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We introduce an axion-inflation model embedded in the Left-Right symmetric extension of the
SM in which WR is coupled to the axion. This model merges three milestones of modern cosmology,
i.e., inflation, cold dark matter, and baryon asymmetry. Thus, it can naturally explain the observed
coincidences among cosmological parameters, i.e., ηB ≈ Pζ and ΩDM ' 5 ΩB. The source of
asymmetry is spontaneous CP violation in the physics of inflation, and the lightest right-handed
neutrino is the cold dark matter candidate with mass mN1 ∼ 1 GeV . The introduced mechanism
does not rely on the largeness of the unconstrained CP-violating phases in the neutrino sector
nor fine-tuned masses for the heaviest right-handed neutrinos. It has two unknown fundamental
scales, i.e. scale of inflation Λinf =

√
HMPl and left-right symmetry breaking ΛF . Sufficient matter

asymmetry demands Λinf ≈ ΛF . The baryon asymmetry and dark matter today are remnants of a
pure quantum effect (chiral anomaly) in inflation, which, thanks to flavor effects, are memorized by
cosmic evolution.

The two pillars of the post-inflationary scenarios of lep-
togenesis are: i) CP asymmetric decay of massive Right-
handed neutrinos (RHN) after reheating, and ii) washout
processes to enhance the efficiency and eliminate the pre-
existing asymmetry to avoid theoretical uncertainties [1].
Besides, the lightest sterile neutrino may account for the
Dark Matter (DM) [2]. The source of CP asymmetry is
the CP-violating phases in the neutrino sector, uncon-
strained by the current data, which are assumed to be
large enough. Moreover, low-scale leptogenesis mostly
requires fine-tuning of parameters, e.g. highly degener-
ate RHN masses, e.g. mN3

' mN2
[3]. Besides, once fla-

vor effects are considered, it is difficult for a pre-existing
asymmetry to be washed out by the RH neutrino decays
[4] ( See also Fig. S3).

This letter introduces a new framework for simulta-
neous baryogenesis and dark matter production within
General Relativity (GR), which avoids the above issues.
The source of asymmetry is spontaneous CP violation by
a WR gauge field coupled to the inflaton that produces
leptons and baryons in inflation. In this scenario, baryon
asymmetry and DM are remnants of the same effect in
inflation. Thus it can naturally explain the observed co-
incidences among cosmological parameters, i.e., ηB ≈ Pζ
and ΩDM ' 5ΩB.

Early universe physics is a subject that seeks answers
for fundamental questions linking the very high energy
physics (immensely small scales) with the extremely large
cosmological scales. The Standard Model (SM) of parti-
cle physics, highly successful in formulating fundamental
particles at low energy scales, is greatly incomplete when
it meets cosmology and astrophysics. The most glaring
shortcomings of the SM are (I) the neutrino mass, (II)
baryon asymmetry of the Universe (BAU), and (III) par-
ticle nature of dark matter. Considering cosmic inflation
as the leading paradigm for early universe [5], we should,
as well, add (IV) the particle nature of the inflaton field

to this list. SM as a theory for particle physics also faces
a number of issues, i.e., (i) Higgs vacuum stability prob-
lem, (ii) accidental B − L global symmetry, and (iii) ad
hoc parity violation at the Electro-Weak scale (EW).

FIG. 1. SU(2)R-axion inflation: a natural common origin
for inflation, fermionic dark matter, and matter asymmetry
and its observational signatures.

