellent approximation to
the full QKEs with helicity-even initial conditions, as can be seen in figure 11 where we
compare the two for our benchmark parameters. This is so because the neutrino source
terms are helicity-symmetric and the helicity-asymmetry is only generated by loop effects.
Also, it is evident from (F.la) that the contribution to the source from the helicity-odd
0 fi*-function is thermally suppressed compared to the one coming from helicity-even part.
This shows that resonant leptogenesis is dominated by the helicity-independent flavour
mixing, although this conclusion partly relies on the fact that the asymmetry is mostly
generated in the non-relativistic regime T < my. Helicity would play a more important
role if the Majorana neutrinos were relativistic when the asymmetry is generated, like in
some low scale leptogenesis scenarios [86]. Indeed, equations similar to (8.5), but keeping
the helicity degree of freedom, were recently used to study leptogenesis [69, 86, 98]. Our
full QKEs (5.7) as well as the mass-shell equations (5.15) are more general than (8.5) and
the helicity dependent equations in [86, 98, 99]. Note in particular, that for more than two

1411 the quasidegenerate limit and restricted to two neutrino flavours, it is easy to generalise equation (8.5)
to include helicity as in [61]. We do not write such an equation explicitly here, because it would be but a
further special case of our general QKE (5.15) for the flavour mixing problem.
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Figure 11. Comparison of the full results (solid line) to the helicity-symmetric approximation
(dotted), decoupling limit (dash-dotted) and Boltzmann results with the sum regulator (dashed).
We show the results for the lepton asymmetry source term (left) and the lepton asymmetry itself
(right) as functions of z. The benchmark parameters with vacuum initial conditions were used.

Majorana neutrino flavours the collision terms in (5.15) cannot in general be reduced to
the canonical form for a density matrix equation.

Decoupling limit. Equations (8.1)—(8.4) still incorporate all essential flavour mixing
consistent with full resummation of the interaction terms. Now we simplify these equa-
tions further in the case where the flavour oscillations are fast (Amsg; > T'). We use
the same reasoning as in section 5.4 (see footnote 13) to argue for dropping the flavour
off-diagonal terms in the diagonal equations (8.1) and (8.2). We call this approximation
the decoupling limit. The diagonal equations, written with the expansion of the universe,
are then identical to the semiclassical Boltzmann equation (G.5). The washout term can
also be approximated with the Boltzmann version or even with only the W,q contribu-
tion (G.10). Because the flavour-diagonal functions now decouple from the off-diagonal
ones, they can be solved independently and their solutions can be treated as external
sources to the off-diagonal function 9 fx12.

Assuming that initially d fx12(t0) = 0 (a non-zero initial value could be easily added as
a special solution to the homogeneous equation), the off-diagonal differential equation (8.3)
can be integrated to give

1 rt t .
5fk12(t) = —5 \ du (F21(5f11 + F12(5f22)k(u) exp |:—/ d’U (Flg + iAW12)k(U):| . (86)

Substituting this into equation (8.4) we then get a closed formula for Scp which now defines
the source term in the semiclassical Boltzmann equations; indeed comparing to the Boltz-
mann formula (G.8), this improved form shows that the combination Im(yiy2) Im(d fx12)
acts as an effective dynamical CP-asymmetry parameter.

In the quasidegenerate case mj ~ my (i.e. at this point we assume the weakly resonant
|2

regime I' < Amg; < my) we can further approximate I'y;; ~ Re(y;y;)'kj;/|y;|° and

Tri1/|y1|? =~ Troo/ly2|?>. Then we can write the lepton source term into an even more
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suggestive form:

Sert) ~ 1%, [ 0 (M) T i

i=1,2 (271-)3 Wi ’yl‘Q‘yQP
(3 #19) ’ .
X Z/t du (Tj;(0 f11 + dfa2)), (u) Imexp {—/ dv (Flz + iAwu)k(v)]. (8.7)
0 u

This result shows that the lepton asymmetry is cumulatively sourced by the non-equilibrium
perturbations in the diagonal mass-shell functions d f;;(u), such that past contributions are
suppressed by the flavour coherence damping rate I'12. We show the approximation (8.7) for
Scp (with the diagonal solutions d f;; calculated from the ordinary Boltzmann equations)
and the resulting lepton asymmetry by the red dash-dotted lines in figure 11. Even though
in the figure we used the benchmark parameters where Amg; ~ I', equation (8.7) is still
a relatively good approximation to the full QKEs, in particular at early times z < 1.
However, when z 2 1 it deviates from the full result, and at late times z > 1 the asymmetry
coincides perfectly with the Boltzmann result (see below) instead, shown by the dashed
line in figure 11.

8.1 Boltzmann limit

To get an even closer comparison to the existing literature, we now make stronger ap-
proximations to evaluate the time integrals in equation (8.7) analytically. Indeed, if one
assumes that the source functions are roughly constant, one can take them outside the
u-integral.'® If one further assumes that I'y19 and Awgo are constants (we take Xp; — 1
in ki, assuming g ~ (my /wki)f‘go), and neglect the Hubble expansion for the mass and
momentum), one can perform the integrals to get

t

Im [ du exp[—(T12 +iAwi2)(t — u)]
to

—Awis —T1a(t—to) ( — sin [Awlg (t— t())] )
= = 1-— 1280 A t—t T ) .
(Aw2)? + (T12)2 [ € cos[Awia( 0)] + T2 Awiy (8.8)

A similar expression was also found in [57], but without the exponential damping factor in
the oscillating term. This is important, because now we see that taking the limit ty — —oo,
the oscillating part is damped to zero.' We already saw this effect in figure 10: while the
source was there computed using the full QKE, the strongly damped rapid oscillation we
observed corresponds to the second term in equation (8.8).

