
 

Wash-In Leptogenesis

Valerie Domcke ,1,2,* Kohei Kamada ,3,† Kyohei Mukaida ,1,4,‡ Kai Schmitz ,1,§ and Masaki Yamada 5,6,∥
1Theoretical Physics Department, CERN, 1211 Geneva 23, Switzerland

2Institute of Physics, Laboratory for Particle Physics and Cosmology, EPFL, 1015 Lausanne, Switzerland
3Research Center for the Early Universe, The University of Tokyo, Hongo 7-3-1 Bunkyo-ku, Tokyo 113-0033, Japan

4Deutsches Elektronen-Synchrotron DESY, 22607 Hamburg, Germany
5FRIS, Tohoku University, Sendai, Miyagi 980-8578, Japan

6Department of Physics, Tohoku University, Sendai, Miyagi 980-8578, Japan

(Received 25 November 2020; accepted 30 March 2021; published 20 May 2021)

We present a leptogenesis mechanism based on the standard type-I seesaw model that successfully
operates at right-handed-neutrino masses as low as a few hundred TeV. This mechanism, which we dub
wash-in leptogenesis, does not require any CP violation in the neutrino sector and can be implemented
even in the regime of strong wash-out. The key idea behind wash-in leptogenesis is to generalize standard
freeze-out leptogenesis to a nonminimal cosmological background in which the chemical potentials of all
particles not in chemical equilibrium at the temperature of leptogenesis are allowed to take arbitrary values.
This sets the stage for building a plethora of new baryogenesis models where chemical potentials generated
at high temperatures are reprocessed to generate a nonvanishing B − L asymmetry at low temperatures. As
concrete examples, we discuss wash-in leptogenesis after axion inflation and in the context of grand
unification.
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Introduction.—The cosmic imbalance between matter
and antimatter [1,2] represents clear evidence for new
physics beyond the standard model (SM). Early attempts
to explain the baryon asymmetry of the Universe (BAU)
related its origin to the CP-violating decays of heavy GUT
particles in grand unified theories (GUTs) [3–7]. It was,
however, soon realized that electroweak sphaleron proc-
esses [8] spoil this explanation. In the early Universe,
sphalerons nonperturbatively wash out the baryon-
plus-lepton number Bþ L, which is exactly the linear
combination of charges generated during standard GUT
baryogenesis. This observation subsequently led to the
proposal of leptogenesis [9], which links the BAU to
neutrino physics in the type-I seesaw extension of the
SM [10–14] and which exploits the fact that sphalerons do
not violate the baryon-minus-lepton number B − L. Indeed,
during leptogenesis, the CP-violating decays of right-
handed neutrinos (RHNs) NI (I ¼ 1; 2;…) first create a
lepton asymmetry (and, hence, nonzero B − L), which is
then converted by the SM interactions in the thermal bath,
including sphalerons, to a baryon asymmetry.
Standard thermal leptogenesis requires very large RHN

masses, MI ≳ 109 GeV, in order to achieve sufficient CP

violation during RHN freeze-out [15,16]. This makes it
hard to directly probe the RHN sector in experiments and
leads to large radiative corrections to the mass of the SM
Higgs boson, which aggravates the SM hierarchy problem
for RHN masses above the Vissani bound MI ≲ 107 GeV
[17,18]. In addition, standard leptogenesis is vulnerable to
strong asymmetry wash-out, if the RHN Yukawa inter-
actions with the SM lepton-Higgs pairs lαϕ are too strong
[19–22].
In this Letter, we will present a mechanism to generate

nonzero B − L charge in the type-I seesaw model that
avoids most of these shortcomings; for alternative routes to
low-scale leptogenesis, see [23–30]. The key idea behind
our proposal is to generalize standard freeze-out lepto-
genesis to a nonminimal cosmological background in
which all conserved charges C at the time of leptogenesis
(see Table I) are allowed to take arbitrary values. In such a
background, the lepton-number-violating (LNV) RHN
interactions then result in a new equilibrium attractor for
the chemical potentials in the plasma that generically
features nonzero B − L, even if B − L ¼ 0 initially. The
RHN interactions also actively drive the plasma toward this
new attractor solution, which is why we dub our mecha-
nism wash-in leptogenesis.
As we will show, wash-in leptogenesis can successfully