Axion fields are well-motivated candidates for infla-
ton and are naturally coupled to gauge fields. As first
discovered by the author, non-Abelian gauge fields may
survive inflation and contribute to its physics while re-
specting the cosmological symmetries [6]. That intro-
duced a new class of inflation models accompanied by
SU(2) gauge fields with an immensely rich phenomenol-
ogy. The minimal realization of this idea is an SU(2)
gauge field in GR coupled to a generic axion inflaton
[6–8], so-called SU(2)-axion inflation. For a review on
gauge fields in inflation, see [9]. The novel features shared
by these models are (1) Spontaneous P and CP viola-
tion, and satisfying all Sakharov conditions in inflation
[10], (2) Particle production by the gauge field in infla-
tion through Schwinger effect [11–13] and chiral anomaly
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[13], (3) Naturally warm inflation [14], (4) Prediction of
chiral and non-Gaussian gravitational wave (GW) back-
ground [9, 15, 16] detectable by future CMB missions and
laser interferometers [17]. Therefore, this inflation setup
merges three open issues of the SM and cosmology, i.e.,
inflation, DM, and BAU. It gains an additional value due
to its unique observable signature on GW background in-
duced by GW-SU(2) field interactions. The connection
of this SU(2) field with the SM, however, was still miss-
ing, and in the present work, we attempt to fill the gap.

The aim of this letter is to embed the SU(2)-axion in-
flation setting in gauge extensions of the SM and study its
phenomenological and cosmological consequences. The
most well-motivated Beyond the SM (BSM) theories are
SUSY, GUT, and Left-Right Symmetric Models (LRSM)
of the weak interactions. We restrict the current work to
the most minimal realization, i.e., LRSM. Originally pro-
posed to explain P violation in low energy processes [18],
LRSM predicted massive neutrinos years before experi-
ment. Among its additional appealing features are: nat-
ural B − L symmetry [19], entailed seesaw mechanisms
[20], and solution to vacuum stability problem at high
scales [21].

In this letter, we assume that the gauge field in the
SU(2)-axion inflation models is WR in the LRSM. Com-
paring with the minimal LRSM, here we have an axion
ϕ, which is coupled to the SU(2)R and drives cosmic in-
flation. We call this particle physics model for inflation
SU(2)R-axion inflation. This model is a complete setup
that can simultaneously provide plausible explanations
for the phenomena (I-IV) and (i-iii) named earlier. A
more detailed analysis is presented in a followup work
[22]. The present paper can be a starting point for fur-
ther, more involved analysis of the rich and multifaceted
phenomenology of these gauge extensions of the SM in
inflation physics.

SU(2)R-Axion Inflation Model

The minimal gauge group that implements the hypoth-
esis of left-right symmetry is G ≡ SU(2)L × SU(2)R ×
U(1)B−L (suppressing color). The theory includes three
gauge fields WL,R and AB−L associated with SU(2)L,R
and U(1)B−L respectively. The fermionic content is the
SM quarks and leptons extended by three RHNs as

qiL,R =

(
ui
di

)
L,R

and liL,R =

(
νi
li

)
L,R

, (1)

where νiR are three RHNs interacting by SU(2)R. It is
accompanied by an extended Higgs sector consists of a
Higgs bi-doublet Φ, and SU(2)L,R triplets ∆L,R. The
Spontaneous Symmetry Breaking (SSB) structure of the
LRSM is

G T<ΛF−−−−−→
1st SSB

SU(2)L × U(1)Y
T<ΛW−−−−−→
2nd SSS

U(1)em.

Below the scale ΛF , the first SSB happens which breaks
the LR symmetry and gives a VEV to the SU(2)R triplet,

i.e. 〈∆R〉 6= 0. At this point, W±R , ZR, and Ni ≡ νi+νci
become massive. Next, when the temperature gets below
EW scale, T < ΛW , the Higgs bi-doublet acquires a VEV,
i.e. 〈Φ〉 6= 0, and second SSB occurs which gives Dirac
mass to the SM particles, active neutrinos included [20].

