JYVASKYLAN YLIOPISTO
H UNIVERSITY OF JYVASKYLA

This is a self-archived version of an original article. This version
may differ from the original in pagination and typographic details.

Author(s): Jukkala, Henri; Kainulainen, Kimmo; Rahkila, Pyry M.

Title: Flavour mixing transport theory and resonant leptogenesis

Year: 2021

Version: pyplished version

Copyright: © 2021 the Authors

Rights: ccy 4.0

Rights url: https://creativecommons.org/licenses/by/4.0/

Please cite the original version:

Jukkala, H., Kainulainen, K., & Rahkila, P. M. (2021). Flavour mixing transport theory and
resonant leptogenesis. Journal of High Energy Physics, 2021(9), Article 119.
https://doi.org/10.1007/jhep09(2021)119



PUBLISHED FOR SISSA BY @ SPRINGER

RECEIVED: April 20, 2021
REVISED: August 16, 2021
ACCEPTED: August 26, 2021
PUBLISHED: September 20, 2021

Flavour mixing transport theory and resonant
leptogenesis

Henri Jukkala, Kimmo Kainulainen and Pyry M. Rahkila
Department of Physics, University of Jyvdskyld,
P.O. Box 35 (YFL), FI-40014 Jyvaskyld, Finland
Helsinki Institute of Physics, University of Helsinksi,
P.O. Box 64, FI-00014 Helsinki, Finland
E-mail: henri.a. jukkala@jyu.fi, kimmo.kainulainen@jyu.fi,
pyry.m.rahkila@jyu.fi

ABSTRACT: We derive non-equilibrium quantum transport equations for flavour-mixing
fermions. We develop the formalism mostly in the context of resonant leptogenesis with
two mixing Majorana fermions and one lepton flavour, but our master equations are valid
more generally in homogeneous and isotropic systems. We give a hierarchy of quantum
kinetic equations, valid at different approximations, that can accommodate helicity and
arbitrary mass differences. In the mass-degenerate limit the equations take the familiar
form of density matrix equations. We also derive the semiclassical Boltzmann limit of our
equations, including the CP-violating source, whose regulator corresponds to the flavour
coherence damping rate. Boltzmann equations are accurate and insensitive to the particular
form of the regulator in the weakly resonant case Am > T', but for Am < T' they are
qualitatively correct at best, and their accuracy crucially depends on the form of the CP-
violating source.

KEYwORDS: Cosmology of Theories beyond the SM, CP violation, Thermal Field Theory

ARX1v EPRINT: 2104.03998

OPEN AccESS, © The Authors.

Article funded by SCOAP?, https://doi.org/10.1007/JHEP09(2021)119


mailto:henri.a.jukkala@jyu.fi
mailto:kimmo.kainulainen@jyu.fi
mailto:pyry.m.rahkila@jyu.fi
https://arxiv.org/abs/2104.03998
https://doi.org/10.1007/JHEP09(2021)119

Contents

Introduction

Kadanoff-Baym equations
2.1 Formal solutions
2.2 Homogeneous solutions

Local quantum kinetic equation

3.1 Perturbation around the adiabatic solution
3.2 Local approximation

3.3 Local transport equation

Leptogenesis

4.1 The minimal model

4.2 Self-energy functions

4.3 Tree level propagators

4.4 Adiabatic neutrino solutions

4.5 Effective neutrino self-energy

4.6 Lepton transport equation

4.7 General leptogenesis equations
4.8 Vacuum on-shell renormalisation

Non-equilibrium distribution functions
5.1 Projection matrix parametrisation

5.2 Generalised density matrix equation
5.3 Lepton source and washout terms

5.4 Mass shell equations

Expansion of the universe
6.1 Lagrangian in curved spacetime

6.2 Final master equation in expanding space time

Numerical results

7.1 Initial conditions

7.2 Physical scales and parameters
7.3 Neutrino distribution functions
7.4 Results on lepton asymmetry

Helicity-symmetric approximation
8.1 Boltzmann limit

Comparison to earlier work

10
12

13
14
15
17
18
20
21
24
24

26
26
28
29
29

31
31
32

33
34
34
36
37

43
46

49



10 Conclusions and outlook 51

A Resummation of the Schwinger-Dyson equation 52
B Majorana neutrino self-energies 53
C Adiabatic pole propagator inversion 55
D Independent components of the neutrino Wightman function 57
E Neutrino collision term traces 58
F Lepton CP-source and washout terms 58
G Semiclassical Boltzmann equations 59

G.1 Momentum-dependent equations 59

G.2 Rate equations 61

G.3 CP-asymmetry parameter 62

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 nj 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/I" 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 S (¢,), 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 Si (¢,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,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

iSij,aﬂ(uav) = <7E[¢i,a(u)77)j7ﬁ(v)}>7 (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
(cr, 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) = (¥ (V)P (w)), (2.2a)
157 (u, v) = (Y (u)P(v)), (2.2b)

iS" (u, v) (2.3a)
i5%(u,v) = —20(v° — u®) A(u, v). (2.3b)
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Here A(u,v) = 1({t(u),(v)}) is the spectral function, which satisfies A = 1(S> +5<) =
%(S’" — §%). We also denote A = S# below. We also need the Hermitian part of the
pole propagators St = %(S” + 5%). The fermion self-energy ¥ can be divided into real-
time components similarly and the various self-energy functions ©<>, 7% SAH 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, %X} have
spatial translational invariance: F(u,v) = F(u",v’;u — v). In this case it is convenient to

use the two-time representation
Fi(ti 1) = / Br e FTR(t 1 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

[(Soe — h) # SE](t1,12) = 6(tr — ta), (2.52)
[(Sox = Zk) * Sil (t1,t2) = (Sf, * S (t, ta), (2.5Db)

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< = —S*t~and §* =87,
while St+ = ST and S™~ = 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

(Fi+ G)(trt) = [ dt Fy(tr, )Gt ), (2.6)

tin
where tj, is the initial time of the CTP, and we have taken the limit ¢ — 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,t2) = [7°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

Sp7 (1)t = 557 (ta, 1), (2.8a)
St t2)T = S (e, 1), (2.8h)
S (b1, t2)T = S (82, 1), (2.8¢)

where we defined S<> = i§<>49 8¢ = §m940 and SAH = §AHA0 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 <> = A0iX<>, £ = 40870 apnd TAH = 405AH  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:
Sk = Stk + 5o *Xp* Sk, (2.10a)
Sp = S’&k + S0k ¥ g * Sk + S0 B * Sk + 5o+ Xp*+ Sk, (2.10Db)



where the free propagators S{ and S§ satisfy

Soa*Shr =1, (2.11a)
Sox*S5k =0, (2.11Db)

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

(2.12)

The Wightman functions Sj, can be broken into homogeneous and inhomogeneous parts:
Slf: = Sﬁom,k + Sisnh,k’ where

Shompe = (14 Spx) %55 o (1 + Tg+SE), (2.13)

The inhomogeneous part Si, ; is a particular solution to the full KB equation (2.5b),
while the homogeneous part Sp,, . 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 Si.> 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 ¥y = Yeqk + 0Xg. 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

St — to), (2.15a)

[10r, — Hy(t1)] Sk (t1, ta) — (3 *
Sy, k (27 * S§)(t1, t2). (2.15b)

W) (t1,t2)
[i0y, — Hy(t1)] %) (t1, t2

)(t1,12)

Here Hy(t) = a - k +v"m(t) is the free Dirac Hamiltonian with a = 7%, and we used

the barred propagators S and self-energies 3 defined below equations (2.8). Using the pole

%It 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,t2) = (¢,t) (green, see section 3.2). The strength of the colour illustrates
the strength of the correlation. Outside the spheres, with |A¢| > 1/4g, points are no longer
correlated (with (tin, 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

giom,kz (th t2)
:/ / dtdt’ Sy, (t1,1t) [—ié_t — Hy(t)] S5 1 (t, ') [100 — Hy(t")] Si(t', t2)
tin Jtin