'5This is consistent if the damping time is much shorter than the time of variation of the diagonal & fi;-
functions, which is given by the Hubble time. That is, an approximation of the type of equation (8.9) is
valid in the strong damping limit: T'1o > H.

16 Authors of ref. [57] argued that the second term in (8.8) vanishes due to averaging out over oscillations,
but this is not the correct explanation; note that (8.8) is valid even in the limit Awiz — 0. Also, a similar
expression and including the damping, albeit with a different damping factor (I'11 — I'22)/2 (giving rise to
the ‘difference’ regulator), was found in [61].
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Substituting (8.8) back to equation (8.7) and dropping the damped oscillating term,
one finds

A3k m; 1
Sep(t) ~ r(o)i/ M )= (611 + 6 fan) . (E
cp(t) 2 h 9 | @my (wki k)2( fi1 + 6 f22), ()

(3#%) Im[(yfyg)Q] 1[ —Awlgrjj
y1ly2l? 2 L(Awi2)? + (T12)2 ]y

(8.9)

This form already greatly resembles the Boltzmann result (G.8) with the constant CP-
asymmetry parameter (G.23). It is now also clear that the CP-asymmetry is regulated
by the coherence damping rate I'1o in the degenerate limit mo — m;. We also note that
dropping the damped oscillating term is the main reason why the BE approach tends to
initially overestimate the asymmetry. This effect is clearly visible in figures 6, 7 and 11.
We can go even further and extract the CP-asymmetry parameter by using again the
quasidegeneracy ms ~ mj, whereby Awgis ~ Am?,/(2wy;), and taking into account the
time dilation factor in the damping rate T'y; = (m; /wki)f‘io). The result (8.9) can then be

written as
0 d3k3 m; 1
see®)~ Y 10k, | 2 (oAb 3 (011 + 62, (1), (8.10)
i=1,2 i
where (for j # 1)
cr Im[(yi“yg)z] (m3 — m%)mifgo)

(8.11)

i,sum

’y1‘2‘y2‘2 (m% — m%)z + (mll—\go) 4 mQPgO)>2 :

Equation (8.10) is still different from the Boltzmann result (G.8) in its dependence on
the flavour-diagonal functions ¢ f;;. But using the quasidegeneracy argument once more to
approximate (mj/wg1)Xe1 =~ (ma/wka)Xke, it can finally be written exactly in the same
form as (G.8).

Strong washout limit. In articles [64, 66, 70] the strong washout limit was considered,
where one assumes that the diagonal rate parameters are large separately. In this limit
one can find an approximative late-time solution by putting all derivative terms to zero on
the left-hand side of equations (8.1)—(8.3). One can then solve all distribution functions
algebraically, and eventually the CP-violating source term (8.4) takes the form

Im(y}y») / d’k
(

Scp &~
"™ Re(yty2) 277)3<

[o1 +T12), (P210 f11 + T120 f22),

[ —Awia ]
X = ol '
(Awi2)? + (F12)2<1 - rﬁrii) k

(8.12)

No other approximations have yet been made at this point. In the quasidegenerate limit
this source then has the same form as (8.9) except that the off-diagonal backreaction to the
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Figure 12. Comparison of the effective sum regulator with the other results in the weak washout
case with |y1| = 0.01 and |y;| = 0.02. In the left panel we took Am3,/m? = (0.012+40.022)/(167) ~
1075 near the resonance maximum. We used vacuum initial conditions in both panels, and other
parameters have the benchmark values (7.7).

diagonal functions is taken into account by a modification of the regulator term I'j5.'7 This
approximation can be again reduced to the Boltzmann equation with yet another effective
CP-asymmetry parameter, similar to equation (8.11), but with

(0)

(miTy + mgfgo))Q — (mlfgo) + mQI‘gO))Q sin? 0y5. (8.13)

Here we used the fact that in the single lepton flavour and quasidegeneracy limit I'g101 ko1 =~
cos? 012 T'k11T k22, where the Yukawa phase 612 was defined in equation (7.6). The re-
sult (8.13) agrees with the effective sum regulator defined in [70].

We have shown the results using this effective sum regulator in figure 9 as the black
dashed line. This is indeed the best approximation in the strong washout limit. On the
other hand, this approximation does not work well outside the strong washout case. We
show in figure 12 the case where both Yukawa couplings are small, corresponding to the
washout strength parameters K; ~ 0.28 and Ky ~ 1.1. In this case the regulator (8.13) is
worse than the simpler sum-regulator we found in the decoupling limit. These examples
show that using different approximations one can accommodate the most relevant quantum
effects in different parametric regions. However, no approximation remains quantitatively
accurate throughout the parameter space.

Summary. We have used a series of controlled approximations to reduce the Majorana
neutrino QKEs and the lepton asymmetry source term to the Boltzmann limit. The de-
coupling limit CP-asymmetry parameter (8.11) corresponds to the sum regulator (G.26) in
agreement with [62-64]. The previous work used some extra assumptions about the model

'"The diagonal distributions in equation (8.12) contain no backreaction from the off-diagonals, and techni-
cally they correspond to the late-time approximations 6f,$.“i) = —8tf;g?kii/Fk¢¢. However, we have improved
this approximation by using here the decoupled diagonal distributions, i.e. the usual diagonal distributions
0 fris solved from the Boltzmann equations. This gives the same late-time limit, but a more accurate early

time evolution.

— 48 —



parameters however, and their validity in the doubly degenerate limit have been ques-
tioned [96]. Our derivation is very different and does not rely on these assumptions. We
also find a clear origin and interpretation for the regulator, corresponding to the flavour
coherence damping in the neutrino equation. Our numerical work confirmed that the
sum-regulator is indeed the most accurate in the Boltzmann approach in the sense that
it provided qualitatively best results in all regimes, as can be seen in figures 9 and 12,
while the effective sum regulator (8.13) is the most accurate one in the late time limit
in the strong washout case. As a byproduct, we demonstrated quantitatively how the
quantum oscillations are suppressed and the semiclassical limit arises in the hierarchical
strongly damped limit Amo; > T'is > H. Beyond this case, the BE approach does
not provide highly accurate results and QKEs are needed. However, we found that the
helicity-symmetric QKEs give a very accurate final asymmetry throughout the resonant
leptogenesis parameter range.