Now we add the inflaton, i.e. axion field, which is
coupled to the WR. As a concrete example we consider

SInf =

∫
d4x
√
−g
[
− 1

2
(∂µϕ)2 − V (ϕ) + L

WR

]
, (2)

L
WR

= −1

2
Tr[W µνW

µν ]R −
λϕ

f
Tr[W µνW̃

µν
]R, (3)

where WRµν is the strength tensor of WR, W̃
µν

R ≡
1
2
εµνλσ√
−gWRλσ, f . 10−1MPl, and λ . 1. For the sake of

generality, we assume V (ϕ) is an arbitrary axion poten-
tial, flat enough to support the slow-roll inflation. For in-
stance an axion monodromy inspired potential form [23].
This SU(2)-axion inflation model and its cosmic pertur-
bations has been studied in [8]. The SU(2)R-axion infla-
tion has two unknown fundamental scales, i.e., the scale
of inflation Λinf =

√
MPlH, and LR symmetry breaking

ΛF . Moreover, WR may or may not have a VEV in in-
flation. Thus, we can distinguish four different types of
scenarios.

Λinf > ΛF Λinf < ΛF
〈WR〉 = 0 I II
〈WR〉 6= 0 Iv IIv

Mass in
Inflation

mWR = 0
mNi = 0

mWR 6= 0
mNi 6= 0

Scenarios I and Iv describe the case Λinf > ΛF , while
II and IIv when Λinf < ΛF . The v subscript denotes
systems in which the SU(2)R acquires a VEV in inflation.
In this work, we focus on scenarios I and II, 〈WR〉 = 0,
and leave Iv and IIv cases for future works. The RH
fermions are coupled to the WR field and its axion as

LΨJR ⊃ Ψ̄JR

(
σµ[iDµ + g

R
WRµ]− λ̃ϕ̇

f

)
ΨJR, (4)

where λ̃ is a constant, Dµ is the spinor covariant deriva-
tive, and RH fermions are collectively shown as

ΨJR = {qiR, liR} where (J = 1, . . . , 6). (5)

Particle Production in Inflation

Due to conformal symmetry, the gauge fields associ-
ated with SU(3)c × SU(2)L × U(1)B−L group, as well as
all the left-handed fermions, are exponentially decaying
in inflation. However, theWR associated with SU(2)R is
coupled to the inflaton and sourced by it. Subsequently,
the generated SU(2)R gauge field produces RH fermions.
Note that the axion cannot create Weyl fermions [30]
and they are merely produced by WR. The main par-
ticle physical consequences of this setup as the inflation
physics are: i) P and C are maximally broken by the chi-
ral nature of the SU(2)R interaction with the axion, ii)
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CP , B, and L are all violated by the non-perturbative ef-
fects of the WR, i.e. chiral (Adler-Bell-Jackiw) anomaly
[24], iii) B − L is conserved (violated) in scenario type
I (type II), while B − L

SM
is violated in both scenarios,

and iv) out of thermal equilibrium condition holds during
inflation. Thus, all the Sakharov conditions required for
a BAU [25] are satisfied in inflation. The field equation
of WR is

(∂µ − igRWRµ)
[
W µν

R +
λϕ

f
W̃

µν

R

]
−m2

WR
W ν

R = 0, (6)

where g
R

is the gauge coupling of WR. A massless gauge
field (type I) with momentum k has two (transverse)
polarization states specified by the polarization vectors
e±(k) where k.e±(k) = 0. The massive gauge field (type
II) has an extra (longitudinal) mode with polarization
vector e3(k) = k/k and its zero component coupled to it
given by the constraint equation. Interestingly, the lon-
gitudinal mode and the zero component are decoupled
from the axion and decay in inflation. Thus we neglect
them and refer the interested reader to [22] for the de-
tailed calculations. Now we define the following slowly
increasing parameters

ξ ≡ λϕ̇

2fH
and ξ̃ ≡ λ̃

λ
ξ. (7)

Imposing the Bunch-Davies vacuum, the transverse
modes fa±, associated with e±(k) polarization states, are

fa±(k, τ) =
eiκ±π/2

(2π)
3
2

√
2k
Wκ±,µ(2ikτ), (8)

where τ is conformal time, Wκ±,µ is the W -Whittaker

function, κ± = ∓iξ, and µ2 = 1
4 −

m2
WR

H2 . The energy
density of WR is

〈ρWR
〉 '

