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We demonstrate that the co-genesis of baryon asymmetry and dark matter can be achieved
through the rotation of an axion-like particle (but not the QCD axion), driven by a flip in the
vacuum manifold’s direction at the end of inflation. This can occur if the axion has a periodic
non-minimal coupling to gravity, while preserving the discrete shift symmetry. In non-oscillating
inflation models, after inflation there is typically a period of kination (with w = 1). In this case, it is
shown that the vacuum manifold of the axion is flipped and the axion begins rotating in field space,
because it can slide across the decreasing potential barrier as in Ricci reheating. Such a rotating
axion can generate the baryon asymmetry of the Universe through spontaneous baryogenesis, while
at later epochs it can oscillate as dark matter. The period of kination makes the primordial gravi-
tational waves (GW) generated during inflation sharply blue-tilted which constrains the parameter
space due to GW overproduction, while being testable by next generation CMB experiments. As
a concrete example, we show that such a cogenesis of baryon asymmetry and dark matter can
be realized for the axion as the Majoron in the Type-I seesaw setup, predicting mass ranges for
the Majoron below sub eVs, with right-handed neutrino mass above O(108) GeV. We also show
that in order to avoid fragmentation of the axion condensate during the rotation, we require the
non-minimal coupling ξ ∼ (f/mP )

2 or somewhat larger, where f is the axion decay constant.

I. INTRODUCTION

Cosmic inflation is a period of exponential
increase in the size of the Universe which ac-
counts for the otherwise fine-tuned initial con-
ditions of the hot Big Bang history, and is re-
sponsible for generating the primordial density
perturbations seeding structure formation [1–4].
The measurements of the cosmic microwave back-
ground (CMB) radiation, help us unravel the mi-
croscopic model of inflation which come in many
avatars. The recent CMB observations from the
Planck satellite mission [5] have led to severe con-
straints on several inflationary models but nei-
ther it has been able to yet pin down upon a spe-
cific scenario nor it has given us definitive insights
into embedding of the inflationary paradigm into
fundamental particle physics theory like that of
Grand Unification (GUT). Upcoming CMB mis-
sions like the Simons Observatory [6], the Lite-
BIRD satellite [7, 8] or the ground-based CMB
Stage 4 program [9], Ali CMB Polarization Tele-
scope [10] and CMB-Bharat [11] will be able
to further investigate on this direction, partic-
ularly so concerning the measurement of the
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tensor-to-scalar ratio r [12], which basically de-
picts the energy scale of inflation which is deter-
mined once the BB-mode correlations are mea-
sured and dark radiation measurements of ∆Neff .
This leads to important science targets to go be-
yond this paradigm and also test the indirect
evidence of such inflationary characteristics like
for instance, observable signatures like primordial
non-gaussianity which may point towards inflaton
interactions or the microscopic details of the re-
heating epoch in the post-inflationary epoch [13–
18].

Of particular interest are non-oscillatory mod-
els of inflation, which are driven by a runaway flat
direction in field space [19]. These have been fre-
quently envisaged when modeling quintessential
inflation [20] (for recent reviews see Refs. [21–
24]), where the inflaton and the quintessence [25]
fields are unified and cosmic inflation is treated in
the same theoretical framework as dark energy.

In quintessential inflation, because the inflaton
has to survive until the present and explain dark
energy, the Universe after inflation has to be re-
heated by means other than the decay of the in-
flaton field. A prominent mechanism for this is
Ricci reheating [26–28]. This amounts to a mini-
mal Hubble-induced reheating mechanism which
is based on the time-dependence and change of
sign of the Ricci scalar.

In scenarios with the inflationary paradigm
having non-oscillatory quintessential potential
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for the inflaton, rather generically in the post-
inflationary era, the Universe becomes dominated
by the kinetic energy density of the inflaton. This
period is called kination [29, 30]. The essential
idea of Ricci reheating in this framework is that,
any spectator scalar field non-minimally coupled
to gravity undergoes a second-order phase tran-
sition during the time when the Universe tran-
sitions from an inflating background to a kina-
tion dominated background when the Ricci scalar
changes sign and turns negative. In Ricci reheat-
ing, after the phase transition, the non-minimally
coupled scalar field undergoes coherent oscilla-
tions, which amount to particles that decay and
reheat the Universe [26–28, 31]. In this paper,
the above phase transition triggers a rotation in
field space.