9 Comparison to earlier work

Leptogenesis has been studied extensively before [37-71], and many of the results presented
here have been found in some form previously. In this section we will provide a more in-
depth comparison of our results and other studies based on first-principles CTP methods,
which we believe are most closely similar to ours.

In several studies of leptogenesis based on the CTP method (e.g. [46, 62, 65, 68, 100])
the non-equilibrium part of the Majorana propagator is identified with a homogeneous
transient, while the inhomogeneous part is taken to be the thermal equilibrium solution.
In this approach the only non-equilibrium source is in the initial conditions, as there is no
dynamical source for the asymmetry generation. Such approaches have been used to model
the lepton asymmetry generation during the initial approach of the Majorana neutrinos
to equilibrium [46, 100]. Our formalism contains this effect, which shows up as the initial
negative Yy, dip in the left-hand side panels in figures 7 and 8. However, as these figures
show, a moderate washout can erase this asymmetry. This restricts the use of pure transient
methods to the weak washout case.

A very careful analysis using the transient approach was given in [62]. In particular
off-diagonal pole propagators, which are crucial for the evolution of the non-equilibrium
initial state in the two-time approach, were calculated in detail. These results are similar
to our (4.17a). However, in our approach where the local correlator is evolved dynamically,
it is sufficient to compute the pole propagators to a leading order approximation. In [62] it
was also found that the sum regulator (G.26) is a reasonable choice for the CP-asymmetry
parameter (G.23) in the Boltzmann approach. The Hubble expansion was not included
n [62], but the issue was later addressed in [63, 64]. Our derivation is more general, and
does not impose restrictions on Yukawa couplings [62, 63] or on the size of the deviation
from equilibrium [64]. Our derivation also reveals the physical origin of the sum regulator
as corresponding to the flavour coherence damping rate.

The approach in [61] (see also [66, 69]) is similar to ours, but it relies heavily on the
Wigner space representation. The neutrino correlator Si is also expanded in a different
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basis, used earlier in the EWBG context [12, 13] and in the cQPA approach [72-78]. In
this basis the division of S; into components with a characteristic time dependence is
obscured, making it difficult to separate the particle-antiparticle and flavour coherence
effects. Ref. [61] then used several approximations in integrating the particle-antiparticle
coherences, in reduction to the spectral shell limit and a restriction to the quasidegenerate
case, that we do not need to make. On the balance, the final QKE of [61] agrees with
our equation (8.5) in the quasidegenerate limit (and includes the small backreaction to
the neutrino equation from the lepton chemical potential, which we omitted.) Overall our
derivation is more general and displays a hierarchy of QKEs, which separate the different
physical scales. We also provide detailed numerical examples and comparisons, with the
Hubble expansion included.

In [67] resonant leptogenesis was studied in the interaction picture method [101], using
the double momentum representation, and it was found that the lepton asymmetry source
term contains two distinct contributions from mixing and oscillations.'® These results
suggest that the usual Boltzmann approach, which contains only the mixing contribution,
potentially captures only half of the actual late time lepton asymmetry. The findings of [67]
were supported by an analysis [68] performed in a simplified non-equilibrium setup in the
weak-washout regime. Both articles found that the mixing contribution is mainly due to the
flavour diagonal functions and the oscillation contribution mainly due to the off-diagonal
functions in the Majorana neutrino correlator. Ref. [68] found also another contribution
resulting from the interference of the mixing and oscillation terms, which tends to cancel
the other contributions in some cases. These results have been further discussed in [55].

Our results do not support these findings. Indeed, our result for the lepton asymmetry
converges to the usual Boltzmann result in the weakly resonant case (see figure 9) and
a difference by a factor of two should be clearly visible. It is then curious to note that,
similarly to refs. [67, 68], our lepton asymmetry source (F.la) also contains two distinct
contributions from the flavour diagonal and off-diagonal phase space functions. However,
in our case the flavour-diagonal contribution is helicity suppressed as explained in section 8.
This helicity dependence may thus be the source of the discrepancy, especially given that
refs. [67, 68] are based on scalar toy models where the effective Majorana states do not
have Dirac structure. Also, while the results of [67] were essentially reproduced with true
Majorana neutrinos in [96], that analysis was based on a semiclassical approach, which
again may not necessarily implement the correct helicity structure.

Finally, flavour coherent equations similar to ones used to study light neutrino mixing
in the early universe in [2-8], were used to study leptogenesis in [86, 98, 99]. We showed
how these equations arise from our more general formalism. We also showed that a further
reduction to even simpler, but very accurate helicity-even equations (8.5) is possible in the
resonant leptogenesis case. Our formalism is also self-contained giving explicit expressions
for all self-energies involved.

¥Note that the ‘mixing contribution’ in [67] contains both of the traditional € and &’ type CP-violation
sources. The oscillation part is an additional contribution. The oscillation contribution is also different
from the ARS mechanism [67].
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10 Conclusions and outlook

We have developed a general and comprehensive formalism for problems involving quantum
coherence effects in spatially homogeneous and isotropic systems with mixing fermions. Our
methods are applicable to various problems ranging from vacuum particle production to
neutrino physics and resonant leptogenesis, which we used as an example and a platform
for the more detailed developments of the method. In particular we concentrated on a
benchmark model with two Majorana neutrinos and one lepton flavour including decay
and inverse decay interactions.