operate down to RHN masses of a few hundred TeV, i.e.,
masses shortly above the equilibration temperature of the
electron Yukawa interaction [31]. The mechanism, there-
fore, allows one to satisfy the Vissani bound; in particular, it
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is compatible with the neutrino option, which denotes the
idea that RHNs with masses of a few PeV are responsible
for radiatively generating the electroweak scale in the SM
[32–36]. Wash-in leptogenesis is also independent of the
amount of CP violation in the RHN sector, which liberates
it from the Davidson-Ibarra bound MI ≳ 109 GeV; and its
success is not jeopardized by large Yukawa couplings. In
fact, in the presence of additional conserved charges, strong
asymmetry wash-out turns into efficient asymmetry
wash-in.
Our proposal builds on earlier work, which already

partly considered some of the ideas presented here [37–
41] (see also [42]). The essential new elements of our
analysis are the following: (i) We provide a systematic
discussion spanning ten orders of magnitude in temper-
ature, T ∈ ð105; 1015Þ GeV. In doing so, we account for all
possible unconstrained charges in each temperature regime,
which allows us to develop a general toolkit for construct-
ing new baryogenesis models; see our main results in
Table II. (ii) We pay particular attention to flavor. That is,
we allow for an arbitrary flavor composition of the
primordial charge asymmetries, and we take into account
charged-lepton flavor effects in our analysis of wash-in
leptogenesis. This especially includes effects related to
flavor coherence or decoherence. (iii) We go beyond
LNV two-to-two scattering processes mediated by the

dimension-5 Weinberg operator, considering also the ordi-
nary decays and inverse decays of dynamical RHNs.
While wash-in leptogenesis can provide the basis for

numerous new baryogenesis models, it does not represent a
complete model by itself. It should rather be regarded as a
general mechanism that describes how RHN interactions
reprocess primordial charge asymmetries that were gen-
erated at higher temperatures. This includes the intriguing
possibility of creating a nonvanishing B − L asymmetry
from B − L-symmetric initial conditions. But it is agnostic
about the ultraviolet (UV) physics that is responsible for
setting these initial conditions. This is an advantage, as it
allows us to perform a model-independent analysis from a
bottom-up perspective. The remainder of this Letter is
therefore organized as follows: First, we will study wash-in
leptogenesis in the spirit of an effective field theory that
describes the evolution of its input parameters (i.e., the
primordial charge asymmetries) from some high-energy
matching scale down to low energies. Then, we will turn to
concrete UV completions that illustrate how wash-in
leptogenesis can successfully create the BAU, even if
B − L ¼ 0 initially. Specifically, we will consider the
generation of nonzero Bþ L charge during GUT baryo-
genesis and axion inflation [44–47]. A lesson from these
examples is that wash-in leptogenesis is able to resurrect
baryogenesis scenarios that would otherwise suffer from

TABLE II. Numerical coefficients xC that describe the composition of μeqB−L ¼ qeqB−L6=T
2 in terms of the conserved charges μC ¼

qC6=T2 in different temperature regimes; see Eq. (15). The ✗ symbol marks the absence of the corresponding μC due to an efficient SM
interaction. The second column indicates the active flavors lα with respect to N1 interactions; see the discussion around Eq. (13). The
last column contains nΔ⊥ , which vanishes in the case of B − L-symmetric initial conditions. P and Pτ are model dependent and encode
the flavor composition of the primordial qe;μ;τ asymmetries with respect to the N1 wash-out direction [see the text for examples and
Eqs. (S41) and (S56) [43]]. In this table and throughout the Letter, we assume vanishing global hypercharge, μY ¼ 0. For more details,
see Supplemental Material [43].