In the most generic context there exists sev-
eral motivations of having spontaneously broken
global symmetries involving solutions to a myriad
of problems in the Standard Model (SM) of parti-
cle physics, to name a few, the Peccei-Quinn (PQ)
symmetry [32] as a solution to the strong CP
problem, lepton number or baryon number sym-
metry [33] in the context with the microscopic
origin the SM neutrino masses, and flavor sym-
metries to explain the structure of CKM quark
or PNMS neutrino mass matrices as explanation
of the observed pattern of the fermion masses
and mixings [34]. Nonetheless, the breaking of
any such symmetries inevitably leads to the exis-
tence of very light degrees of freedom, known as
Nambu-Goldstone bosons (NGB) which have dif-
ferent names in different physics contexts, namely
the QCD axion [35, 36] for the PQ symmetry, a
Majoron for lepton number [33], and a familon or
flavon [37–41] for the case involving flavor sym-
metry. For the purpose of this paper, we simply
focus on any such pseudo NGB or axion-like par-
ticle (ALP) generically but we dub it as “axion”
for the sake of simplicity (to avoid thermal correc-
tions, we do not consider the QCD axion). The
axions we study can even have a fundamental ori-
gin in the context of the string axiverse and can
be present in more avatars [42].

Such axion-like particles can couple to the
Standard Model through various interactions fol-
lowing gauge-invariance [43–47], in a manner sim-
ilar to that of the QCD axion. However, unlike
the QCD axion, their mass is generally unrelated
to the decay constant, leading to more possible
parameter space in axion experiments. These in-
teractions are suppressed by the symmetry break-
ing scale, and can occur with gluons, photons,
electroweak gauge bosons or fermions, and are be-
ing searched for in several experiments [48, 49]. In
our study, we will consider such interactions with
fermions carrying lepton number [50–52], which,
as we will see, has close connections with neutrino

mass generation and leptogenesis [51–54].
Now, the common lore is that the axion field is

initially static and misaligned at a non-zero field
value, and later oscillates when its mass becomes
comparable to the Hubble expansion rate of the
Universe [55–57]. However, the axion field may
instead be initially rotating in the complex field
space [30, 58–64]. Such an initial kick in the an-
gular direction is usually realized at high-radial
field values, through operators explicitly break-
ing the global symmetry. These dynamics at high
radial field values have been crucial in cosmol-
ogy, for e.g., in realizing Affleck-Dine baryogene-
sis [65]. Such setups have been explored further
in the context of baryogenesis [66], for modifying
the dark matter abundance through the kinetic
misalignment [67, 68], for cogenesis of both dark
matter and the baryon asymmetry [69, 70] and
also in several other related contexts [52, 54, 71–
83].

In this paper, we explore the possibility of
generating such a rotation of the axion, with-
out delving into the above route, such that the
radial mode still remains at the minima of its
potential. This can take place if the height of
the axion potential barrier keeps on decreasing,
such that the axion can slide over,in a simi-
lar manner to Ricci reheating [27, 28] (see also
Refs. [84, 85]). Such an alternative was ex-
plored recently in [86], with a time-dependent
axion decay constant, realized through symme-
try non-restoration. Here, we propose a scenario
where an axion couples non-minimally to gravity,
in a periodic form, thereby respecting the shift-
symmetry of any pNGB action [87]. In contrast
to Refs. [30, 58–61, 64], our rotating axion always
remains a spectator field. Because of its non-
minimal coupling to gravity which depends on
the cosmological background through the Ricci
scalar R, the axion vacuum manifold evolves de-
pending on the barotropic parameter w. While
w changes from −1 during inflation to +1 dur-
ing kination (right after inflation), the tilt of the
axion vacuum manifold flips in the opposite direc-
tion 1, generating an initial kinetic energy density
for the axion. Interestingly, if the Universe hap-
pens to be kination-dominated after inflation, the
potential barrier height being determined by the
cosmological background, redshifts and decreases
fast enough such that the axion can keep sliding
across the barrier, and hence rotate in the com-
plex field space.