= 2~74k (tl, tin)g k(tiny tm)QZk (tiru t2)

)

S
0
= 2Ax(t1, tin) Shom k (tin, 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 t;,. Note that
it is essential in this derivation that ¢, is smaller than both ¢; and to. Finally, we used the
sum rule (2.9) at t = tj, to identify 387,6(75111, tin) = gflom’k(tm, 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 t;,. 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: 2.40(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 ~g, 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]: 24 (t1,t2) ~ e Mklfi—t2l 4 Ag

4In this qualitative explanation we do not explicitly account for flavour dependence. It is clear however,
that flavour dependent +’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, ti, — —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/~k. 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®

O (1) = (B + 00)S5 (4 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

;
* X5 (¢, ). (3.2)

This equation is still exact, but of course not closed because it still involves the non-local
function Sy (¢,t') with ¢ # ¢’ explicitly in the interaction convolution terms X}, * S; and
S5 ox 3¢ 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 = Saax +0Sk- (3.3)

where a = 7,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 Sd,k fulfil this requirement, inserting the division (3.3)
into equation (3.2) leads to

10,055 (t,t) ~ [Hg(t), 0S5 (t,t)] + (Sf = 655 ) (¢, 1) — (05K = Z3)(t, )
k

The source —i@tS;dk(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, 655 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: (55’,7; = 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 8t5’§d,k(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), 0S5 (t, )] —i0:S5q 5 (t, 1) + [(XF * 655 )(t, ) — 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:

Fkt)= [ drle* " F(t+ 5.t —12). (3.6)

Here t = (t; +t3)/2 is the average time coordinate and kY 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:”

SP(k,t) = [ —m(t) — SP (k,£)] 7, (3.7a)
aa(k,t) = Saq(k, 1) 354 (K, 1) Sgq(k, t). (3.7b)

There still is significant freedom left in these solutions related to the choice of the self-
energy functions Xg,. For example, one might choose to ignore or include the Hermitian
part E;{d of the pole self-energy functions, leading to solutions either with vacuum or
quasiparticle dispersion relations. Moreover, if one neglects the finite width, setting E;‘l =
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 6S;. One can even include corrections from the perturbations 45 in
the self-energies, without changing the basic structure of the equation for the perturbation
05y, 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 ¢; = t5 in figure 2,
but the collision integrals depend on .S (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 65 (,t) along
the diagonal. For ¢; 2 not too far from the time ¢, the true non-local solution 0.5} (t1,t2)
should be correlated with 6S;(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 ¢. 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

§S7(t1,te) = 2A(t1,t)0S5(t, )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 2Ay(t1,t2)
is a non-dynamical adiabatic solution that can be computed to the desired accuracy inde-
pendently from the local correlation function 653 (¢,t). We stress that the ansatz (3.8) will

"More precisely, we should replace the self-energies X (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 65 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.
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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 t = (¢ +t2)/2 and then Wigner-transforming (3.8),
one finds (here we write the results explicitly for S< but analogous results hold for S>)

65~ (kv t) = / dp 2A1H k:( t)églj (ta t)2~7t0ut,k:(2k;0 - p07 t)a (39)

where Aoy (k,t) = 2290 A(k,t) and A (k,t) = e~ 2990 A(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,

A (K1) = msen(K) (K + mi(t))” 5(k* — m?)dy; (3.10)
equation (3.9) reduces to the spectral form

0S5 (k,t) =21 Y PoyPis 085, (t.1) PE S (K° F Swwi F Swny), (3.11)
h,£,+’

where the helicity and energy projection matrices are defined by

P, =

%<1+hﬁk), Py = ;(l—l—sf:) (3.12)
with by = - E75’ Hpi = -k ++%m; and wy; = /K| + m;2. The helicity and energy
indices both take values h,s = £. It is easy to show that the projectors thP,j;*yOPél 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 g,j (t,t)
in this basis (for the precise definition of P,if;ij see equation (5.2) below), we can rewrite
equation (3.11) as

S5 (ks ) _27rz( P Frnis 0K F i) + Pty fns, 0 (K0 F § Awig)), (3.13)

where @gi; = (wWki +wk;)/2 and Awgi; = Wi —wkj. 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

55 (k, ) Zth fisan(k 2A§£J(k0 t) sgn(k°), (3.14)
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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, > (k,t) = e’ 5<(k, 1), which now is equivalent to S5;(k,t) = 24\ (k°,t) fep (k°),

the distribution function further reduces to the thermal Fermi-Dirac distribution: f,:}’”f =

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
655 (t,¢') to simple matrix products involving only the local function 655 (¢, t). For example,

(Siox 057)(t8) = [ at/ S(t,1)355(¢, )

12

[/ dt' S5, (¢, )2 Ak (', 1) | 0S5 (¢, 1)
tin
= igﬁ”,k <t7t)6§12 (ta t)? (315)

where we introduced the effective self-energy igff’ 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(tit) = (Xg « 2A4k) (¢, 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

DSy (1) +i[Hy(t), 0S5 (t,1)] = —0pS5q x(t: 1) — (iXeg e (t, 1)0S5 (t,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 655 (¢,t). 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.
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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 70 = t; — t5 at constant average time slices ¢ = %(tl +1t2) in the frequency components
Sk(KY 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
Sk Gu)(t) = [ A S0 = [ S T+ 10,0G0 0, 319

where G = §5< in (3.5) and G = A in (3.17).% Clearly, for a fixed ¢ the non-local informa-
tion of Gg(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 %(t1 + 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 05 (k, ) 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 §.S(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 = §5< as in equation (3.5). In this case one has to account for the
gradient operator in the argument of £7 ., 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 py/T to be small, which
allows us to neglect the backreaction of uy 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 N;, coupled to an active lepton
SU(2)-doublet ¢ and the complex scalar Higgs doublet ¢ via chiral Yukawa interactions:

£=> [%N (i@ = mi)N; — y; (19) PR N; — yiN: PL('0)] + Lid € + (901 (0"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 5 = 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;.

— 14 —



The CTP propagators of the neutrino, lepton and Higgs fields are given by

(0. = (N0, (4.20)
iSeap(z,y) = (Te[la(x)lp(y)]), (4.2b)
iAap(z,y) = <7E[¢A($)¢B(y)]>a (4.2¢)

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 (i,j) of the neutrino propagator. Because of
the SU(2) symmetry the lepton and Higgs propagators are diagonal in the SU(2)-indices:
Seap = Si0ap and Ayup = 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 = CNY, (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's 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

T = ¢, >yt / . A Yy tr[PriSi; (z, y) PLiSe(y, 2)]iA(y, ). (4.5)
1,J

Here ¢y, = 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 I's with respect to the neutrino propagator S. As the propagator is constrained by the
Majorana condition (4.4), its functional derivative is defined by

+ 0101 Cas 5,0 (2 — 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 equatlons (2.2)
and (2.3): for example the Wightman functions are A< (u,v) <¢T > and A~ (u,v) <¢ >
The only difference to the fermionic case is that the bosonic spectral functlon is a commutator of the ﬁelds
rather than an anti-commutator, and we use the standard sign convention A< = AT~ for bosons.
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(c) Lepton self-energy.