(
H

MPl

)2

ρ̄ T (ξ,mWR
), (9)

where ρ̄ = 3M2
PlH

2, and T (ξ,mWR
) is a function of ξ

and mWR
shown in Eq. (S1). For ξ > mWR

, T increases
(decreases) exponentially with the increase of ξ (mWR

) as
T (ξ,mWR

) ∝ 1
(2π)2 e

2(ξ−|µ|)π, while for ξ < mWR
, it has

power-low behavior and softly increases with the increase
of mWR

(See Fig. S1). During slow-roll, ξ is an almost
constant (gradually increasing) parameter. As a result,
the axion slowly injects more and more energy into the
gauge field sector, and inflation is warm.

The generated gauge boson field produces RH leptons
and baryons in inflation. The anomaly of baryon and
lepton currents are respectively as

∇µJµRB = −
3g2

R

16π2
Tr[W µνW̃ µν ]R, (10)

∇µJµRL = −
3g2

R

16π2
Tr[W µνW̃ µν ]R + 2imNi ν̄iRνiR.(11)

However, the B and L violating interactions of the left-
handed fermions remains negligible in inflation. The to-
tal lepton number is related to the SM one as

nL = nL +
∑
i

nNi , (L ≡ LSM ) (12)

where nNi are the sterile neutrino lepton numbers. Using
Eq. (8) in (10), we find the baryon and lepton numbers
respectively as

nB ' −g2
R
H3K(ξ,mWR

), (13)

nL ' −H3
[
g2
R
K(ξ,mWR

) +
∑
i

ξ̃

π

(mNi

H

)2D(ξ̃,mNi)
]
,(14)

where K(ξ,mWR
) is the contribution of chiral anomaly (a

pure quantum effect) and D(ξ̃,mNi) is the contribution
of the mass term of RHNs (in type II scenarios). The
explicit forms of these prefactors are presented in Eq.s
(S2) and (S3), and their plots are shown in Fig. S2.
The prefactor K(ξ,mWR

) increases (decreases) with the
increase of ξ (mWR

) and for ξ > MWR
as

K(ξ,mWR
) ∝ 1

(2π)4
e2ξπ. (15)

The prefactor D(ξ̃,mNi) is of order one, and symmetric
wrt ξ̃. Net B − L asymmetry (L ≡ LSM ) created by
inflation is

ninf
B−L =

∑
i

ninf
Ni ' −α

inf
B−LH

3, (16)

αinf
B−L ≡

[g2
R

2
K(ξ,mWR

) +
∑
i

ξ̃

π

(mNi

H

)2D(ξ̃,mNi)
]
.

Evolution after Reheating

The study of the post-inflationary evolution requires to
specify our parameter space further. For the sake of con-
creteness, we restrict the current analysis by assuming
the following conditions: C1) A hierarchical mass spec-
trum for the RH neutrinos (as implied by the neutrino
oscillations) as

mN3
& 1012 GeV � mN2

& 109 GeV � mN1
, (17)

where N1 is much lighter than the EW scale, and with
feeble Yukawa interactions, i.e., a DM candidate. C2)
The CP-violating phases in the neutrino sector, uncon-
strained by the current data, are not enough to create the
observed BAU. C3) The post-inflationary generation of
RHNs with WR interactions via freeze-out and freeze-in
is negligible compared to their pre-existing relics.

