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We propose a new non-thermal Leptogenesis mechanism that takes place during the reheating epoch, 
and utilizes the Ratchet mechanism. The interplay between the oscillation of the inflaton during reheating 
and a scalar lepton leads to a dynamical system that emulates the well-known forced pendulum. This is 
found to produce driven motion in the phase of the scalar lepton which leads to the generation of a 
non-zero lepton number density that is later redistributed to baryon number via sphaleron processes. 
This model successfully reproduces the observed baryon asymmetry, while simultaneously providing an 
origin for neutrino masses via the seesaw mechanism.

© 2018 The Author(s). Published by Elsevier B.V. This is an open access article under the CC BY license 
(http://creativecommons.org/licenses/by/4.0/). Funded by SCOAP3.

1. Introduction

One of the major unsolved problems in modern physics is the 
origin of the observed baryon asymmetry of the universe. The size 
of the baryon asymmetry is parametrized by the asymmetry pa-
rameter ηB [1],

ηB = nB

s
� 8.5 × 10−11 , (1)

where nB and s are respectively the baryon number and entropy 
densities of the universe.

Any CPT conserving model that wishes to generate this asym-
metry must satisfy the so called Sakharov conditions [2]. Although 
the Standard Model of particle physics does so, it is unable to 
reproduce a large enough asymmetry, and hence new physics is 
required. It is usually assumed that the baryon asymmetry at the 
end of the inflationary epoch was negligibly small or zero, due to 
the rapid dilution of any initial baryon number density that may 
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have existed. Due to this, most mechanisms of Baryogenesis are as-
sumed to occur after inflation; during the reheating or subsequent 
epochs prior to Big Bang Nucleosynthesis.

In what follows we shall outline a new mechanism for Lep-
togenesis in which lepton number generation is driven by the 
oscillations of the inflaton field. Leptogenesis is a widely studied 
paradigm that was first suggested in Ref. [3,4], in which the baryon 
asymmetry is proposed to have originated in the leptonic sector. 
Once the lepton asymmetry is generated it is converted to baryon 
number via B + L violating sphaleron transitions which are in ther-
mal equilibrium prior to the electroweak phase transition [5–7]. 
See also Ref. [8].

The new Leptogenesis mechanism we propose here acts during 
the reheating epoch, and is inspired by the ratchet models that de-
scribe molecular motors in biological systems [9] and the potential 
application of it to Baryogenesis [10]. In a previous work [11] we 
considered a toy model consisting of a scalar baryon and inflaton, 
embedded in the ratchet framework, which aimed to successfully 
generate the observed baryon asymmetry. Here, we explore more 
deeply this mechanism from the perspective of Leptogenesis, pro-
viding a source for Baryogenesis and simultaneously providing an 
origin for the neutrino masses.
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2. Description of the model

We construct a model consisting of two scalar fields – a real 
scalar field � that we identify as the inflaton, and a complex scalar 
lepton φ. Complex scalars were first utilised for the purposes of 
Baryogenesis in the Affleck–Dine mechanism [15]. In the ensuing 
analysis we assume that the dynamics during reheating are dic-
tated by these two scalars and only consider interactions of the 
inflaton with Standard Model fields via an effective friction term �
that fixes the reheating temperature. The scalar lepton φ also has 
a friction term associated with its decay to right handed neutrinos. 
The model is described by the following action:

S =
∫

d4x
√−g

[
gμν ∂μφ∗∂νφ − V (φ,φ∗)

+ 1

2
gμν ∂μ�∂ν� − U (�) + i

�
gμν

(
φ∗←→∂μ φ

)
∂ν�

]
, (2)

where U (�) is the inflationary potential, and V (φ, φ∗) is the scalar 
lepton potential. The form of the interaction between φ and � is 
analogous to that used as in the Baryogenesis mechanism consid-
ered in Ref. [12–14]. This interaction term is suppressed by the 
cutoff scale �. In the absence of the V (φ, φ∗) term, this action 
is invariant under a U (1) symmetry which we identify with lep-
ton number, under which φ has charge 2. The potential V (φ, φ∗)
is assumed to include a term which breaks this symmetry explic-
itly.