Our method uses the CTP formalism [30, 31] and the 2PIEA methods [34, 35]. An
essential part in our derivation of tractable quantum kinetic equations including coherence
was finding a closed equation for the local correlation function Sy (t,t). This required a
method to evaluate collision integrals which contain the full correlation function Sg (¢1,t2).
We explained how this can be done when the system has dissipation. Two key elements
in the process were the identification of proper adiabatic background solutions and the
ansatz (3.8) to parametrise the perturbation 0.5j (t1,t2) in terms of the local correlation
function in the collision terms. However, no assumptions were made to restrict the spin
or the flavour structure of the local correlator, which makes it well suited for studying dy-
namical mixing. Another essential element was the use of the projector basis (5.2), which
provides a clean separation of physics related to different time scales, e.g. the particle-
antiparticle oscillations and the flavour oscillations. Our formalism can be seen as a gen-
eralisation of the cQPA method developed in [72-78] and further studied in [79].

Our main results include the quantum kinetic equation (5.7) which contains com-
plete coherence information including particle-antiparticle mixing, and its coarse-grained
version (5.15), which completely incorporates the flavour mixing in both particle and an-
tiparticle sectors separately. Note that these QKEs cannot in general be written as a
traditional density matrix equation, if there are more than two flavours, due to the compli-
cated flavour structure of the collision term (5.8). For the two-flavour case we derived even
more simplified but very accurate helicity-symmetric QKEs (8.1)—(8.4) and further wrote
them into a density matrix form (8.5) in the nearly degenerate limit m; ~ mg. Eventu-
ally we reduced our QKEs to the diagonal Boltzmann limit, deriving the CP-asymmetry
parameter ESP of leptogenesis with the ‘sum’-regulator (8.11) directly from the quantum
transport formalism. We also pointed out that the sum-regulator physically corresponds
to the coherence damping rate of the Majorana neutrinos in the underlying QKEs.

The question of the correct CP-asymmetry regulator in the semiclassical approach
has been under some discussion recently [55, 62, 66, 70]. We performed careful numerical
comparisons of our QKEs and the Boltzmann equations endowed with different choices
for 5$P. We found that the sum-regulator derived here in the decoupling limit, and first
found in [62], agrees best qualitatively with the QKEs throughout the parameter range
of interest for resonant leptogenesis. We also implemented the integrated Boltzmann rate
equations and compared them with the momentum dependent BEs and the QKEs. It
turns out that the difference between the REs and BEs was always much smaller than
the difference stemming from the choice of different regulators. While the sum-regulator
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was generically the best choice for the BE and RE approach, their results can still be
wrong by a factor ~ 2-4 for Ame; < I'. In the strong washout case the modified sum
regulator (8.13) of [66, 70] gives even more accurate late-time results. For high accuracy
results throughout the parameter range, QKEs are needed however. We found that the
helicity-symmetric QKEs (8.2)—(8.4) give a very accurate approximation to the full flavour
QKEs (5.15) for all parameters. Finally, all of these approaches are in good agreement in
the weakly resonant case, m; > Ama; > I', as expected.

Leptogenesis has been studied extensively using the CTP approach [37-71] and many
of the results shown here have been found previously. We believe that our treatment
stands out in displaying the most complete set of quantum kinetic equations, with a clean
separation of different physics and by giving a comprehensive account of the approximations
made in deriving them. Based on our results one can easily compute the effective self-
energy functions to different levels of approximation in the coupling constant expansion,
and including also the coherent propagators in the internal lines. In some accounts we did
less than what has been done before. Definitely the phenomenological reach of our results
is compromised by our not including the 2 — 2 scattering processes or multiple lepton
flavours in our equations. We will leave these to a future work.

In this article we mainly concentrated on resonant leptogenesis, but our methods
are applicable as such, or easily modifiable to other versions of the leptogenesis mecha-
nism [20, 21]. We already briefly discussed thermal leptogenesis in the hierarchical limit
in section 5.4. In this case it would be interesting to compute corrections to the lepton
asymmetry source arising from the mixed particle-antiparticle flavour correlation functions
(6 f,gﬁQ in the notation of section 5.4), starting from the full QKEs (5.7) and working in
the decoupling limit. Our equations can also easily accommodate dispersive corrections to
the neutrino QKEs. Such corrections would generalise the vacuum Hamiltonian to include
the matter effects, similar to the well known case with light neutrinos. This would replace
the mass difference Amso; with an effective dynamical quantity and potentially change the
quantitative predictions in resonant leptogenesis.

Note added, The Mathematica code package that was used to compute all numerical

results in this paper is publicly available at https://doi.org/10.5281 /zenodo.5025929.
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A Resummation of the Schwinger-Dyson equation

Here we present the derivation of the results (2.13) and (2.14), starting from the Schwinger-
Dyson equations (2.10). We will shorten the notation explained below equations (2.11) even
further, by leaving out the momentum indices and convolution signs: e.g. Sg,k*EZ*Sz —
SEYPSP. Tt is also important to note that the inverse free propagator Sy L contains a
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derivative operator, and thus changing the direction of its operation generates additional
surface terms.

First, the pole equation (2.10a) for p = 7, a can be formally iterated as

SP = SP(1 + XPSP) (A1)
= S5(1+ 3PSH + xPSESPSE 4.
= Sh + SEYPSE + SESPSESPSE + - - (A.2)
= (1+ S{=P + SpEPSEYP +---) S8
= (1+ 5PxP)S. (A.3)

This is consistent with the Hermiticity properties (2.8) of the pole propagators, which relate
equation (A.1) for p = r to equation (A.3) for p = a and vice versa. Equation (2.10b) for
S< (similarly for S>) can now be iterated and rearranged as follows:

S< = S5 + 5508 + SRS 4 SpyrS< (A.4)
= 85 + SEue8e + SIu<se
+ S5 (S5 + SEeS® + SRSt 4 SRS
— (14 S§¥7) (S5 + Syne8* + Sfx=5%)
4 SENTSEYT(SE 4 SEXeS® + SEE<Se 4 STNTS<)

(14 SpX" 4+ SpX"Sex" + -+ ) (S5 + SgEeS® + Spxr<S?)
(1 4+ S"S") (S5 + Sg228® + S53u<59)
(1+57%7)S5 (1 +5%5%) 4+ §"E<5% (A.5)

The second and third equalities explicitly show the first and second iteration of the first
equation (A.4). In the fourth step this iteration is assumed to continue indefinitely. To get
the final two lines we then used equations (A.2) and (A.3). Note that the final line can
also be written in the form

S< = (8785 1) S5 (Sy 1 S%) + STu<S. (A.6)

This result was derived also in [36] and a similar iterative solution was presented in the
double momentum representation in the context of the interaction picture CTP formal-
ism [67].