Memory effect and remnant asymmetries: The spec-
tator effects have important impacts in the final values
of B, L and LN1 (DM relic density). These effects are
discussed in Sec. S2. The final B and L (≡ LSM ) are

nB(a) = 0.12 ninf
B−L

(ainf

a

)3
and nL(a) = −7

4
nB(a).
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N3,2 decay to lighter particles, while N1 freezes out soon
after inflation. Due to its feeble Yukawa interactions it
can account for the DM with a relic number density as

nN1
(a) = −

g2
R
H3

6
K(ξ,mWR

)
(ainf

a

)3
. (18)

FIG. 2. Evolution of B, L, and N1 at three stages; (Left)
Inflation, (Middle) Freeze-out of Nis, and (Right) EW scale.

Photon number density: Reheating starts at some
point after the end of inflation. Here, we consider the

phenomenological reheating model ρreh = ε
(
ainf
areh

)4
ρinf in

which ε is the efficiency of the reheating process and re-
lates ρreh and the energy density at the end of inflation,
ρinf (See S3). Thus the photon number density today
(geff,0 = 43

11 ) is

nγ,0 =
6
√

3ζ(3)

π2

( ε

geff,0

) 3
4 (HMPl)

3
2

(ainf

a0

)3
. (19)

Note that, due to condition C3, entropy injection by the
decay of heavier RHNs after reheating is negligible.

Demands imposed by C3: Negligible freeze-out and
freeze-in production of RHN by WR interactions requires

H

MPl

. A× 10−2ε−
1
2

(areh

ainf

)2( 1

g
R

mWR

MPl

) 8
3

, (20)

where A = 1
2

(
geff
102

) 1
2 is of the order one. C3 imposes an

upper bound on the scale of inflation. For the details of
the freeze-in production in this setup see [22].

Baryon to Photon Ratio: today we have

ηB,0 ≡
nB,0
nγ,0

' −1

3

αinf
B−L

ε
3
4

( H
MPl

) 3
2 . (21)

It is directly related to the amplitude of the primordial
curvature power spectrum Pζ(k) = Pζ(k0)( kk0 )

ns−1

as

ηB,0 ' −
2(2π)2

3

(
ε αinf

B−L

ε
3
4

)(MPl

H

) 1
2 Pζ(k0), (22)

where ε is the slow-roll parameter, ηB ' 6 × 10−10, and
Pζ(k0) ≈ 2×10−9 [26]. The scale of inflation, then, is

H

MPl

' 10−6 ε
1
2(

αinf
B−L
) 2

3

. (23)

Combining Eq.s (20) and (23), we find the allowed pa-
rameter space. Interestingly, it demands ΛF ≈ Λinf ,
i.e. the LR SSB should coincide with the geometrical
transition that ends inflation. More precisely, we need

HMPl ≈ g−2
R
m2
WR

. Moreover, the values of these pa-
rameters are within the natural range of parameters in
GUT theories [22]. For instance with a ξ ∈ (2, 4) and
∆N ≡ ln(arehainf

) & 2, we find 1
g
R
mWR

∼ 10−4 MPl and

H ∼ 10−8 MPl (See Sec. S3).

Cold Dark Matter Relic Density: The number
density of N1 neutrino today is nN1,0 ' 2.8 nB,0. If it
makes all the DM today, its mass is

mN1
≈ 1.8 mP ' 1.7 GeV, (24)

where mP is the proton mass. Since the production
mechanism is independent of the active-sterile mixing an-
gles, N1 can have a lifetime much larger than the age of
the Universe. Nevertheless, via its loop-mediated radia-
tive decay channel, it can decay to gamma-ray photons
with energy Eγ ≈ mN1/2 [31]. Thus, it may provide ob-
servable effects to be probed by gamma-ray telescopes.