We utilise such a dynamics of the axion field
to successfully generate both the baryon asym-
metry and the dark matter abundance, dubbed

1 Refs. [88, 89] considered a similar flip without utilising
the non-minimal coupling to gravity.
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as cogenesis. While the baryon asymmetry can
be generated during the rotation through spon-
taneous baryogenesis [90, 91], the dark matter
abundance can arise at a much later epoch, af-
ter the bare mass potential of the axion starts to
dominate over its kinetic energy density. The ob-
served value of baryon asymmetry constrains the
non-minimal coupling ξ, while the dark matter
abundance relates the axion decay constant to
its mass. Importantly, because of the kination-
dominated stiff era, the spectrum of the primor-
dial gravitational waves (GWs) generated during
inflation becomes blue-tilted for modes entering
the horizon during kination. Such an increase in
the GW amplitude tightly constrains our param-
eter space, because of an excess of GWs during
Big Bang Nucleosynthesis (BBN).
The paper is organised as follows: We discuss

our framework and idea in Section II, along with
the relevant constraints, especially on the non-
minimal coupling ξ. Section III discusses how the
axion rotation can be used to generate the baryon
asymmetry. In Section IV, we elaborate the axion
dynamics at later epochs leading to the observed
dark matter abundance. Section V reviews the
primordial gravitational wave spectra generated
during inflation, with the important lower bound
on the reheating temperature. In Section VI, we
demonstrate a viable particle physics setup to re-
alize our scenario. We discuss briefly the issues
related to axion fragmentation and Kibble prob-
lem, in Section VII and VIII respectively, along
with ways to overcome them. Finally, we present
our conclusions in Section IX.
Throughout the paper we use natural units

for which ℏ = kB = c = 1 and 8πG = m−2
P , with

mP = 2.43× 1018 GeV being the reduced Planck
mass. The signature of the metric is positive.

II. THE FRAMEWORK

The Lagrangian density of the model is

L =
1

2
m2
P γ

2(ϕ)R− 1

2
(∂ϕ)2 − V (ϕ) (1)

introduced in Ref. [87, 92, 93]. In the above,
(∂ϕ)2 ≡ ∂µϕ∂

µϕ and

γ2(ϕ) ≡ 1 + ξ [1− cos(ϕ/f)] , (2)

where the unity in the right-hand side denotes
the usual Einstein-Hilbert term, and

V (ϕ) =M4 [1− cos(ϕ/f)] , (3)

where ξ the non-minimal coupling of the axion
field ϕ to the Ricci scalar R, f is the axion decay

constant with 0 < f ≪ mP andM is the symme-
try breaking scale with 0 < M ≪ f . The above
Lagrangian density shows that the theory re-
spects the discrete shift symmetry ϕ→ ϕ+ 2πf .

When |ϕ| ≪ f , [1− cos(ϕ/f)] ≃ 1
2 (ϕ/f)

2.
Then, the theory in Eq. (1) becomes

L ≃ 1

2
m2
PR+

1

4

(
mP

f

)2

ξRϕ2−1

2
(∂ϕ)2−1

2

M4

f2
ϕ2 ,

(4)
which is reminiscent of the usual Lagrangian den-
sity of a scalar field with a non-minimal coupling
to gravity2. However, for a rotating axion the ap-
proximation |ϕ| ≪ f is not valid (0 ≤ ϕ < 2πf),
and we have to consider the full Lagrangian den-
sity in Eq. (1) without this approximation.

Equation (1) can be written as

L =
1

2
m2
PR− 1

2
(∂ϕ)2

−
(
M4 − 1

2
ξm2

PR

)
[1− cos(ϕ/f)] . (5)

The non-minimal coupling term is much smaller
than the Einstein-Hilbert term (which is domi-
nant) for ξ ≪ 1, but it can be compared withM4

that can be very small (e.g.,M4 ≪ ξm2
PR during

inflation). Therefore, for small ξ, we are effec-
tively in Einstein gravity with the non-minimal
coupling practically only contributing to the ef-
fective potential, as in Ricci reheating [26–28].

In FRW spacetime R = 3(1− 3w)H2, where w
and H are the barotropic and the Hubble param-
eter, respectively. We consider that our axion
is a spectator field in a non-oscillatory inflation-
ary scenario, where inflation (with w = −1) is fol-
lowed by a period of kination (with w = 1). We
see, therefore, that during inflation, the axion ef-
fective potential is

Veff(ϕ) ≃ −6ξm2
PH

2[1− cos(ϕ/f)] , (6)

while during kination we have

Veff(ϕ) ≃ 3ξm2
PH

2[1− cos(ϕ/f)] , (7)

where we have ignored M as it can be very small
as mentioned above. We see that the prefactor in
Veff changes sign. This means that the sinusoidal
axion effective potential changes phase, such that
the minimum, which is at ϕ = π f during infla-
tion becomes a maximum in kination, when the
minimum is at zero.
One can picture this effect as follows, see Fig. 1.