B Majorana neutrino self-energies

The self-energy functions &,, defined in equations (4.16) are given by

4
& = 5 [ olzmsentso) P[]

x [(1+2fr) (k= p) + (1 = 2fep(0)p|, (B.1a)
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4
B4 = 5 [ ) sen(p") sen(h = 1) poP)6 (0~ )
X [fFD(_pO) + foe (K _poﬂ’ (B.1b)
s d'p 2 0 0_,0 2 2
087 (k) = [ 5 (2m)? san(p”) sen(k 1) po™)o ((k — p)?)

x fep (p°) feo (—p°) fe (£ (K° — p%). (B.1c)

Here PV denotes the Cauchy principal value distribution, and £ = +, — for < = <, >,
respectively. Note that equation (B.la) contains also the unrenormalised vacuum part of
Gg(k), which is UV-divergent. The Yukawa and chirality structure for this part are the
same as in equation (4.16b). We split GEq into the vacuum and temperature dependent
parts

Gii (k) = S (k) + S (), (B.2)

where the vacuum part was given (using dimensional regularisation) in equation (4.47) and
the temperature dependent part is

4
G 0) = 2m [ G200 PV | (ol =) frolslp) (B

(

The temperature dependent integral (B.3) has been worked out in [102].
We further parametrise the integrals (B.1b), (B.1c) and (B.3) with

@ (k) = a® (K", |k|)7°* + b (K, |K|)y - k, (B.4)

and
a®(k°, |k|) = Ta* (k°/T, |k|/T), (B.5)
b (K, |k[) = T 0 (K°/T, [K|/T), (B.6)

where @, b* are dimensionless functions, and o = A, H, <,> and & = Geq, 06. After some
calculation we get the following results (with ko = k°/T, k = |k|/T):

CNLEE(T)(K,O, K) = 167172/-@ /Ooo dx { {2:5 log‘:—i’ —xzLy(x) {fFD(SU) + fBE(x)}
— KJQL_ (aj)fBE(l‘)}, (B.?a)
FH(T) 1 o K0 Ky Ii% — /-@2 K0
beq (Ko, k) = 167r2/<a/0 dz {43; - Zx;log"i—_’ + 5 L_(z)+ ;xLJr(m)
X [fFD(x) + ]?BE(.’L')} + HL_({L')fBE(x)}, (B7b)
Gy (Ko, k) = 16;/@ /:+ dxfﬁ{fFD(_x) + fBE (K0 — $)}, (B.7c)
Ky 2 _ 2 - -
R woun) = 1o [ o (00 =500 [fon(-a) + Fawlro )], (BT
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(5&§(in, K) = 87%'{ /:+ dz foD(x)fFD(—x)fBE (£(ko — x)), (B.7e)

6b> (Ko, k) ! /’? dz (K% i — HO:C) fep (@) fep(—2) fg (£(k0 — ), (B.7f)

:871'7,% P 2K K
where
T+ Ry T — Kt 1
Li=1 +1 = - + B.
s =logl | klog| | k= (mok k), (B.8a)
and
feo@)= ' Jep() = — (B.8b)
FD(Z S et BE(Z PTIEE .

A E.A
eq> Yeq»
using logarithm and dilogarithm functions (like in [42]). The results given here hold only

The integrals given above for @ 6@ and 8bS may be further calculated in closed form
for |kg| > k > 0 (timelike four-momentum). The corresponding results for k£ > |kg| > 0
(spacelike four-momentum) are attained by replacing the integral operator above as follows:

/:+d:1: — —(LT+/_Z>dx (B.9)

Also, in the results (B.7) it was assumed that the energy parameter kg is real. If these
results are continued to complex values of kg (as required when considering finite widths)
then the implicit sign functions in the absolute values must be applied to the real parts
only (e.g. sgn(kg)ro = |ko| should be replaced by sgn(Re kg)ro = vko?).

Finally, the a® and b® functions have the following k%-symmetry properties:

agy (—K°, |Kk|) = —agy (K, |k|), bee (—k°, |k|) = beg (K°, |K|), (B.10a)
azl (—k°, |k|) = aZl (K°, |k]), bl (=K, |K|) = —bZ (K°, |K)), (B.10b)
5a<(—k°, |k|) = —da> (K%, |k|),  ob<(—K°, |K|) = ob> (K", |k|). (B.10c)

C Adiabatic pole propagator inversion

In this paper we have used the leading order spectral approximation for the adiabatic
solutions, which indeed is a good approximation in the weak coupling limit. In this ap-
pendix we show how to obtain more complete solutions for the adiabatic pole propagators
Sit(k,t). We start by writing equation (4.17a) in an equivalent form and with explicit

flavour indices:
2

Z(Ué —mi(t)]0u — qu,il(k7t)>‘9§d,lj(kat) = 0i51. (C.1)
I=1
Generally, the inverse of a 2 x 2 block matrix A;;, satisfying Zle Ay = 0451, is given
by Sij = (Aj — AjkAfklAli)_l with k # 4 and [ # j. For given i and j the indices k
and [ are fixed, because the block dimension is only 2. This block-wise inversion formula
can be generalised to larger block matrices, which would indeed be necessary if there were
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more flavours. We now solve the flavour components of the pole propagators from (C.1) as
follows (equivalent formulae were given in [83]):

-1
Sgd u( ) {k mi — eq i qu,il(% —my = qu ll)_ qu,lz} (l 7& Z)’ (02)

STty = [(F = my =2 D2 ) F—m =32 ) -5 0] (£4). (C3)

The inverses here are taken with respect to Dirac indices only and we suppressed the (k, t)-
arguments of the self-energies. These solutions can also be obtained formally by expanding
the inverse of f —m — ¥F, as a geometric series in powers of the off-diagonal self-energy
qu@ (with @ # j) and performing a resummation of the series.