Discussion

This letter introduced the SU(2)R-axion inflation
model embedded in the Left-Right symmetric extension
of the SM. It is a new framework for simultaneous baryo-
genesis and darkgenesis. One of the most well-studied
leptogenesis scenarios with new gauge interactions is the
LRSMs [27, 28]. Let us explore the differences between
previous studies and the current proposal. The scenarios
so far discussed in the literature rely on unconstrained
CP-violating phases in the neutrino sector. (a) a relic
abundance of RHNs is generated after reheating by WR

interactions via freeze-out or freeze-in mechanisms. (b)
the asymmetric decay of RHNs, then, creates matter
asymmetry. As an alternative mechanism, the current
proposal set parameters such that phenomena (a)-(b)
named earlier are negligible. The source of asymmetry is
spontaneous CP violation in the physics of inflation, and
the lightest right-handed neutrino is the cold dark mat-
ter candidate. Relic abundances of SM leptons, baryons,
and RHNs are generated by the chiral anomaly of WR

in inflation. Sufficient asymmetry does not require fine-
tuned masses for the heaviest right-handed neutrinos,
but it demands Λinf ≈ ΛF . Therefore this new frame-
work relates the scale of SU(2)R×U(1)B−L breaking with
the end of inflation and prefers scales above 1010 GeV .
Interestingly, it is in the range suggested by the non-
supersymmetric SO(10) GUT with an intermediate left-
right symmetry scale. Due to the common origin of in-
flation, cold dark matter, and baryon asymmetry it can
naturally explain the observed coincidences among cos-
mological parameters, i.e., ηB ≈ Pζ and ΩDM ' 5 ΩB

with mN1 ∼ 1 GeV .
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Here we merely discuss some essential calculations. A more detailed analysis is presented in [22].

S1. PARTICLE PRODUCTION IN INFLATION

The prefactor T (ξ,mWR
) in Eq. (9) is

T (ξ,mWR
) ≡

∑
σ=±

eσξπ

2(2π)2

∫
τ̃4d ln τ̃

[
∂τ̃W

∗
κσ,µ∂τ̃Wκσ,µ + (1 +

m2
WR

H2τ̃2
)W ∗κσ,µWκσ,µ

]
, (S1)

where τ̃ = k
aH and κ± = ∓iξ and µ2 = 1

4 −
m2
WR

H2 which is presented in Fig. S1.
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FIG. S1. The prefactor T (ξ,mWR) in Eq. (9) with respect to ξ and mWR . The left panel shows T (ξ,mWR) vs ξ and the right
panel shows it vs mWR .
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FIG. S2. The prefactors K(ξ,mWR) and D(ξ̃,mNi) in Eq.s (13) and (14). The left panel shows K(ξ,mWR) vs ξ for different

values of mWR and the right panel presents D(ξ̃,mNi) vs ξ̃ for different values of mNi .

The prefactor K(ξ,mWR
) in Eq.s (13) and (14) is the following momentum integral

K(ξ,mWR
) ≡ 9

4(2π)4

∑
σ=±

σeiκσπ
∫
τ̃3d ln τ̃W ∗κσ,µ(−2iτ̃)Wκσ,µ(−2iτ̃), (S2)

with the same µ and κσ values as Eq. (S1). K(ξ,mWR
) is shown in the left panel of Fig. S2. Moreover, the prefactor

D(ξ̃,mNi) in Eq.s (14) is the contribution of axion in the production of massive sterile neutrinos (in type II scenarios)
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in inflation. More precisely, apart from WR, the massive fermions can get generated by the background axion field as
well. However, the axion can not create chiral (massless) fermions. The reason is that a Peccei-Quinn type UPQ(1)

[29] rotation of fermions as Ψ → e−
iλ̃
f ϕΨ, removes the fermion-axion interaction and simply transforms the fermion

mass term as [30] mΨ → e
2iλ̃
f ϕmΨ. At the leading order, this effect can be captured as [22]

n̄Ni ≡
∫
d3k〈ν†iRνiR〉 = −H3ξ̄

∑
i

(mNi

H

)2D(ξ̃,mNi), (S3)

where n̄Ni is the the number density of massive RHNs generated by the background and the bar emphasises that,
unlike chiral anomaly, it is a classical effect. This calculation is more involved and is done analytically by the author
in [22]. Here we show D(ξ̃,mNi) in the right panel of Fig. S2. For |ξ̃| > 1, it has the following asymptotic forms

D(ξ̃,mNi) '

{
2
π

[
ln(

mNi
H )− ψ(0)

(1) + 1
2

]
(
mNi
H � 1),

− 4
3 |ξ̃| (

mNi
H � 1).