During inflation, the sinusoidal potential corre-
sponds to a tilted circle in field space. The axion

2 Refs. [94, 95] considered such a non-minimal coupling
of the axion to gravity, where the latter anticipated a
similar dynamics as in our scenario.



4
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Figure 1. Schematic diagram to visualise the evolution of the axion vacuum manifold through the cosmic
history. Left panel: Tilt of the vacuum manifold at the end of inflation. During inflation, the vacuum manifold
is depicted by the purple ellipse. The axion is driven to its minimum at ϕ = π f . After inflation, kination
begins. The vacuum manifold is tilted in the opposite direction, and it is now depicted by the red ellipse. Right
after the tilt changes, the axion finds itself at the maximum and starts rolling towards the new minimum, which
is now at ϕ = 0. Right panel: Evolution after inflation. While the axion rolls towards the minimum at ϕ = 0,
the tilt of the vacuum manifold diminishes with time (red ellipses), in tandem with the axion kinetic energy
density. This means that, the rotating axion can overcome the potential hill when climbing back the vacuum
manifold, because the hill has diminished accordingly. The figure also depicts the disappearing of the tilt at
reheating, when R = 0. The axion continues to rotate around an almost horizontal vacuum manifold (purple
ellipse), given that its potential is given by Eq. (3), with M very small.

field gradually rolls down to its minimum at π f
(The rolling will be justified later, see Eq. (9)).
At the end of inflation, as kination begins, the
circular vacuum manifold is tilted in the opposite
direction, such that the axion finds itself at the
peak of its potential, and starts rolling towards
the new minimum which is at zero.
We consider that the rolling axion remains

subdominant. After inflation, Eq. (7) sug-
gests that the maximum potential density is
V max
eff = 6ξm2

PH
2. Thus, we require

1 ≫ V max
eff

ρ
= 2ξ , (8)

where we considered ρ = 3m2
PH

2. Therefore,
ξ ≪ 1, consistent with our previous assumptions.

Following the same logic as Ref. [27] (see also
Refs. [28, 96, 97]), we expect that the rolling ax-
ion is not halted by the effective potential hill
at ϕ = π f after each cycle, because the size of
this hill is decreasing with time in the same way
that the energy density of the rolling axion is de-
creasing with time. Indeed, for the rolling axion,
if its roll is not impeded and does not lead to
oscillations, we have ρϕ ∝ a−6 ∝ t−2, where we

considered that a ∝ t1/3 during kination. In the
same way, the size of the effective potential hill
is V max

eff = 6ξm2
PH

2 ∝ t−2 becauseH = 1/3t dur-
ing kination.

For the rolling of the axion to oc-
cur we need that ||V ′′

eff || > ( 32H)2, where

||V ′′
eff || = 3ξm2

PH
2/f2. This condition suggests

ξ > 3
4 (f/mP )

2, such that the range of ξ is

3

4

(
f

mP

)2

< ξ ≪ 1

2
. (9)

This condition also makes sure that during in-
flation the axion is driven towards the minimum
expectation value ϕ = π f . Because the axion is
heavy during inflation, it does not undergo parti-
cle production. As a result, it does not introduce
an isocurvature perturbation.

At some point reheating takes place, when
a subdominant radiation energy density domi-
nates the Universe and the usual radiation era
of the hot Big Bang begins. During the radia-
tion era R = 0, which means that the axion be-
comes exactly canonical, with the potential given
in Eq. (3).

As we have assumed that M is very small,
we expect that the effective axion mass is
m2
ϕ = ||V ′′(ϕ)|| ≃M4/f2 ≪ H2 after reheating.

This means that the rotating axion eventu-
ally freezes with ϕ = O(f), until the decreas-
ing H(t) = 1/2t catches up with mϕ. At that
point, the axion unfreezes and begins coherent
oscillations in its potential, which soon becomes
quadratic with mass mϕ =M2/f . The energy
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density of the oscillating axion condensate de-
creases as pressureless matter such that ρϕ ∝ a−3

from now on. As a result, the axion condensate
eventually dominates the radiation background.
After that, a matter era begins, when

R = 3H2(t). However, this occurs very late, such
that m2

ϕ ≫ R and the axion remains approxi-
mately canonical. In principle, modifications of
gravity are switched on, but we can safely ignore
them because, when ϕ≪ f , Eq. (2) suggests that
γ2 ≃ 1 + 1