Figure 3. Shown on the left (a) is the 2PI two-loop vacuum diagram in theory (4.1). The
corresponding 1PI diagrams contributing to the Majorana neutrino (b) and lepton (c) 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

or . .
©5 = v [ PiSe(e, ) Prid (2, )

i¥ij(z,y) = W

+ y;‘yjPRCng(y,x)TC_lPLiA(y, x)} (4.7)

The lepton self-energy (figure 3c) is calculated similarly, and the result for the SU(2)-
diagonal element is

i%e(z,y) = > yiy; PriSij(x, y) PLiA(y, z). (4.8)

ij

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):

57 (1) = e / (;131 [y PLIST (p, 1) PRiA™ (k — p,1)
— gy PRCIS; S (—p ) TCT PUAT  (p =k, 1], (4.9)
S6.0) = [ P [y PLSI . PRIAF (O — 1)
g\ (27)4 J ) )

+ iy PLiST (p, t) PRA™ (k — p, t)
+ Yy PROSY (—p, 1) TCT ' PLIAY (p — ki, t)
+ Y7y PrCISE (—p, )T CT RLAT (p — k1), (4.10)

where we defined the statistical propagators S¥ = (5> — §<) 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

St (k) = msgn(k) PLk 6(k?), AZ (k) = msgn(k°) 6(k?), (4.11a)
Sheq(k) = PLE PV (i), AL (k) =PV(&), (4.11b)
iS7 (k,t) = 287oq (k) fop (£ (K — o)), 1AF, (k) = £20% (k) fou(£K°),  (4.11c)

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
efk® 417

1

fep (k) = fer(k’) = TR (4.12)
where § = 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 py = 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,
S;7 (kb)) = Seeq( )+ 065,77 (k, ), (4.13)

where S eZ(k) is given by equation (4.11c) with gy = 0 and the non-equilibrium parts
satisfy 057 = —40S;. It then suffices to consider e.g. 4S; only, for which we define the

non-equilibrium lepton distribution

§f7 (k) = fep (K — pe) — frp(k°) = — fip (K0) e (4.14)

Here we also assumed that the lepton chemical potential py 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) = Beq(k) + 0X(k, 1), (4.15)

where Y4 is the thermal equilibrium part with vanishing p,, and §¥ is proportional to 6.5,
and hence linear in uy in the approximation (4.14).

Using equations (4.9)-(4.12), (4.14) and (4.15), together with 4 = 1(5> + £<), we
can calculate all the needed Majorana neutrino self-energies. We parametrise them as

\ \ A
St i (k) = cw (Wi PL + Y5y Pr) Broq (). (4.16a)
Ele{q(,zrj)(k) = cu (i Pu+ 9}y Pr) ey (K), (4.16b)

165557 (k,t) = cw (yiy] P — v y; Pr) 6@, (k) Bue, (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 Gy(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 Zle{q(k:) in equation (4.16b). The vacuum part
qu(vac) 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) i}fq(va‘:) 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:

by (k1) = [k —m(t) — 2, (k)] ", (4.17a)

ad(k,t) = Saa(k, 1)Xeq (k) Saa (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) = eﬁkozgq(k)
and the exact identity A = S7S4S%, 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) = 24aa(k, t) fon (K°), (4.18a)
i ;d(k7t> = 2Aad(k7t>(1 - fFD(kO)) (4'18b)

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(y?) 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"¥AS? implements automatically in equations (4.18).

Given the adiabatic solution, we can now compute the source term —0;S5, . (¢,t) in
equation (3.17). To this end, we employ the inverse Wigner transform

dk® 0 t+t
F _ —ik®(t1—t2) F 1 2
k(tl,tg) = o e (k), 9 ) (4.19)

to calculate the two-time representation function Sy, ,.(t1,t2) from the Wigner representa-
tion (4.18a). Utilising Cauchy’s integral theorem to perform the k°-integral, we can write
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the two-time representation as

_ dkb . o _
Ssipltite) = [ o e W OG89y (k, 1) frp (k°)

27
poles oo
~ ) 0(—s,°) > e W fop (k9) Resyo [SP4 (K, 1)], (4.20)
p=r,a k0
where the k%-sum is taken over the poles of SPi(k,t), and s, = —1,1 for p = r,a, respec-

tively. We also used the short-hands W=t —tyand t = (t1 + t2)/2. The corresponding
result for E;d,k follows by replacing frp(k°) above with frp(—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

¥+ mi(t) B
k2 —m2(t) — ispsgn(k0)e 7

The small imaginary part with € > 0 ensures the correct boundary conditions for p = r, a.

PO (k,t) =

ad,ij (421)

Inserting this solution into equation (4.20), calculating the residues and taking the limit
e — 0T yields the leading order result

e—is(tl —tz)wki

S tt) =Y fen (swri) (ks +mi)7 5. (4.22)

= 28w

Here fg; = swpy’ — v - k and w; = /[k[> + m;2, and the time-dependent masses m;(t)
are evaluated at the average time t = (t; + t2)/2.1° 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; = t2 = t in equation (4.22) we then get the equal-time adiabatic func-
tion S5y (¢, 1) needed in the kinetic equation (3.17). The result may also be cast into a
compact form

g:é,oigij(t,t) = frp(swri) Pgidis, (4.23)
s==+

10The 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 Pj; was defined in equation (3.12). To calculate the
time-derivative in order to get the source term _8t§;d,kij (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:

(Fe x Gi)(t1,12) = i’“ W) 2O ) 0, 1)
™

dk©°
— ) o

t=(t1+t2)/2

—1I<:0 t1—to .

(t1—t2) Fout(k,t)Gm(k,t)‘t:(tlHZ)/z, (4.24)
where Foui(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 Fyou(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):

i dko —ikO(t1—t2) 57 s QT qa
Sqen(trste) = [ G e WO (0155, — 5 (k1) (4.25)
poles
~ 3 ( —s,10) Ze_’kOTOZ‘T ) Resyo [ST (k. t)]. (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

igé eff k:z] Z Eeq ij sg Pk] (427)

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 Amag; /m ~ |y|?>. We have
verified this explicitly in a generic power counting expansion of the formula (4.20) where
Amgy/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 Milli=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
(Stion * Sta) (t1,12) = £5 (57 % 575 — S * S7g) (b, 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

10,574 (t,1) = [a - k, S5 (t,1)] — %(i;k #57 — i * 570 (18
— 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" Pula(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 2% = ¢ 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
() = e / %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

e — g = 059(t) = cu / ((21:)3 tr[PLOS 4 (E,1)] (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

3
o= = e [ s (e Ikl = ) = feo (k] + ). (433)

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:

ng — g = vl [W2(M) + (M)? o~ CLTg(ﬂ), (4.34)

672 T T 6 \T

where in the last step we used the linear approximation for u, 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 A3k
at(nf - ﬁf) = _7 (271_)3

(S Sia) (1) — (Sfp + 574, 1) +He  (4.35)

Substituting the two-time representation of the lepton self-energy (4.8) to the right-hand
side then yields

_Cw Bk dBp
O (né - n( Zyz y]/ (271‘) /dt,

x tr [PR15> (t, 1) PLIAS

> EDISH(E, 1) — (> ¢ <) +He  (4.36)

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 31, which results in:

3
By(ng — 7ig) = % / (‘217:)“3 To[(557 4 # S5)(8 ) — (5f 5+ S7) ()] + 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
77 = 4%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<7, along with the constraint 6Sg (¢,t) = —0Sj (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
8t(ng—ﬁg) 2/((;];

0
T3 / (127 (657 (k, 1)Sq ks £) — 05 (k) S (k, 1)) | + Hee.  (4.38)

Tr |:ZL eq,eff, k(ta t)(s‘?lj (t> t) + 5§ﬁeﬁ,k (t7 t)(sglj (ta t)

The first term on the right-hand side of equation (4.38), proportional to Eg‘}], does not
contain the lepton chemical potential py. It is therefore the source term for the lepton
asymmetry. The remaining terms, proportional to §%¢, are linear in py o< ny — iy (in the

approximation (4.14)) and so they contribute to the washout.
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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

O0Sy () + i[Hy(t), 0S5 (t,1)] = —0:S5q p(t, 1) — (iSeqem x(t, 1)9Sk (¢, 1) + He.), (4.39)
O¢(ne — 7ig) = Scp + OW + Waq, (4.40)

where the CP-violating source term Scp and the washout terms W and W,q of the lepton
equation are given by