The solutions (C.2) and (C.3) are still general. We now use the leading order equilib-
rium self-energy Y., given by equations (4.16a) and (4.16b). We neglect here the vacuum
part of qu which acquires additional Dirac and flavour structures from the vacuum on-shell
renormalisation and would make the resulting formulae below more complicated. However,
near the poles the vacuum part should only give small corrections. Hence, we use here the

pole self-energies
qu i (k) = Cw (yly] PL + Y; yJPR)fy Geq ,u(k) (04)

Using this form, the Dirac matrix inverses in equations (C.2) and (C.3) can be written
explicitly as

SLaielh.) = gy [P+ mo) = DIy = Lok —m¥la] G #0). ()

1
Sgd K7 (kv t) = D7p [(k + ml) eq,ij (% + m]) (% + ml)zgq zjzgq 77
ij
- qu i eq ij (k + m])] (Z 7é .7)7 (CG)
with the definitions
DY = AiA, [1 — 20 (k- &2) (0 PA7 + [y PA5)
+ 2 (&8, - 68 (Il * A7 + [y *A7

+ Q‘yi‘zyyjﬁ(AiAj)il(kQ — cos(29¢j)mimj))] , (C?a)

DY = Ay = 2cy |y *(k - &%) + ¢ |y (&8, - &%), (C.7b)
DY = A = 2cy|y* (k- &2,), (C.7c)
A =k —m?. (C.74d)

Note that since D}; = DY, the denominator of all flavour components S7, ;j is the same,
DY,. Using the formulae presented in this appendix, one can straightforwardly imple-
ment more accurate approximations for the adiabatic correlation functions (4.20) and the

effective self-energies (4.26).
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D Independent components of the neutrino Wightman function

The Hermiticity property (2.8a), the sum rule (2.9) and the Majorana condition (4.4)
can be used to derive relations among the components of the neutrino Wightman func-
tions. First, the Majorana condition (4.4) and equation (2.4) imply that Sy (t1,%2) =
—C8<, (ta,t1)TC~! in the two-time representation. We can then write the aforementioned
three relations as

gizj(t t) = Skt 75)T (D.1)
kl] (t t) - 6131 kzj (t’ t) (D2)
Skz](tvt) OC‘S’<k ]z( ’ ) 0_1/707 (D3)

where we also used 24 = S~ + S< in the sum rule. These identities hold for the full
Majorana Wightman functions SZJ (t,t). Assuming that they hold independently for the
adiabatic functions g;fki ; (t,t) implies that the non-equilibrium local correlator 0.S;; ; (t,t)

satisfies the constraints

6Sk7,j( ) 5Ska< ) (D4)
5555(1,6) = "0 58 51(1,1)T O, (D.5)
Inserting the parametrisation (5.2) into equations (D.4) and (D.5) and using the iden-

tity v°C( i/,f,vhji)TCflfyO = —Pk_,fi’j_s , we get constraints for the phase space functions:
S iy = ()" = 5fkh8]z_s' (D.6)

In terms of the mass and coherence shell functions (5.13) and (5.14) these read

5fk:hzg (5fkihjl) = 6fkh]z ) (D7)
0 iy = Ofiigs)” = Finse- (D-8)

In the case of two neutrino flavours (i,5 = 1,2) these relations imply that for a given
helicity h the sixteen different (s, s’,,7) components of § fx, can be reduced to only six
independent distributions with 10 degrees of freedom, given explicitly by the following

equations:
5f£;{1+1 = 0fppn  (real), (D.9a)
0 fiin = 0tz (real), (D.9b)
0 frmia = (6 faia)™ = (8f3po1)" = 0y (complex), (D.9¢)
and
5fkh11 = (0fgh11)”  (complex), (D.9d)
0 frnas = (0fpas)*  (complex), (D.9e)
0 frnis = (6 fema)™ = Sz = (0fihar)*  (complex). (D.9f)

Note that these relations are satisfied for perturbations when the sum rule (D.2) is
satisfied by the full adiabatic solution. This is true e.g. for a full thermal solution and for
the free particle solution (4.23). One can still use approximative forms for the adiabatic
solutions in various expressions for the sources and collision terms.
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E Neutrino collision term traces

Here we give explicit results for the collision term trace functions C,i‘?filj which we use
in the mass shell equation (5.15) of the Majorana neutrinos. We actually need only the
s = +1 component C’,jht.l;f because of the relations (D.9) and because we only solve the
positive energy solutions. Using the definition (5.8) and the leading order expansion (4.27)
for the effective self-energy, we get first C:hfl;r = itr [P,;ﬁ:;lzgq zl(kH)pkhlg] Here the
self-energy is given in the Wigner representation and evaluated at the four-momentum
(k)" = (+wp, k).