TB−L[GeV] Index α μe μ2B1−B2−B3
μu−d μd−s μB1−B2

μμ μu−c μτ μd−b μB μu μΔ⊥

(v) ð105; 106Þ e; μ; τ − 3
10

✗ ✗ ✗ ✗ ✗ ✗ ✗ ✗ ✗ ✗ ✗

(iv) ð106; 109Þ e; μ; τ − 3
17

0 − 7
17

✗ ✗ ✗ ✗ ✗ ✗ ✗ ✗ ✗

(iii) ð109; 1011−12Þ kτ; τ ð142 − 225PτÞ=247 0 − 123
247

− 82
247

123
494

ð142 − 225PτÞ=247 ✗ ✗ ✗ ✗ ✗ 225
247

(ii) ð1011−12; 1013Þ k ð−23Pþ 7Þ=30 1
5

− 3
5

− 1
6

− 3
10

ð−23Pþ 7Þ=30 3
10

ð−23Pþ 7Þ=30 − 4
15

23
90

✗ 23
30

(i) ð1013; 1015Þ k ð−3Pþ 1Þ=4 1
6

− 5
6

− 1
4

− 1
4

ð−3Pþ 1Þ=4 1
4

ð−3Pþ 1Þ=4 − 1
3

1
6

1
3

3
4

TABLE I. Decoupling of SM interactions and associated conserved charges qC. Yukawa interactions are denoted by yi and weak
(strong) sphalerons by WS (SS). The ✓ symbol marks efficient interactions. Hypercharge and the Δα asymmetries are always preserved
in the SM.

T[GeV] ye yds yd ys ysb yμ yc yτ yb WS SS yt

(v) ð105; 106Þ qe ✓ ✓ ✓ ✓ ✓ ✓ ✓ ✓ ✓ ✓ ✓

(iv) ð106; 109Þ qe q2B1−B2−B3
qu−d ✓ ✓ ✓ ✓ ✓ ✓ ✓ ✓ ✓

(iii) ð109; 1011−12Þ qe q2B1−B2−B3
qu−d qd−s qB1−B2

qμ ✓ ✓ ✓ ✓ ✓ ✓

(ii) ð1011−12; 1013Þ qe q2B1−B2−B3
qu−d qd−s qB1−B2

qμ qu−c qτ qd−b qB ✓ ✓

(i) ð1013; 1015Þ qe q2B1−B2−B3
qu−d qd−s qB1−B2

qμ qu−c qτ qd−b qB qu ✓
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strong asymmetry wash-out, in a way that is more complex
than simply resorting to standard leptogenesis.
Wash-in leptogenesis.—We begin by considering a

particularly interesting and simple scenario: N1-dominated
wash-in leptogenesis at temperatures of a few hundred TeV.
In this temperature regime, all SM interactions are equili-
brated—except for the electron Yukawa interaction, which
renders the comoving charge asymmetry of right-handed
electrons a classically conserved quantity, qe=s ¼ const,
with entropy density s. Its anomalous violation via the
chiral plasma instability is negligibly slow for the qe=s
values of interest [48–50]. At the same time, all charged-
lepton flavors α ¼ e; μ; τ are fully decohered, which allows
us to work with the standard Boltzmann equations for the
three lepton flavor asymmetries Δα ¼ B=3 − Lα in the
type-I seesaw model [24,26]:

−ð∂t þ 3HÞqΔα
¼ ε1αΓ1ðnN1

− neqN1
Þ −

X
β

γwαβ
μlβ

þ μϕ
T

;

ð1Þ
which is valid in the nonrelativistic regime T ≲M1, where
any N1 chemical potential is clearly negligible because
of the N1 Majorana mass μN1

≃ 0. The negative sign on
the left-hand side follows from Δα ⊃ −Lα. The charge
asymmetry qi for a particle species i is defined as the
difference of its particle and antiparticle number densities,
qi ¼ ni − n{̄ ¼ giμiT2=6, with chemical potential μi and
multiplicity gi, while qC ¼ μCT2=6 for all conserved
charges C, with μC in Eq. (5). The first term on the
right-hand side in Eq. (1) is the standard source term
describing the asymmetry production from RHN decays,
while the second term is the standard wash-out term, with
total wash-out rate per unit volume

γwαβ ¼ γidαβ þ
X
σ

½ðδαβ þ δσβÞγΔL¼2
ασ þ ðδαβ − δσβÞγΔL¼0

ασ �;

ð2Þ

which encompasses RHN inverse decays γidαβ ¼ γ1αδαβ as
well as ΔL ¼ 2 and lepton-flavor-violating ΔL ¼ 0 two-
to-two scattering processes (see [24,26] for more details).
Before we are able to solve the coupled system of

equations in Eq. (1), we have to specify the relation among
the chemical potentials μlα , μϕ, and μΔα