3
Sep = / (‘217:)‘“3% [T e (10555 (8, 8) + Hee] (4.41)
W :/ @k Tr [5?‘ (t,4)6S5 (¢, t) + H c] (4.42)
(27‘(’)3 Leff k\" k\" Il :
Wad = /d4k1 [ 655 (k, )S 5 (k. ) — 055 (k, £) 524 (k1) + Hee (4.43)
a (27_‘_)42 L\ ad\"™» L\ ad\"™» el :

The washout terms are proportional to the lepton asymmetry n, — iy via equation (4.34).
The adiabatic source term —8;;617,6 (t,t) of the neutrino equation (4.39) is calculated from
equation (4.23), and the effective self-energy fgqﬁﬁ,k(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 dW 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;|?, ym and 9, 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:

(k,t) = qu,ij(k) - (k- mi)(PL%5ZiLj + PR%éZiP})
- (PL%(SZJP'%* + PR%‘SZ]I‘Z‘*)(% —my) + dm;dy;. (4.44)

renormalised pole self-energies 3 (k,t) can be written in terms of the unrenormalised

ip

eq,ij
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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 6ZiLj’R are in general flavour matrices [89]. Because our neutrinos
are Majorana fields, the counterterms for different chiralities are related by

825 =6z} (4.45)

Because of the Hermiticity of the counterterm Lagrangian, only the dispersive part of the
self-energy XL, = qu + isngf}l 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 ngvac).
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]

i]}jq(";jc)(k)uj(k) — 0, when k* — m?, (4.462)
@ (k) S (k) = 0, when k? — m2, (4.46b)
1 < H(v:
= Sl (kyug (k) — 0, when k? — m?, (4.46¢)
S L 0 when k2 — m? (4.464)
? eq,it k —m; ’ 79 .

2

where u$ satisfies (f — m;)us(k) = 0 when k2 = m?. Note that there is no summation

over repeated indices here. The dimensionally regularised vacuum self-energy is given by

Ei(;?c)(k) = cw(Yiy; PL + y;“yjPR)Q%i(m)(k) with
H(vac) _ k 1 _ kﬁ )
Geq (k) = 3972 (8 +2 —log 2 + O(e), (4.47)

where 1/2 = 1/e — g + log(4m), D = 4 — 2¢ is the spacetime dimension, vg 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
i#j Cw  2my . N 1 ms
525. ) 55 m(mj Yiy; +m;y; vj) L +2— log(’u;)], (4.48a)
i J
c 1 m?
S — Cw 91 1 m%

where 7 # j in the first equation. The corresponding renormalised vacuum self-energy is

/\H * _ * ; i
e(](,Z?C)(k’t) — ¢y {PL%(yiijij Y; yjdij) +PL(yiyjmi Y; yim;) ij (4.49)
.49

+ Prk(yiyich — viyydf}) + Pa(yfymi — yayimg)diy],
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with

1 k2 _my 1 mym; m?
H mj " H i i
3 G | d: dif = — ——— _log| — ). 4.50
€ij 3272 8 mf m; 9’ Y 32m2m? — m? Og(m?) ( )
The full renormalised pole self-energy (4.44) can now be written as
H Vi .
oq ij (k t) cq(z;m) (k t) + qu(zj)(k) + lspzél,ij(k)‘ (451)

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 65} (¢, 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
6Sy (k%,t), 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 53 % (t,t) in terms of phase space distribution functions § fk hi;» and derive their
coupled equations of motion. The benefit of this parametrisation, first introduced in [77],
is that each phase space function & fk,n] 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 ¢§ S'Z (t,t)
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,

h=o-kA°, (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):

551@@] t t Z thzg khzg ) (52&)
h,s,s'=+
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with
Pk:hzg = Nkhzg P Pein® Pk] (5.2b)

Here Py, and Pj; are the helicity and energy projection matrices defined in equation (3.12)
and are labelled by helicity h = 41, 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
Py Prn = ppe Prp, and P,jiP,j; = 05 Pp;. It can also be shown that for any given k, 4, j, the
four different matrices P,iﬂOP,j; (with s, s’ = £1) span the same set as {1,7°,~ - k, o- ]23}
which commute with the helicity operator hj. 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 N,ii;-j, which in part define the perturbations ¢ fkh”,

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

evolution equations is'!

.1 2wk Wk
N = tr(P, Ps' OPS ) 0 2 7 J . 5.3
khz] 1"( knT ki Lk ) \/wkz‘wkj + SSI(mimj - |k’2) >

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,
NZ7 kh” 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

6fk:hzy [Pk:h]z 5Sk1]( )] : (54)

That is, with the normalisation (5.3), P,ilhsji is a “correctly normalised” projection operator
in our basis.

The basis spanned by Pk,m 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):

Fad knij = tr[Pinji Saarij (6 1)]- (5.5)

Substituting here the leading order Sg, . (£,t) given by equation (4.23) (i.e. the free case)
we get

Jfad enij = $SrD(8Wki) 0 0ij - (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).

"1n 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 S (¢,t) in equation (4.39)
we can derive an equation for the non-equilibrium distribution functions § f,c “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:

8t5fkhz] .(kai - S/wkj)(sfkstilzj 8tf d Jkhij
ALl 5,
+ ss 2 ( fkhz] )
_Z{ EZZJ khlj + ( Zi?]slz) 5fkmz} (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

Chenity = 188 [Piri Bq et kit (1) Pins]- (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, = PH,,; = swg; P;. 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,if;ij 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 0, f33 d khij result from the projection of the adiabatic
matrix source in (4.39). Lastly, the collision terms C’khzl ; can in general be separated into
dispersive and absorptive parts, just by using X" = X% —i¥A, and consequently we define

sns’  __ ~H,sns' A,sns’
Cenitj = Crnity + Crnitj - (5.9)

The dispersive term C,Ij,;ffjs/ 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,ﬁ;fﬁjsl 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 + (iél,eff,kij)TPR)Piszij} 5fkhz]a (510)
h,s,s’ 1,5
Z / PR5EeH Jkji (6i$,k1])TPR)PIi?LU} 5fk:hzg (511)
h,s,s’ 1,5

For the washout term (4.43), we again expand the adiabatic Wightman functions to leading
order to get the O(y?) result

ad = Z/g:;;g;tr {PR({difi(ksi)’fFD(kai)Plii} — {52;(ksi)afFD<_3wki)PI§i})}'

(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 # 7) 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 fiEE, (5.13)
Sfo* = 6 fEF. (5.14)

Indeed, from equation (5.7) we see that for § fkh” the Hamiltonian term is proportional
to Fi(wki + wkj) = F2iWg,j, corresponding to very fast particle-antiparticle oscillations
(zitterbewegung). For the mass shell solutions & f; ' hij * the Hamiltonian term is proportional
to Fi(wki — wkj) = FiAwy,j, corresponding to ﬂavour oscillations for ¢ # 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.

12This 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 6 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:

Ol frpiy = — 18(wri — wij)Ofni; — Orfoud knij

—Z[c;sz;lj W+ (Cii) o). (5.15)

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 ¢ fi, 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 C’,‘zfjlj 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 J f; 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.