A key ingredient of our mechanism is the dynamics of the infla-
ton during reheating. To set up pendulum like dynamics we require 
that the inflationary potential approaches an m2�2 like potential 
during reheating. There are various inflationary models that exhibit 
this behaviour, including the well-known Starobinsky inflationary 
scenario which is in good agreement with current observational 
constraints [1,16]. For illustration purposes, we will discuss our 
mechanism within the context of the Starobinsky inflationary sce-
nario.1 In this case, we have the following inflationary potential,

U (�) = 3μ2M2
p

4

(
1 − e−√

2/3�/Mp
)2 = 1

2
μ2�2 + · · · (3)

where μ = (1.3 × 10−5)Mp is the inflaton mass, and Mp = 2.4 ×
1018 GeV is the reduced Planck mass. The reheating period in 
the Starobinsky model is defined by an 1

2 μ2�2 potential, lead-
ing to the epoch being characterised by a time averaged Hubble 
rate that is analogous to the Hubble rate of a matter dominated 
epoch [20]. The reheating epoch in this scenario is characterised 
by the following initial parameters, from numerical calculations: 
�i = �(ti) = 0.62 Mp , with a corresponding Hubble parameter of 
Hi = H(ti) = 6.2 × 1012 GeV [21].

We consider the potential associated with the scalar lepton to 
include an explicit lepton breaking term of the following form2:

V (φ,φ∗) = V 0

(
|φ|2

)
− λφφ∗(φ − φ∗)2 . (4)

Hence, the action during reheating is,

1 In the Starobinsky context, the introduced derivative coupling term is analogous 
to that considered in [17]. It has recently been shown that such a coupling may be 
incompatible with cosmological observations [18,19].

2 Through introducing an additional scalar lepton ϕ , we may naturally realize a 
potential of this form via spontaneous symmetry breaking 〈ϕ〉 	= 0. In order for 
this mechanism to work, however, the Nambu–Goldstone boson associated with this 
spontaneous breaking must be eliminated.

S =
∫

d4x
√−g

[
gμν ∂μφ∗∂νφ + λφφ∗(φ − φ∗)2

+ 1

2
gμν ∂μ�∂ν� − 1

2
μ2�2 + i

�
gμν

(
φ∗←→∂μ φ

)
∂ν�

]
,

(5)

where we have neglected terms associated with V (|φ|2) which will 
not be important for our analysis. It is clear that if λ = 0, the action 
will be invariant under the global U (1)L symmetry defined by the 
transformation (φ, φ∗) → (e−2iαφ, e2iαφ∗), where α is a constant. 
This transformation has the corresponding lepton number current,

jμL = −2i
(
φ ∂μφ∗ − φ∗∂μφ

) + 4|φ|2
�

∂μ� . (6)

We now wish to consider the following polar coordinate parametri-
zation of the φ field, φ = 1√

2
φreiθ . Under the global lepton number 

transformation, the phase θ transforms as θ → θ − 2α, while φr

is invariant. In this parametrization the conserved lepton number 
density, which corresponds to the time component of Eq. (6), is 
given by,

n′
L = j0 = −2φ2

r

(
θ̇ − �̇

�

)
. (7)

The non-conserved physical net lepton number density is that from 
the free-field Lagrangian,

nL = −2φ2
r θ̇ . (8)

This implies that within the framework of our mechanism we must 
produce a non-zero θ̇ , a period of driven motion, to have a net 
lepton asymmetry generated. In the rest of our analysis, we assume 
that the terms that only depend on φr in V are such that they keep 
φr approximately fixed to a constant non-zero value, and that only 
the dynamics of the phase θ need be considered.

Seeing as we wish to consider the cosmological setting of re-
heating, we take the flat FRW metric with scale factor a(t). Given 
this isotropic and homogeneous background, we extend this as-
sumption to the properties of the scalar lepton and inflaton, for 
which spatial variation will be ignored in our analysis. Therefore, 
in the new parametrization of the scalar lepton and in a flat FRW 
background, the action takes the form,

S =
∫

dt a(t)3
[

φ2
r

2
θ̇2 − λφ4

r sin2 θ + 1

2
�̇2 − 1

2
μ2�2

− φ2
r

�
θ̇ �̇

]
. (9)

This action illustrates how the Sakharov conditions are satisfied in 
our model. Firstly, L violation is achieved by the potential V int =
λφ4

r sin2 θ , which breaks the translational invariance in θ . Secondly, 
the derivative coupling between θ and � provides C and CP viola-
tion. Lastly, the required push out-of-equilibrium will be provided 
by the reheating epoch, induced by the coherent oscillation of the 
inflaton field. The lepton number asymmetry generated during re-
heating shall then be redistributed into a net baryon number by 
the action of B − L conserving sphaleron processes [5,7,8].

The generated lepton asymmetry will be produced in the form 
of right handed neutrinos, via the preferential decay of φ during 
the period of driven motion. To achieve this, we introduce the 
lepton-number preserving dimension four interactions,


Lint =
(

gLφ
∗νc

RνR + yH H LνR

)
+ h.c. (10)
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