. In standard
leptogenesis, this relation is encoded in the flavor coupling
matrix ðCÞαβ ¼ Cαβ [51–56], whose structure is determined
by SM spectator processes [57–59]. The crucial difference
between standard leptogenesis and our scenario is that, in a
nontrivial chemical background, the standard linear rela-
tion μlα þ μϕ ¼ −

P
β CαβμΔβ

turns into an affine relation:

μlα þ μϕ ¼ μ0α −
X
β

CαβμΔβ
; ð3Þ

where, at temperatures of a few hundred TeV, the trans-
lation by the constant shift vector μ0α is solely induced by
the conserved chemical potential of the right-handed
electrons:

0
B@

μle þ μϕ

μlμ þ μϕ

μlτ þ μϕ

1
CA ¼

0
BB@

− 5
13

4
37

4
37

1
CCAμe −

0
BB@

6
13

0 0

0 41
111

4
111

0 4
111

41
111

1
CCA
0
B@

μΔe

μΔμ

μΔτ

1
CA:

ð4Þ

Equations (3) and (4) follow from analyzing all 16 SM
chemical potentials μi (i ¼ e; μ; τ;le;lμ;lτ; u; c; t; d; s; b;
Q1; Q2; Q3;ϕ): In any given temperature regime, the
number of linearly independent conserved charges C and
the number of SM interactions in equilibrium always add
up to 16; see Table I. This results in 16 constraint equations
in each temperature regime that allow one to express
the chemical potentials μi of all SM species as linear
combinations of the conserved chemical potentials μC
(C ¼ Δα;…). In general, we therefore obtain a constant
shift vector μ0α in Eq. (3) of the form

μ0α ¼
X
C≠Δα

SαCμC; μC ¼
X
i

nCi giμi; ð5Þ

with charge vectors nCi and multiplicities gi; see [60] for
details. We provide explicit expressions for nCi , gi, the
flavor coupling matrices Cαβ, and source matrices SαC in
all temperature regimes of interest in Supplemental
Material [43].
Equations (1) and (3) tell us that the Boltzmann

equations are linear in the lepton flavor asymmetries Δα.
This allows us to split qΔα

into contributions from thermal
and wash-in leptogenesis, respectively, qΔα

¼ qthΔα
þ qwinΔα

,
such that

ð∂t þ 3HÞqwinΔα
¼

X
β

Γw
αβ

�
q0β −

X
σ

CβσqwinΔσ

�
; ð6Þ

where Γw
αβ ¼ 6=T3γwαβ. Equation (6) is reminiscent of

spontaneous baryogenesis [61,62], specifically, spontane-
ous leptogenesis [63,64], where the rolling of a (pseudo)
scalar field φ induces effective chemical potentials μ0α ∝ q0α
[60] (see also [65,66]). The difference between sponta-
neous leptogenesis and our scenario is that we assume
nonzero primordial asymmetries stored in a set of con-
served charges, whereas spontaneous leptogenesis involves
time-dependent asymmetries—controlled by the interac-
tion Lagrangian of the field φ and not necessarily related to
conserved charges—that are present only when φ is in
motion. This requires that LNV processes must be efficient
exactly at the time when φ is rolling. In our scenario,
such a temporal coincidence is not needed. Still, it is
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straightforward to generalize the following analysis to time-
dependent charges q0α [67].
At any given temperature, the total wash-out rate is

typically dominated by a single process, such that it
factorizes into Γw

αβ ¼ PαβΓw, where the temperature
dependence is contained in the flavor-blind wash-out rate
Γw and where the matrix ðPÞαβ ¼ Pαβ encodes the flavor
structure. In this case, it is then possible to write down an
exact solution of Eq. (6). For arbitrary initial conditions
qiniΔβ

, we find

qwinΔα
¼

X
β

ðδαβ − EαβÞqeqΔβ
þ
X
β

EαβqiniΔβ

s
sini

: ð7Þ

qeqΔα
is the equilibrium attractor in the presence of RHNs,

qeqΔα
¼

X
β

C−1
αβq

0
β ¼

X
β

X
C≠Δα

C−1
αβSβCqC; ð8Þ

which can also be derived from Eq. (3) by requiring
all RHN interactions to be in equilibrium, μlα þ μϕ ¼
μN1