13We can formally justify this as follows. First, generically & f¢*(t) = A () exp(F2iwit), where AF (t) 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 (¢, ') ~ exp(—(t — t')>/20?), where
we can choose 1/Awg > 0 > 1/2@. This has no effect on the mass-shell contributions, because they do
not vary significantly over the time 0. However, the terms involving the coherence solutions behave as

/ a8 W (b, ) D ()55 (1) ~ D (D515 (1) exp(—2(@x0)?),

where D,f 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:

2
L=y —g{ Z[%Ni(i’wvu —mi)N; — yi (£6) Pa N; — yiNiPL(W)]
i=1

HIOMY, L+ (0,01)(00) — ¢Roo . (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, dzt 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

v _ 1 09, -V 3d o 6.3
VVp= (7Y V5o, (6.3)

where V is the usual flat spatial derivative vector, 9y = 9/9n and o’ = da/0n.
Using equations (6.2) and (6.3) with \/—¢ = a* and scaling all fermion fields v accord-
ing to ¢ — a~%/%¢ and the Higgs field as ¢ — a~'¢, the Lagrangian (6.1) is transformed to

2
1= /. . 57 = e
=3 [QNi (iv°00 +iv - 7 — ami) Ni — y; (£8) PalNi — yiNi Py, (Wﬂ
i=1
"
+4 (i’yoao +iy- V) 0+ ¢ {—83 + V2 —a? (§R — “Sﬂ b, (6.4)
a
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, Tio, = 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 o a~!, so that
Teom remains constant. The comoving momentum k.o, is also constant, as the physical
momentum redshifts as k oc a~'. We can also write the Hubble parameter as

A3 N\ /2 72
H(T) = <459*> mpl (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 = 2729, 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 = myq,
where my is the mass of the lightest Majorana neutrino. We thereby use the variables

mi mi K|

T; = — R = —, (67)

with
d d Hpd
— =zH— = —— 6.8
dt dz 2z 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:

Sfen = (8fit, Sfivah, Redfiyh, Imafnih). (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
dé frn d fad kh

dz ’

= Scp + (6W + Waa) Y7, (6.11)

= (A& — Cin)d frn —

6.10
p (6.10)
dYyy,
dz

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 Awy, 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 = dW, W,q) are given by

. z Awg, ~ 2 Ckp
A&y, = = 12
Wk T Ckh q, (6.12)
~ z SCP ~ 6z W
Scp = W=—-—+. 6.13
T eH cowHypeT? (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 Awg and Cyy, in equations (6.10) and (6.12) are 4 x 4 matrices
consisting of the coefficients for different components of the column vector d fx,. To avoid
confusion with earlier notation, we denote these components (when needed) with brack-
eted indices: for example 9 fiy,3 = Red fg;lf;, and Cyp[19) is the coefficient of 0 fyp,g) in the
equation of 6 fyp,1]- The matrix Awy, corresponds to the tree level flavour oscillation term
and its only non-vanishing elements are Awgzs) = —Awguz) = wr1 — wi2. The collision
term coefficient matrix is given by

2Re(C{1y) 0 2Re(Cy) 2Im(Cfy,)
0 2Re(Cyy)  2Re(Cyyy) —2TIm(Cy5)
Re(C51;)  Re(Chhy) Re(Chiy + Cohy) —Im(Chiy — Chy) |
—Im(Cy;,) Im(Clyy) Im(Cfiy — Cgyy) Re(Clig + Coy)

Cip = (6.14)

where C;le = C;htl; were defined in equation (5.8). Explicit expressions for the collision
terms C;h';l;f 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 § fg;, 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 t;;, — —oo for the CTP to calculate the interactions, we can of course choose
any finite time ¢ = tg (or z = zg) 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 T'.
In both cases we assume a vanishing initial lepton asymmetry: Y7 (tg) = 0.

Vacuum initial conditions. Here we assume that at ¢ = ¢y 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

Siij(tosto) = Sagvac,kij (tos o) = Ppy(t0) i, (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),

0S5k (tost0) = Sia vack (tos to) — Siaa 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 Sy, (with the high temperature 7" of the SM
particle species). For the mass shell functions the initial condition (7.2) with (7.1) becomes

5fkhlj( 0) = fad khij (to) = — frp(wWki)dij, (7.3)
0 frni; (to) = —0ij = fai ki (to) = — frp(wki)dij, (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 t = ¢y, corresponding to some high
initial temperature Ty > m;. The full local neutrino correlator is then given by

S (to, to) = S3q (to, o) (7.5)

which trivially implies that 65} (fo, o) = 0 and that all non-equilibrium distribution func-
tions vanish initially: ¢ fkm] (to) = 0. Note also that in this case the Majorana neutrinos
deviate from equilibrium only due to the dynamical source term —d; 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 2Wg;;. 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 Awg;; < 2W0g;;. 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,;i;
still remains. The resonant leptogenesis mechanism turns out to be most efficient when all
these scales are roughly comparable.

Indeed, if H > Awyij;, there is no time for flavour oscillations to develop, while for
H < Awyij 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' < Awg;j, 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 y1 and o, their relative CP-violating
phase 612, the lighter Majorana neutrino mass m; and the relative mass-squared difference
Am3,/m3 = (m3 — m?)/m3. We define the Yukawa phase as

. Im(y7y;)
sin(f;;) = —==-. (7.6)
! lilly;]
We use the following set of benchmark values as a baseline:
= 0.06,
‘y1| 912 = E, (77&)
|y2| = 0.1, 4
2 2 2
my = 1013 GeV, ™14 I +1v2l” 7. (7.7b)
my 16m

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
2o = 1072. For the benchmark parameters this corresponds to the initial temperature
To = m1/zp = 10'5 GeV and the Hubble expansion rate H; = H(m1) ~ 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/Hj, so that the dynamics does not depend on the mass scale my
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

(0) 2
I |yi|
Bi =t ~ X .
H, mq Pl (7.8)

and the number of flavour oscillations in a Hubble time: Nia = |Amis|/(2mHy). Using
FEO) = |yi|*m1/(87) (see appendix G.1), we find that in the benchmark case K; ~ O(10)
(corresponding to strong washout) along with Nis ~ 1.5.

These estimates agree qualitatively with what is previously known from the semiclassi-
cal Boltzmann approach, where the CP-asymmetry parameter ¥ oc sin(2612) 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 x2fy ad, wni1 = K2 fep(wk1) (top) and the source term
—K20, [ ad, khll (bottom). On the right: the collision term coefficient functions C’kh (11], which is the
same for both helicities (top), and the helicity-odd combination (C’k F1[14] — Ck,_l (14)/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,jhtl;f 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, K2fy ad khll? and the
corresponding source term (bottom) —x2dfy ad, khll /dz as a functions of z = m;/T and
k = |k|/T. Both functions are indeed localised around |k| ~ T in momentum and the
source term is also localised around z ~ 1, while the distribution function frp(wg1) exhibits
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exponential fall off to zero in the same region. Plots for faﬁ”;ﬁhw are qualitatively similar,
with the fall off region moving according to the value of my.

In the right panels of figure 4 we show heat maps of ékh[ll] = 2Re(CHT) 2/ Ha
and (C‘k7+1[14] — C’k7,1[14])/2 = Im(C,IiIlm - C,Ifilm) z/Hy, given by equations (6.12)
and (6.14). The former is the damping rate for the flavour-diagonal distribution function
0 frni1, and the latter is the helicity-odd part of the function which couples the flavour
diagonal distribution to the off-diagonal distribution Im(é 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 ©H everywhere, as
was discussed earlier. All other components of C’,jhtl;f are qualitatively similar to the ones
shown here. In particular, the helicity even parts of the off-diagonal coupling functions
2Re(Cy7h3,) and 2Re(Cih ), which are important for leptogenesis, have similar forms to
the diagonal damping rates, and in the quasi-degenerate case m; >~ mg also their scales
are similar. Also, when ¥ is dropped, the diagonal damping rate Chnjig) 1s 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 ¢ f,:;bl’;;, 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: #%(8fy"7, G 0 f - 11) /2 (left panel) and

K2 Im(éfk G2t 5fk 7 12)/2 (right panel). In the bottom row we show the corresponding
helicity-odd parts, &%(8 fy ", ST 5f iy * 11)/2 (left panel) and x? Im(8 " +1 19— k iy T )/2
(right panel). We will later see that the helicity-even part of Im(5f;5) 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 § fkm ; 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 uy, 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 JJ of the Majorana neutrino
equation (6.10) with vacuum initial conditions. Left and right sides show the flavour-diagonal
function dfi p11 and the off-diagonal function Im(dfx n12), respectively. Top row features the
helicity-even combination (dfx +1 + 0fk,—1)/2 and the bottom row the helicity-odd combination
(8fx,+1 — 0fx,—1)/2 of the corresponding functions. All functions have been scaled by x?.

solutions J fx are used to calculate the lepton source term S’CP and the washout term
coefficients 6W 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 ¢ fx, separately. In practice we reformulate
the neutrino equations in terms of the helicity-even and helicity-odd combinations (0 fi 4+ £
0fk,—)/2, which are more convenient for the calculation of Scp and éW, as described in
appendix F.