Next we observe that in the case with two flavours (i,1,7 = 1,2) PriiiPihii = Prhiis
which implies that Cy5" = itr[P 130, 5 (kyi)]. Notably, the collision function is in this
specific case independent of the last flavour index j. Using equations (4.16) and (4.51) for
the equilibrium Majorana self-energy functions with " = X" and £" = ZH — ¥4, and

performing the Dirac matrix trace yields the result

cw NI . . .
C,jhtf = W kil [Re(yi ur) (miky + mlkH)“ — ih Im(y; yl)(mikil + mlkii)“}
T 2wgiwr

x (62 (k) +1SE (k) (E.1)

The self-energy four-vector functions &,, are calculated in appendix B. We also defined
Nii; = Nipij (see equation (5.3)) and (k1) = (||, k°k).

F Lepton CP-source and washout terms

Explicit forms for the CP-source and washout terms were given in equations (5.10)—(5.12).
We now substitute the self-energy functions defined in (4.16a) and (4.16¢) to these ex-
pressions and use the symmetry properties (B.10b) and (B.10c). We also use the lowest
order result (4.27) for the effective self-energy, adapted for if = Pr¥4 and the con-
straints (D.9) for the non-equilibrium distribution functions. We keep the coherence shell
functions here for completeness, but split the results to separate mass and coherence shell
parts, Scp = S{p + S¢p and 0W = W™ 4 6W€. After performing the traces, we get

3k CWNij
)3 2WiiWk;

{Re(y;kyj)zhh Re(éfkh” )(mzki] + mjkt;)"

= Im(y;y;) 5 Tm(8 iy ) (miks s + mij)“]

st =3 [ G

< (Sehlheo) + &L (k) (F.1a)
str=% [ o ey 1) Syl RO 55 )ik + )

— Im(yly) S, (0 f5) (mikes + mjk-i)“}

x (&2 (ki) + eg}l(kﬂ))u, (F.1b)
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and

Swm Pk cw N .
Bl - / (2m)3 2wkiwkj[ e(yiy;)2n Re( fkhz])(m +j +mjki)
— Im(y;y;) 200 Im(df,i’}b’;;)(mikij + mjkii)“}
x (064 (k) + 56“4(1-1:“))“, (F.2a)
oWwe d3k CWNIS']' N
= ?, —R *0,. Re(§ G zk . 'k—iu
/BMZ / (27)3 2wkiwk,j |: e(yZ y])Zh e( fk:hzg)(m +7J + m; )

— Tm(y}y;) Sk Tm(8 finl) (ke +mykL)" |

x (064 (ki) + 067 (kyy)) (F.2b)
o

Here iy is the lepton chemical potential, 3 = 1/T, and we further defined (kt)* =
(|k|,k°k). The self-energy functions ng}w and 66;;‘ = (66, + 06;))/2 are calculated
in section B. We also defined here Ngi. = Ngp.. and N, = N,i};js using equation (5.3).

Finally, the adiabatic washout term W,q can be simplified to

Wt &k
i =2 | oy

2|yi|2

Wi

[QfFD(wki> ki 064 (kyi) — k- 56<(k7+i)]' (F.3)

The results (F.la) and (F.2a) show explicitly how the helicity sums of the non-
equilibrium distribution functions d fx, enter the leading order CP-source and washout
terms. In particular, from equation (F.1a) we see that CP-violation is only sourced by the
helicity-odd combinations Re(d f,+1 — 0 fk,—1) of the real parts and helicity-even combina-
tions Im(6 fi 41 + 0 fx,—1) of the imaginary parts.

G Semiclassical Boltzmann equations

For comparison with our main quantum kinetic equations, we implement and solve nu-
merically the semiclassical Boltzmann equations (see e.g. [84, 88, 97, 103, 104]) and the
momentum integrated rate equations in our model (4.1). We include only the decay and
inverse decay contributions supplemented by a RIS-correction term required to cure the
problem of spurious equilibrium source [88, 97, 104]. We write the equations first following
ref. [103], to establish the notation and to facilitate comparison with the literature. We
then present the equations in a more compact form which is directly comparable to our
main equations and also more suitable for a numerical implementation.

G.1 Momentum-dependent equations

As in the main text, we assume that SM-fields are in kinetic equilibrium and that Higgs
field chemical potential vanishes, pg = 0. However, we make no assumption about the
form of the phase space distribution functions f; of the Majorana neutrinos ¢ = 1,2, and
consider full quantum statistics with Pauli blocking and stimulated emission factors. In
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the expanding universe, the Boltzmann equations for f; and the lepton asymmetry n;, can
then be written as

0 [ 0 7 1
8J; ~Ipil a!;" T 2wig: /dW dmg (27)*6(wi — wi — wg)3™ (pi — P — Py)

< IMP{=Fi1 = £+ £ + £ £ - £)
+ePf [+ £ - £ - )]} (G.1)
dnL

e +3Hnp = Z/dm drmydmg (2m)*6 (wi — we — w¢)5(3) (Pi — P — Do)

< IMil{=f7 [£500 = f) + £+ £59)]
+e P[0 = f) + FO- O+ E]} (G2)

Here f,(ps,t) is the phase space distribution function, w, = v/|px|?> + m2 is the on-shell en-
ergy and dm, = d3p,/(27)3/(2w;) is the phase space integration element for particle species

x =1,¢,». The RIS-subtraction has been performed as in [88, 97, 104], which ensures that
CP

also the term associated with the CP-asymmetry parameter ¢, in equation (G.2) vanishes
in thermal equilibrium. For the number densities and distribution functions we are using

the following notations:

3 3
nry = ng — Ny, ng = cw/ (d%f;‘g fe, ny = cw/ é:)g fe, (G.3a)
= (fex10)/2 fe = fro(we — ), fe= fep(we + o), (G.3b)

fo = Fo = f5' = fen(ws), (G.3¢)

where fpp and fpg are the Fermi-Dirac and Bose-Einstein distribution functions (4.12).
The factor ¢y, = 2 is the SM doublet multiplicity and ¢g; = 2 is the number of spin (or
helicity) states of the Majorana neutrino N;. Finally, the tree level matrix element for the
neutrino decay process, summed over the Majorana neutrino spins and the SM doublet
multiplicity is:

IMi|? = | M(N; = £0)]* + | M(N; = 1)|° = 2cy|yi|*m2, (G.4)

where my = my = 0 was assumed in the end. The corresponding total decay width is then
FZ(O) = |M;|?/(167gim;) = |yi|*m;/(87). In the following we use these tree level results for
the leading approximation.