(S4)

S2. SPECTATOR EFFECTS IN LEPTOGENESIS ERA

Throughout the Early Universe, particles experience a whole cascade of interactions that eventually equilibrium in
the Early Universe. Many of them can potentially redistribute the initial asymmetries to the spectator degrees of
freedom. The spectator effects in this scenario are studied in [22]. Here we present a summary of these effects, i.e.,
sphaleron processes and lepton flavor effects.

Flavor Effects:

Due to a CP-violating source, by the end of inflation we have a lepton quantum state |linf〉 as

|linf〉 ≡
∑

α=e,µ,τ

C inf
α |α〉 where C inf

α = 〈α|linf〉, (S5)

where C inf
α are specified by physics of inflation. The composition of this primordial initial leptons and their CP

conjugated anti-leptons are different. Moreover, the CP violating decays of the heavy sterile neutrinos can modify
these initial states. The leptons produced in Ni decays can be described in terms of quantum states denoted as |li〉
that can be decomposed in SM flavor space as

|li〉 ≡
∑

α=e,µ,τ

Ciα|α〉 where Ciα = 〈α|li〉, (S6)

where Ciα are coefficients given by the leptonic Yukawa matrix. Note that |li〉s do not form an orthonormal bases,
i.e. in general 〈li|lj 6=i〉 6= 0. The processes has two stages of decay and wash-out, one for each of N3 and N2. Given
the mass hierarchy considered in (17), at second stage with T < 1012 GeV , the τ -lepton Yukawa interactions are
thermalized. Hence the evolution can distinguish between τ flavor and τ⊥ = e+ µ. That breaks the initial coherency
between components parallel and orthogonal to τ which demands separate Boltzmann equations for each.

The decay of Ni washes out the pre-existing asymmetry in the direction of heavy neutrino lepton flavor associated
with its decay, i.e., |li〉. while leaves its perpendicular components, i.e. |li〉⊥, unchanged. The geometry of this
evolution in the SM flavor space is illustrated in Fig. S3. After the second stage of RNH decays with T < mN2 , the
remnant asymmetry which remains unchanged by both washout effects is |linf〉3⊥2⊥ . This flavor-vector consists of two
incoherent components in τ and τ⊥ directions. Interestingly, eliminating the effect of this pre-existing asymmetry
requires tightly fine-tuned relations between the flavored decay rates, hence on leptonic Yukawa couplings, as well
as the flavor-space direction of the pre-existing lepton asymmetry. More precisely, one needs either i) |linf〉 coincides
with one of |l2〉 and |l3〉, or ii) |l2〉 and |l3〉 are perpendicular to each other and |linf〉 is in the plane of |l2〉 − |l3〉.
Given that |li〉 and |linf〉 are specified by different physical parameters, these fine-tuning assumptions are extremely
unnatural. In other words, the pre-existing asymmetry is memorized by cosmic evolution. In most of the parameter
space, the remnant asymmetry, np,f , is significant, i.e.

np,fB−L &
1

3
np,iB−L, (S7)

where np,i is the primordial value of asymmetry.
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FIG. S3. The geometrical illustration of flavor effects on washout processes of N3 and N2 in the SM flavor basis. The left
panel shows the leptonic states at the end of inflation. The middle panel shows the lepton states at T = mN3 and the right
panel presents the system at T = mN2 . Note that total elimination of the pre-existing asymmetry requires highly fine-tuned
relations between the flavored decay rates, hence on leptonic Yukawa couplings, and the flavor-space direction of the inflationary
asymmetry. More precisely, one needs either i) |linf 〉 coincides with one of |l2〉 and |l3〉, or ii) |l2〉 and |l3〉 are perpendicular to
each other which |linf 〉 is in the plane of |l2〉 − |l3〉.