Benchmark case. In section 7.3 we presented some intermediate results for the phase
space functions ¢ 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 « € [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 6W (z) 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 6W have only minor differences. As expected, Waq 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 4 f,
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 W 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 Y; 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 S'Cp 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.
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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 (K7 =~ 10.0 and Ky ~ 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 K1 ~ 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 (m2 —m?)/m? ~ 2Ama1 /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 5Z-CP 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 mj; = meo is regulated. Explicit forms
for the sgp—parameter and the regulators are given in appendix G.3. All approaches give
qualitatively similar Amoi-dependence with a single maximum at Amo; ~ 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.

) F
mgféo)] for the difference and sum regulators in the Boltzmann approaches. We have shown

The location of the resonance peak is approximatively given by Am3, = \mngo

max

these locations in the top-right panel of figure 9, denoting them by AGF* and AZY. 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 Amg; <T.
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 Amo; > I', 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,
K1 =~ 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 Amsg; < T'. In the hierarchical case using the mixed regulator leads
to two peaks at Amsg; >~ 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 mg — m; and I'ys — I';.
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Figure 9. Shown is the asymptotic lepton asymmetry Y7 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 eSF. 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 Amsg; < I';. 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(d f;ﬁlfg) with
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Figure 10. Flavour oscillation of Im(éf,Zf;LJ{Q)(z) (helicity-even component) and Scp x(z) for a
single k-mode, with Amsy; = 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 Amgy = 0.01m;. This is a case with rapid flavour oscillations corresponding
to Nia =~ 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 = [ d%k/(27m)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 frxn12 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 frnij- We can then write a simpler set of equations for the h-even part, which we denote
simply by 0 fxi; henceforth, and a simpler form for the lepton source term Scp including
only Tm(d fx12). We will also work with vacuum dispersion relations, setting ¥ = 0. The
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resulting helicity-symmetric equations are

0¢0 frxi1 = —Tk11 0 fr11 — 8tf;£3,)k11 — I'ri2 Re(0 fr12), (8.1)
0¢6 froo = —T'k22 0 freo2 — 8tf§3,)k22 — I'r21 Re(0 fr12), (8.2)
_ 1
0¢6 fri2 = —Tk120 fr12 — 1Awk12 0 fri2 — §(Fk21 O fr11 + Tri2 0 fr22), (8.3)
and
Im(yiye) [ &k
Sor = <2552 | oy (T + i) i), 0

where Tg12 = (Tk11 + Tr2o)/2 and Ty = 2Re(C’,thgler)|EH_>0 with C’,jhtg given by equa-
tion (E.1). Note that all I'g;; 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)Fl(»o) X
where m; /wg; is the time dilation factor, FZ(O) = |yi|*m;/(87) is the tree-level vacuum de-
cay width of the Majorana neutrino and X%; 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; ~ T'g12, we can write equations (8.1)—(8.3)
in a simple density matrix form:

05 fi = ~0F Sk~ ilHi, 7] — LT 6}, (55

where Hy, = diag(wg1, wk2). 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 d fr1s.

Assuming that initially d fg12(t9) = 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 ft t _
0 fr12 (t) = 75 : du (F215f11 + F125f22)k(u) exp {/ dv (F12 + iAwlg)k(v)]. (8.6)
0 u

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(yjy2) Im(d fx12)
acts as an effective dynamical CP-asymmetry parameter.

In the quasidegenerate case mj ~ mgy (i.e. at this point we assume the weakly resonant
regime I' < Amg; < my) we can further approximate I'y;; ~ Re(yy;)Tkjj/|v;|*
Tr11/ |y 2

and
~ Thoa/|y2|?>. Then we can write the lepton source term into an even more
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suggestive form:

3 * 2

(0) d°k m; Im[(yy2)?]

t) ~ g LA | —

sorl! i:ZLQ oY /(277)3<wki k) y12|y2?
GA)

X 1 /t du (Fjj(5f11 + 5f22))k(u) Imexp [_ /ut dv (f12 + iAwlg)k(v)] . (8.7)

This result shows that the lepton asymmetry is cumulatively sourced by the non-equilibrium
perturbations in the diagonal mass-shell functions 0 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 0 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 g2 and Awgo are constants (we take Xp; — 1
in 'k, assuming Uy ~ (my; /wki)I‘Z(-O), and neglect the Hubble expansion for the mass and
momentum), one can perform the integrals to get

t

Im du exp[— (flg + iAwlg) (t — u)]
to

—Awig —T1a(t—to) ( — sin [Awlz(t — to)} )
~ = 1-— 128720 A t—t r . .
(AW12)2 + (F12)2 [ e COS[ W12( 0)} + 12 Awr (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 tg — —oo0,
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).

15This is consistent if the damping time is much shorter than the time of variation of the diagonal 6 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: T2 > 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 Awi> — 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

dsk m; 1
SCP(t) =~ '7212 FSO)QZ/ (271')3 (@Xm)i((sfll + 6f22)k:(t)

(4#10) Im[(y’l"yg)Q] 1{ —Awial'j;
(Awi2)? + (T12)2 ]y

(8.9)
y1?ly2]* 2

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 ma ~ m1, whereby Awgis ~ Am?2,/(2wg;), and taking into account the
time dilation factor in the damping rate I'g;; = (m;/ wki)l“l(o). The result (8.9) can then be
written as

0 d3k7 m; 1
SCP(t> ~ 1212 Fz( )gi 5S£1m/ (27‘(‘)3 (@X]m) 5(5]011 + 5f22)k(t), (8.10)

where (for j # i)
1 0
cp _ Im[(yiy2)?] (m3 —m?)m, T
i,sum |y1’2|y2’2 (mg . m%)z + (mlrgo) n mzréo))z

(8.11)

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)Xk1 =~ (ma/wga)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(yiy) [ A%k
Scp & Re(y'ys) / (2m)3 (T21 + F12)k(F215f11 + F126f22)k
" l iAWl? Ty, ] : (8.12)
(Awiz)? + (F12)2(1 - ﬁ) k

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) ~
10~ 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';5.!'” This
approximation can be again reduced to the Boltzmann equation with yet another effective
CP-asymmetry parameter, similar to equation (8.11), but with

(mngo) + mgfgo))2 — (mngo) + mQFg)))Q sin? 615. (8.13)
Here we used the fact that in the single lepton flavour and quasidegeneracy limit I'g19l'g21 =~
cos? 019 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 K3 ~ 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

1"The diagonal distributions in equation (8.12) contain no backreaction from the off-diagonals, and techni-
cally they correspond to the late-time approximations ¢ f,g;) = -0 ;g)k“ /Tkii. However, we have improved
this approximation by using here the decoupled diagonal distributions, i.e. the usual diagonal distributions
0 frii solved from the Boltzmann equations. This gives the same late-time limit, but a more accurate early

time evolution.
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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 Amso; > I'13 > 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
in [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 Sy, 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 QKESs, 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.