¼ 0. The matrix ðEÞαβ ¼ Eαβ describes how the RHN
interactions actively drive the plasma exponentially close to
this solution:

E¼ expð−wK1PCÞ; w¼ 1

K1

Z
∞

0

dz
Γw

zH
; z¼M1

T
; ð9Þ

where K1 denotes the standard N1 decay parameter:

K1 ¼
Γ1ðT ¼ 0Þ
HðT ¼ M1Þ

: ð10Þ

At temperatures of a few hundred TeV, the total wash-out
rate is dominated by inverse decays, such that Pαβ ¼
p1αδαβ and

E¼ expð−wK1C1Þ; ðC1Þαβ¼p1αCαβ; p1α¼
Γ1α

Γ1

; ð11Þ

where w ≈ 3π=4 assuming Maxwell-Boltzmann statistics
for all particles [68]. For strong wash-in, K1 ≫ 1, and a
generic flavor structure, p1α ≪ 1, all entries of E are
exponentially suppressed. The total washed-in B − L
asymmetry then reads

qwinB−L ≃ qeqB−L ¼
X
α

qeqΔα
¼ −

3

10
qe; ð12Þ

which also immediately follows from Eq. (4). Any UV
mechanism that results in qe ≠ 0 at high temperatures,
thus, induces nonzero B − L at temperatures of a few
hundred TeV.

Flavor effects.—Next, let us generalize the above dis-
cussion to arbitrary temperatures T ∈ ð105; 1015Þ GeV.
Equations (1)–(9), except for Eq. (4), remain valid in this
case, the only difference being that the meaning of the
flavor index α is now different. At T ∈ ð109; 1011–12Þ GeV,
electrons and muons propagate as coherent states,
which means α ¼ kτ, τ, while at temperatures T ∈
ð1011–12; 1015Þ GeV, all three charged leptons propagate
in coherent superpositions, such that α ¼ k. Here, lk
represents the coherent single-flavor field that can be
created and destroyed by N1 interactions, and lkτ is the
same field after projecting out its τ component. Denoting
the N1 Yukawa couplings by he1, h

μ
1, and hτ1, we can write

hklk ¼ he1le þ hμ1lμ þ hτ1lτ; hkτlkτ ¼ he1le þ hμ1lμ;

ð13Þ

where h2k ¼ jhe1j2 þ jhμ1j2 þ jhτ1j2 and h2kτ ¼ jhe1j2 þ jhμ1j2.
Flavor coherence at higher temperatures also implies that
some flavor asymmetry Δ⊥ can escape wash-in lepto-
genesis:

Δ⊥ ¼
�
B=3 − L⊥; T ∈ ð109; 1011−12Þ GeV;
2B=3 − L⊥1

− L⊥2
; T ∈ ð1011−12; 1015Þ GeV;

ð14Þ

where l⊥ is perpendicular to lτ and lkτ and where l⊥1
and

l⊥2
span the two-dimensional flavor space perpendicular to

lk. Making use of these definitions and assuming again
strong wash-in and generic RHN couplings, Eq. (12) now
turns into

qeqB−L ¼
X
C≠Δα

xCqC; xC ¼ δCΔ⊥ þ
X
α;β

C−1
αβSβC; ð15Þ

where the numerical coefficients xC are listed in Table II.
This asymmetry remains conserved as soon as the RHN
interactions become inefficient at some high temperature
TB−L [22]. We therefore obtain for the present-day BAU

qB
s

����
today

¼ csph
qthB−L þ qwinB−L

s

����
TB−L

; ð16Þ

where csph ≃ 12=37 [69]. Note that the standard contribu-
tion from thermal leptogenesis may be suppressed because
of strong wash-out or insufficient CP violation.
Equation (15) and Table II are our main results, which

serve as a general toolkit to construct new baryogenesis
models by implementing the following algorithm:
(i) Conceive a UV model that leads to primordial chemical
potentials μi for some particle species i. (ii) Determine
the corresponding conserved charges μC. (iii) Specify the
N1 mass and, hence, relevant temperature scale for
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leptogenesis, TB−L. (iv) Compute the final BAU according
to Eqs. (15) and (16).
Possible UV completions.—Let us now showcase two