We now give equations (G.1) and (G.2) in a more compact dimensionless form similar
to (6.10) and (6.11), in terms of the variable z = m;/T. We also omit the lepton back-
reaction term (proportional to e¥ f,) in equation (G.1), as we did in (6.10). Working
consistently to linear order in perturbations we then find

dfs - af
dz — Ckz (5sz dz ) (G5)
dY; ~ - -
dizL = Scp + (OW + Waa) Y1, (G.6)
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where Y, = np/s, s is the entropy density, dfx; = fri — fre and fri = frp(wki). The
dimensionless neutrino collision term coefficient, CP-violating lepton source term and the
lepton washout term coefficients are here given by

(0)

~ 2T

Cri = H (Wk sz) (G.7)
(0)

~ _ Zrl & CP/ d k

SCP_Zi: Hy s & (2m)3 ( Wi )5fk“ (G-8)
0) 3

zF 6g; d°k (A)
W=y T IE ) ( )6 (G.9)

(0) 3
S I 6g; d k (B)

with H; = H(m;) and

T FelemtlE)/T _
X = W log [M , (G.11)
T Wk + ’k‘ WEi |k’
I = o () = s () G.12)
Vi) = fop(wri) (frp(wii) — 1) i, (G.13)
For the total z-derivative of frq we use dfpi/dz = fra(fed —1)m?/(miwy;), assuming that

|k|/T is independent of z. Note also that nLWadH 1 / z is exactly equal to the W,q defined
by (F.3), when we use ny, ~ cy/T?1e/6.

G.2 Rate equations

Simplified rate equations for the number densities can be derived from the Boltzmann
equations (G.1) and (G.2) with two additional assumptions: kinetic approximation for the
Majorana neutrino distributions and Maxwell-Boltzmann statistics for all particle species.
To this end, we use f; = (n;/n;%)f{, replace frp and fgg by fup(k?) = e /T and

remove all extra terms originating from the Pauli blocking and stimulated emission factors.
Integrating equations (G.1) and (G.2) over momenta then gives:

ddzi +3Hn; = —(:L?q — 1)71 — 2n§q P, (G.14)
d(?tL—i_anL_zi:K?%g —1>E?P%—2:LL§(1% , (G.15)

where
_ gir,/ d®p; %@ o—wi/T — n?%ﬂ (G.16)
;' = gi/ gf); e i/ T = ggn Ka(mi/T), (G.17)
. cw/((;’_;@e”'” _ CV;?. (G.18)
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Here IC,, are the modified Bessel functions of the second kind. Here we kept also the lepton
backreaction term which is the last term on the right-hand side of equation (G.14).

Again, we can write equations (G.14) and (G.15) in a compact dimensionless form:

ddy; dy:*d Y
o = DiYis S gyme DY (G.19)
¢
dY; Y4
i ¢

where 0Y; = Y; — Y™ and

(0)
Ny mq 207 Ky (zx5) m;
Y, =— = — D, = — ;= —. G.21
s T ! Hy Ko(zx;)’ i my ( )
The lepton source term in these equations is given by Scp = Z-ez-CPDi 0Y; and for the

washout term 6W = 0 and Woq = — X2, D;Y"/(2Y, ). We used these equations also to
check that the lepton backreaction was indeed numerically negligible in all examples (with
vanishing initial lepton asymmetry) that we studied.

G.3 CP-asymmetry parameter

The Boltzmann equations (G.1), (G.2), (G.5), (G.6), (G.14), (G.15), (G.19) and (G.20)
given above do not depend on the exact form of the CP-asymmetry parameter gicp. There
we used the generic definition (in the unflavoured case)

where I'(N; — £¢) + T'(N; — £¢) = T; is the total (vacuum) decay width of the Majorana
neutrino to the lepton and Higgs doublets. The CP-asymmetry parameter vanishes at
tree-level and is calculated from the interference of tree level and higher order amplitudes.
This is highly nontrivial, as the calculation breaks down when using ordinary perturbation
theory in the degenerate limit mo — mj.

We only consider the self-energy contribution (also called indirect or e-type
CP-violation), neglecting the vertex correction (i.e. the direct &’-type CP-violation), and
use the generic form

CP Im[(yi‘yz)z] (m% - m%)miF§-0)
Y nPlyel? (m3 - mi)? + (Rije)?

(j #1) (G.23)

This result is specific to the case of two Majorana neutrinos and one lepton flavour. Here
R;; . is the regulator which removes the singularity that would occur when mo — m;.
We consider four alternative regulators [62, 70, 83, 84, 105] (the subscript x): the ‘mixed’
regulator, the ‘difference’ regulator, the ‘sum’ regulator and the ‘effective’ sum regulator
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given by
(0)

Rijmix = miT"), (G.24)
Rijaie = mifgo) - m]-F§-O), (G.25)
Rijsum = mil'\" 4+ m; T, (G.26)

Rijerr = (mil” +m;0)[sin 6], (G.27)

The relative phase 6;; of the Yukawa couplings was defined in equation (7.6). Note that
sgciﬂ with the difference regulator is still singular if |y1| = |y2|. This means that it is
unbound and leads to unphysical results when approaching the doubly degenerate limit
ly2| — |y1| and mg — m;. For more discussion about the validity of different regulators,
see [96].

Open Access. This article is distributed under the terms of the Creative Commons
Attribution License (CC-BY 4.0), which permits any use, distribution and reproduction in
any medium, provided the original author(s) and source are credited.
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