!8Note 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 S (¢1,2).
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 d.S; (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; ~ ms. Eventu-
ally we reduced our QKEs to the diagonal Boltzmann limit, deriving the CP-asymmetry
parameter -F 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 EZCP. 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; > Ameo; > 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
((5f,§’hji2 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 Amsg; 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. Sgk*ZZ*SZ —
SEXPSP. Tt is also important to note that the inverse free propagator Sy 1 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 = r,a can be formally iterated as

SP = SP(1 + XPSP) (A1)
= Sh(1+3PSh + xPSESPSE 4.
= S0 + SEZPSH + SHEPSEEPSE + - - (A.2)
= (14 SHXP + SEEPSEEP +---)SE
= (14 5P%P)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 + 55845 + SRS + Sy S (A.4)
= 55 + S5RS® + STu<se
+ SENT (S5 + SEXeS® 4 SEN<S® 4 SrNTS<)
— (14 S§¥7) (S5 + S5 xeS* + Spx<5%)
+ SISTSENT (S5 4+ SEReST + SEN<Se 4 SryrS<)

(1+ 552" + SpETSpE + -+ ) (S5 + S X8 4+ Spr<S?)
(1+S™S7) (S5 + SgEeS® + Spxu=S?)
(1+8"27)S5 (1 +2%8%) + S"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< = (S"S; 1) S5 (Syts) + STu<Se. (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

81 = 5 | om0 PV |

x [(1+2fe@") (= p) + (1= 2fr (0°)p], (B.1a)
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4
G40) = 5 [ g2 senls) sen® =) p6)3((k ~ )
x | fen(=p") + far(k® = 7)), (B.1b)
s d*p 2 0 0_ .0 2 2
087(k) = [ s (2m)” sen(s”) sen(k” ) poP)o((k — )
x frp(p°) fro (—p°) fBE (£ (K0 — 7). (B.1c)

Here PV denotes the Cauchy principal value distribution, and £ = 4, — for £ = <, >,
respectively. Note that equation (B.la) contains also the unrenormalised vacuum part of
GIe{q(k), which is UV-divergent. The Yukawa and chirality structure for this part are the
same as in equation (4.16b). We split G(Ijq into the vacuum and temperature dependent
parts

Gt (k) = S0 (k) + G (), (B.2)

where the vacuum part was given (using dimensional regularisation) in equation (4.47) and
the temperature dependent part is

H(T) ;.\ d'p o 1 Olg oy 0
G 0) = 2r [ G206 PV | (ol =)~ Sroblp). (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°, |Kk|) - k, (B.4)

and
a®(k°, |k|) = T'a* (k°/T, |k|/T), (B.5)
b (K, k) = Tb™(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 kg = k°/T, k = |k|/T):

1 k0, k) = 15 [ o { 2010g| 74| — oL )| [fen (@) + Fan(a)]
- noL<x>fBE<x>}, (B.7a)
B (1, 1) = m;ﬁ /O Y e { [495 ~ 20" 10g "t | 4 i - L @)+ ’:)xL+(x)]
x [ fe(2) + fon(@)] + mL<z>fBE<m>}, (B.7b)
i r0.m) = o [ doo[frn(=2) + fantro — )] (B.7¢)
i 0,r) = g [ e () o) 4 fomtmo 0], (BT
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8Tk 2K K

where
_ — K4 _1

Lizlog' ‘:tl ’x—/{ , Ii:t_2(1€():|:ﬁ), (B.8a)

and
feole) = 2w fopla) = (B.5h)
FD() = S BE\T) = S :

The integrals given above for a aeq, bg‘}l, 6aS and 665 may be further calculated in closed form

using logarithm and dilogarithm functions (like in [42]). The results given here hold only
for |ko| > k > 0 (timelike four-momentum). The corresponding results for £ > |kg| > 0
(spacelike four-momentum) are attained by replacing the integral operator above as follows:

/:era: — —</;O+/_:>dm (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 k¢ (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)ko = |ko| should be replaced by sgn(Re ko)ko = Vko?).

Finally, the a® and b® functions have the following k°-symmetry properties:

H(—k0 IK[) = —agq (K", [K), beq (=7, [K|) = (k°,|k|)7 (B.10a)
aze (—KO, |k|) = azy (kO k), b (=K, [k]) = —bZ (K, |K|), (B.10b)
sa<(—k°, |k|) = —0a (K°, |k|),  0b=(—K°, |K|) :5b>(k;0,|k:y). (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
Sil(k,t). We start by writing equation (4.17a) in an equivalent form and with explicit
flavour indices:

2
Z([% _mi(tﬂ(sil eq zl(k t))sgd,lj(kvt) = 5231 (Cl)
=1
Generally, the inverse of a 2 x 2 block matrix A;;, satisfying 212:1 Ay = 051, is given
by Sij = (Aj; — AjkAl_klAli)_l with k # 7 and [ # j. For given ¢ 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
Sad u( ) Vé m; — eq W qu,il(% —my— Eﬁq ll)i qu,li] (l 7& i)? (02)

Sad ,iJ (k t) {(k —mj — qu j])(zgq z]) 1(% —mi = qu,iz) qu ]z] B (Z 7é .7) (CS)

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 — 3P, as a geometric series in powers of the off-diagonal self-energy
qu,ij (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 Zle{q 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
E:gq ij (k) = Cyw (yiyjPL + y;-‘yjPR) 6£q M(k) (C4)

Using this form, the Dirac matrix inverses in equations (C.2) and (C.3) can be written
explicitly as

S:fd n(k t) l)l'l { (% + ml) DpE‘Zq 1 eq lz(k ml) eq, zl} (l 7& i)? (05)
Sad z](k t) l)lp [(%’—sz) eq, z](k"i_mj) (k"i'ml)z(ze)q ijijj

ij
- quzz eqz](k—}_m])} (Z #])7 (CG)
with the definitions
DY = A, [1 — 20y (k- &8) (J0l?A7 + Iy *A7Y)
+ 2 (68, - &L (il A7 + [y A5

+ 20yl [P (Aid;) T (R~ 008(29ij)mz’mj)>]’ (C.7a)

DY = Ap = 2cylyi|* (k- &8) + & || (&8, - &F,), (C.7b)
DY = A; — 2c|y* (k- &2,), (C.7c)
Ay = k> —m?. (C.7d)

Note that since D}; = D%, the denominator of all flavour components S7 ;; 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,t2) =
—C8<,. (2, tl)TC'_]L in the two-time representation. We can then write the aforementioned
three relations as

Skij (t t) =7°C 5%, ;;(tt)T C71y, (D.3)

where we also used 24 = S> + S< in the sum rule. These identities hold for the full
Majorana Wightman functions SZZ; (t,t). Assuming that they hold independently for the
adiabatic functions S’;sz' ;(t,t) implies that the non-equilibrium local correlator 655 (1)

satisfies the constraints

555, (1) = 6575,, (8,0, (D.4)
551@1]( ’t> *’70055<k ]z( ’t)T 0_170' (D5)
Inserting the parametrisation (5.2) into equations (D.4) and (D.5) and using the iden-

tity v°C/( i,,‘z’hji)TC*WO = —73,;,;}_5 , we get constraints for the phase space functions:
3y = Ofar)" = 5szfﬂ_s- (D.6)

In terms of the mass and coherence shell functions (5.13) and (5.14) these read

5fk:h1] (5fkhj’t) = 6fkh]z ’ (D7)
5fkh1] (5fk:hﬂ) = 6fkh]7, (D8)

In the case of two neutrino flavours (i,7 = 1,2) these relations imply that for a given
helicity h the sixteen different (s,s’,i,7) components of ¢ fg, can be reduced to only six
independent distributions with 10 degrees of freedom, given explicitly by the following

equations:
0y = 0 (real), (D.9a)
0 unzz = 6 fphay  (veal), (D.9b)
8 frma = (6 fapia)™ = (8fpn1)" = 0fpay  (complex), (D.9¢)
and
5fkh11 = (0fgh11)"  (complex), (D.9d)
0 fihoa = (0fihz2)”  (complex), (D.9%)
5fkh12 (0 fn12)" = 5fkh21 (0fgha1)"  (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 Cgps . which we use
in the mass shell equation (5.15) of the Majorana neutrinos. We actually need only the
s = +1 component C’;};{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 Cifptt = itr[P5 50, (k) Pp;].  Here the
self-energy is given in the Wigner representation and evaluated at the four-momentum
(k)" = (+ww, k).