possibilities for generating primordial charge asymmetries
prior to wash-in leptogenesis. Both scenarios result in
Bþ L ≠ 0 but preserve B − L. First, we consider SU(5)
unification,where the decay of the heavy coloredHiggs field
Hc ⊂ 5 mainly proceeds via the third-generation Yukawa
coupling, Hc → Q̄3Q̄3, tτ, Q3lτ, t̄ b̄ [7,70,71]. The pro-
duction and decay of Hc bosons after inflation
in the SU(5)-broken phase (see, e.g., Refs. [72,73] for a
viable scenario) then results in μQ3

¼ μlτ ¼ −μτ ¼ μ0,
μt ¼ −2μ0=3, and μb ¼ −μ0=3 or, equivalently,
μB ¼ −μ2B1−B2−B3

¼ μlτ ¼ −μτ ¼ 3μd−b ¼ μ0, while all
other chemical potentials vanish. Here, μ0 is determined
by the decay rate, CP violation, and production mechanism
of the colored Higgs field. This scenario sets the stage for
wash-in leptogenesis above the equilibration temperature of
the tauYukawa interaction,T ≳ 1011–12 GeV. Similarly, one
can constructmodelswhere extraHiggs scalars also generate
primordial asymmetries in the first two fermion generations.
The initial qe;μ;τ asymmetries are then encoded in general
fields ē ¼ ceeþ cμμþ cττ or ēτ ¼ cτeeþ cτμμ, such that

P¼ jaec�eþaμc�μþaτc�τ j2; Pτ ¼ jbecτ�e þbμcτ�μ j2 ð17Þ

in Table II, where ae;μ;τ ¼ he;μ;τ1 =hk and be;μ ¼ he;μ1 =hkτ .
Our second example is axion inflation featuring a cou-

pling of the axion-inflaton field φ to the Chern-Simons term
of the hypercharge gauge field, φ=ð4ΛÞYμνỸμν [74]. This
coupling sources nonvanishing hYμνỸμνi during inflation
[75–77], which induces primordial chemical potentials for
all SM fermion species via the SM chiral anomaly [78,79],
μi=T ¼ �3ðnYi Þ2αY=πðhY=T3Þrh [46,47], with hypercharge
fine-structure constant αY , hypercharges nYi , and � for left-
and right-handed fermions. hY ¼ hAY · BYi=a3 is the physi-
cal hypermagnetic helicity density, which is defined in terms
of the comoving vector potential AY , comoving flux
density BY, and cosmic scale factor a. In the parameter
region where hY=T3 is approximately conserved [47,80–82],
its value at reheating after inflation dictates the
magnitude of the conserved charges in each temperature
regime. For T ∈ ð105; 106Þ GeV, e.g., we have μe=T ¼
−3αY=πðhY=T3Þrh and, hence, μB−L=T ¼ 9=10αY=
πðhY=T3Þrh. Axion inflation with a Hubble rate of
Hinf ∼ 1010 GeV can therefore readily give rise to the
observed baryon asymmetry [47]. The evolution of B and
L in this scenario is schematically shown in Fig. 1. Axion
inflation produces all lepton flavors in a symmetric way,
meaning P ¼ 1=3 and Pτ ¼ 1=2 in Table II.
Conclusions.—In this Letter, we presented a systematic

discussion of wash-in leptogenesis, a mechanism to gen-
erate nonzero B − L in the type-I seesaw model. Our
mechanism successfully operates at low RHN masses,

strong wash-out, negligible CP violation in RHN decays,
and B − L-symmetric initial conditions. We focused on N1-
dominated wash-in leptogenesis; however, the inclusion of
heavy-neutrino flavor effects [83], or even the generaliza-
tion to a density-matrix formalism [84–86], is straightfor-
ward. Similarly, one may generalize our mechanism to
other sources of LNV in the early Universe. The general
concept of wash-in leptogenesis opens the door to a
plethora of possibilities.
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FIG. 1. Schematic evolution of B and L in arbitrary units after
axion inflation. The colorful straight lines represent the equili-
brium attractors of wash-in leptogenesis in different temperature
regimes.
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