Sphaleron Effects:

Finally the SU(2)L,R sphalerons reshuffle the asymmetry of left-/right-handed leptons and quarks. In our setup
the right-handed sphalerons are never in thermal equilibrium. Using the weak sphaleron effects and hypercharge
constraint, we find that B, L, and B− L are related as

nB = csphnB−L, (S8)

nL = (csph − 1)nB−L, (S9)

where csph = 28
79 is the sphaleron conversion factor. The combination of Eq.s (S7)-(S9) relates the final asymmetry to

its primordial value as

nB(a) = 0.12 ninf
B−L

(ainf

a

)3
, (S10)

nL(a) = −0.21 ninf
B−L

(ainf

a

)3
. (S11)

S3. PHENOMENOLOGICAL MODEL OF REHEATING

Reheating starts at some point, areh, after the end of inflation, ainf . Yet, the precise physics of reheating is not well
understood. Here to quantify our analysis, we use a phenomenological model for reheating. Depends on the details
of the post-inflation physics, there may be an intermediate phase X with the average equation of state wX which
connects them (See Fig. S4). In that case, the energy density of reheating is related to ρinf as

ρreh ≈
( ainf

areh

)3(1+wX)
ρinf . (S12)

We can write the above relation in the following phenomenological form

ρreh = ε ρinf

( ainf

areh

)4
, (S13)

where ε is the efficiency of the reheating process given as

ε ≈
( ainf

areh

)3wX−1
. (S14)
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FIG. S4. The energy density of Universe vs scale factor. The dashed (pink) line which connects inflation to radiation era is a
possible unknown intermediate phase with an average equation of state w = wX .

From the combination of Eq.s (20) and (23), we find

αinf
B−L & 10−6A− 3

2 e−
3
2 (3wX+1)∆N

(
g
R

MPl

mWR

)4

, (S15)

where A = O(1), and ∆N is the number of e-folds between end of inflation to reheating, i.e.

ainf

areh
= e−∆N . (S16)

The relation (S15) provides the parameter space in which the freeze-out and freeze-in production of RHNs after
inflation is negligible (condition C3), while the remnant of the primordial asymmetry has the right baryon to photon
ratio.
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FIG. S5. Left panel: the prefactor αinf
B−L in Eq. (16) vs ξ, with massless WR and Ni in inflation. Right panel: the prefactor

e−
3
2

(3ωX+1)∆N in Eq. (S15) vs ∆N = ln
(
areh
ainf

)
.

Two possible scenarios for the intermediate phase, i.e. X-era in Fig. S4, are: S-i) inflation ends in a short period
of matter domination with ωX = 0 with reheating efficiency parameter as

ε '
(areh

ainf

)
= e∆N > 1, (S17)

which implies

αinf
B−L & 10−6 e−

3
2 ∆N

(
g
R

MPl

mWR

)4
, (S18)
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or S-ii) inflation ends with domination of the kinetic term such that ωX = 1 and ε is

ε '
( ainf

areh

)2
= e−2∆N < 1, (S19)

which gives

αinf
B−L & 10−6 e−6∆N

(
g
R

MPl

mWR

)4
. (S20)

The necessary condition for C3 to hold is that ΛF & Λinf . On the other hand, sufficient baryon asymmetry requires
light WR in inflation (See Eq. 21 and Fig. S2). The above demand ΛF ≈ Λinf , i.e. the LR SSB should coincide with
the end of inflation. More precisely, we need HMPl ≈ g−2

R
m2
WR

where WR is light in inflation and mWR
is the mass

after inflation. It is indeed interesting that the LR symmetry breaking is related to a geometrical phase transition in
cosmology, i.e. the end of exponential expansion of the Universe.
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