Next we observe that in the case with two flavours (i,1,7 = 1,2) PriiiPrnji = Pihiis
which implies that C,jhtl;r =itr [P,th{zEeq i

specific case independent of the last flavour index j. Using equations (4.16) and (4.51) for

(k41)]. Notably, the collision function is in this

the equilibrium Majorana self-energy functions with " = 4oX" and ©" = ©H — i¥4, and
performing the Dirac matrix trace yields the result

cow NI N . N
Cl—ci—h—’z—l—i_ = W kil kil {Re(yi yl) (mikurl + mlkﬂ-)“ —ih Im(yi yz) (mlk‘i‘l + mlki‘i)u}
T 2wgiwg

x (&2 (k) + ieg{qm(k“))u. (E.1)
The self-energy four-vector functions &, are calculated in appendix B. We also defined
Nii; = Nipij (see equation (5.3)) and (k)" = (|k|, KOk).

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 %' = 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 OW = W™ + §W€. After performing the traces, we get

d k CWNkU * 1
SCP n Z / 27T 3 2wkzwk] [Re(yl yj)zhh Re(éfkhm )( + m]k )
— Im(y;y;) 2 Im(éfk,m)(mikﬂ- + mjkﬂ.)“}
X (Slalkei) + SL(ksy)) (F.1a)
d k CWNkz "
Str = )3 2w wkj [ Re(y;y;)Znh Re(&fkh”)( ;i m;kL,)"
- Im(y;yj)Zh Im(‘sfk}u]) (mik+j + mj]{_i)“}
X (Slalk-i) + SLhsy)) (F.1b)
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and

SW™ &Pk ewNG N
- = 2 *or 5t Ky K"
o Z / 5 T | R ReOS55) (i + myk)

- Im(y;‘yj)zhhlm(éfkhw)(mik‘ij + mjkii)ﬂ

x (864 (kyi) + 064 (kyy)) (F.2a)
"
swe k cwNg;
: (51 ki +mik_;)"
Bue )3 2wiiwg; [ Re(y;y;)2n Re(d] khli )(mikej +mjk—i)
— Im(y/y;)>ph Im(é fy khzg ) (mi ‘—i-mjkj_‘i)“}
x (864 (ki) + 06 (kyy)) . (F.2b)
w

Here s is the lepton chemical potential, 3 = 1/7T, and we further defined (k+)* =
(|k|,k°k). The self-energy functions Gequ and 56,’:‘ = (06, + 06;)/2 are calculated
in section B. We also defined here Ngi, = Ngp,. and Ni,. = N,‘zh:; using equation (5.3).
Finally, the adiabatic washout term W,q can be simplified to

Wad
Bie

3 2
X = 21;%‘ 2o (whi) b - 06A ) — i - 06%(hai)]. (F3)

The results (F.la) and (F.2a) show explicitly how the helicity sums of the non-
equilibrium distribution functions 4 fg; enter the leading order CP-source and washout
terms. In particular, from equation (F.la) we see that CP-violation is only sourced by the
helicity-odd combinations Re( fi,+1 — d fx,—1) of the real parts and helicity-even combina-
tions Im(6 fx +1 + 0 f,—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, pgy = 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 ny, can
then be written as

=l = [ dmdmy (2m)0(0 = 08 (5~ by~ p)
< ML f 0~ T+ 19 + £ 100 - i)
+ e S [+ 15 = £ - )]} (G.1)
‘%L +3HnL = Y / dr; dirg drg (2)48(w; — we — wg)8® (1 — pe — po)

< IMP{ =7 [£500 = ) + fil+ £50)]
+eP = fE R = f) + HQ - FHA+ ]} (G2)

Here f,(p.,t) is the phase space distribution function, w, = /|p.|> + m2 is the on-shell en-
ergy and dr, = 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
ng = ng — Ny, ng = Cy / &S@ fo,  Tu=cy / (C;Sg fe, (G.3a)
fF=fexf0)/2,  fo=fepwe — ), fe= fro(we + ), (G.3b)

fo=TFs = 13" = fe(ws), (G.3c)

where frp 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:

Mil? = [MN; — £0)[* + [M(N; = )| = 260 |yi[m?, (G4)

where my = my = 0 was assumed in the end. The corresponding total decay width is then
FSO) = |M;)?/(16mgim;) = |yi|?>mi/(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 = my/T. We also omit the lepton back-
reaction term (proportional to T f,7) in equation (G.1), as we did in (6.10). Working
consistently to linear order in perturbations we then find

dofri  ~ o,  dfg
dz - Ckz 5sz dz ) (G5)
dyr, - o
d—ZL = Scp + (6W + Waa) Yz, (G.6)
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where Y, = np/s, s is the entropy density, dfx; = fri — fry and fr; = frp(wki). The
dimensionless neutrino collision term coefficient, CP-violating lepton source term and the
lepton washout term coefficients are here given by

Chi = A, (ml in), (G.7)
Hy Nwg

Scngzgf)fa? / éﬂ';’ (5, e) 0 ki (G-8)

o = et | o (oo @8

Wadzgzgl)cigig / (d:;g(w Vi) s (G.10)

with H; = H(mq) and

T e(wki+|k‘)/T -1
T wk; + |K| wri — |k
Ve = fop (@) (fop (@ri) — 1) X (G.13)
For the total z-derivative of frs we use dfpi/dz = fod(fod —1)m?/(miwy;), assuming that

|k|/T is independent of z. Note also that n LWadH 1 / z is exactly equal to the W,q defined
by (F.3), when we use ny, ~ cT?/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 fus(k?) = e K/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:

dd? +3Hn; = — (:Ol - 1) % 5 gq P, (G.14)
d;ltL—i—Z%HnL—zi:K:z —1) %_271%1% , (G.15)

where
_ gip/ d3pg % o—wi/T _ nfqmﬂ (G.16)
n;d = gi/ (d;;gg e~wi/T gZQm Ko(m;/T), (G.17)
nSd = Cw/(d;% o lpe/T CV;'TZs. (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:

déy; dy:d Yy
L= DY, — —— — 1 _PDyy, (G.19)
dz dz 2Y, q
dY; Yy
oy [ggP DidY; = e DiYe (G.20)

where §Y; =Y; — Y4 and

(0)
Ny my 207 Ky (zx;) m;
Y, = —, = —, = L , ;= —. G.21
v S “ T ! H1 ]CQ(Z.TJZ) i mi ( )
The lepton source term in these equations is given by Scp = iel-CPDi 0Y; and for the

washout term 6W = 0 and Waq = — 32, D;Y;°4/(2Y;9). 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 EZ-CP. There
we used the generic definition (in the unflavoured case)

I'(N; — £p) + T'(N; — £9)

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 mg — 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

cr _ m[(ip2)?]  (m3 — mim, ¥ .
S Pl (m3 = md)? + (Rije)® Ui

(G.23)

This result is specific to the case of two Majorana neutrinos and one lepton flavour. Here
R;j . is the regulator which removes the singularity that would occur when mo — mj.
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

Rij,mix = mirg'o) )

Rij air = mirl('O) - mjfg-o),

(G.24)
(G.25)
Rijsum = mT\ + m;T( (G.26)
(G-27)

J
Rl’j’eff = (szEO) + mjfg.o))|sin 02]|

The relative phase 6;; of the Yukawa couplings was defined in equation (7.6). Note that

sg};ff with the difference regulator is still singular if |y;| = |y2|. This means that it is

unbound and leads to unphysical results when approaching the doubly degenerate limit

ly2| = |y1| and my — my. For more discussion about the validity of different regulators,
see [96].
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