2ξ(ϕ/f)
2 ≈ 1. If the oscillating axion

dominates the Universe at the time of matter-
radiation equality, then it can be the dark mat-
ter.
A lower bound on the axion decay constant f

can be estimated as follows. The axion is the an-
gular direction of the complex field Φ = |Φ|eiθ,
with θ = ϕ/f . Perturbatively, we expect the po-
tential of |Φ| to be

V (|Φ|) ∼ λ(|Φ|2 − f2)2 , (10)

where 0 < λ ≲ 1 is its self-coupling constant. To
the above we add a temperature correction due
to interaction with the thermal bath

∆V (|Φ|) ∼ g2T 2|Φ|2 , (11)

where 0 < g ≲ 1 is the interaction coupling con-
stant. Therefore, the effective mass of |Φ| is

(meff
|Φ|)

2 ∼ −λf2 + g2T 2 . (12)

During inflation, the Universe is supercooled and
T → 0. Consequently, |Φ| = f and the axion ex-
ists. We would like our axion to keep exist-
ing so that, high temperature after inflation is
not enough to render (meff

|Φ|)
2 positive and send

|Φ| → 0. This means that there must be an up-
per bound on T such that

T < Tmax ∼ (
√
λ/g)f . (13)

Thus, assuming that λ ∼ g ∼ 1 and because
T ≥ Treh, a crude estimate of a lower bound on
f is f > Treh. However, we can do better than
that.
Assuming that the thermal bath is generated at

the end of inflation (there are many mechanisms
that do so naturally, e.g., by instant preheating
[98, 99] or Ricci reheating [26–28]), we obtain an
estimate of the maximum temperature Tmax in
the following way. After the end of inflation there
is a period of kination, when the density of the
Universe scales as ρ ∝ a−6, while radiation, which
appears at the end of inflation, scales as ρr ∝ a−4.
This means that

ρ

ρr

∣∣∣∣
end

=
ρ

ρr

∣∣∣∣
reh

(
areh
aend

)2

⇒
(
areh
aend

)2

∼ H2
endm

2
P

T 4
max

.

(14)

Now, for radiation we find

(
areh
aend

)2

≃

√
ρendr

ρrehr
∼ HendmP

T 2
reh

. (15)

Combining Eqs. (14) and (15), we find the bound

f > Tmax ∼
(
HendmPT

2
reh

)1/4
. (16)

This bound ensures that |Φ| ≠ 0 and the axion
always exists. Considering GUT-scale inflation
Hend ∼ 10−5mP . Then, because Treh ≳ 107 GeV
to avoid overproduction of gravitational radiation
at BBN (cf. Eq. (49)), we obtain

f ≳ 1011 GeV . (17)

This constraint is relaxed when we consider a re-
heating mechanism with Tmax closer to Treh (e.g.,
curvaton reheating [100, 101] or reheating be-
cause of primordial black hole evaporation [102])
or if the interaction of Φ with the thermal bath
is suppressed, g ≪1.

Before closing this section, we verify our claim
of axion rotation above by numerically solving the
equation of motion for the non-minimally coupled
axion in a kination background. The equation of
motion for θ = ϕ/f is given by

θ̈ + 3Hθ̇ + V ′(ϕ)/f = 0 , (18)

where V ′(ϕ)/f =
3ξm2

PH
2

f2 sin θ. Now, after the

end of inflation and flip of the axion vacuum man-
ifold, θ is located at θi = −π as explained ear-
lier. The axion receives an initial kick due to
the tachyonic mass at the top of the potential.
The magnitude of this quantum kick can be esti-
mated as δϕ = m/2π per Hubble time δt = H−1

[103], where m2 = −V ′′(θi) indicates the tachy-
onic mass-squared at the top of the potential.
Thus, the initial kinetic energy at θi = −π can
be estimated as

1

2
f2θ̇2i =

1

2

(
δϕ

δt

)2

≃ 3ξ

8π2

(
Hend

f

)2

H2
endm

2
P ,

(19)

where we considered Eq. (7). In the limit of large

ξ, i.e. ξ ≫ (f/mP )
2
, the maximum velocity at-

tained can be estimated as

1

2
f2θ̇2m ≃ 6ξm2

PH
2
end (20)

=⇒ θ̇m ≃
√
12ξmPHend

f
, (21)

where Hend denotes the Hubble scale at the end
of inflation (Hend ≃ 1013 GeV for GUT-scale in-
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flation).3 When ξ is close to the lower limit

(f/mP )
2
(cf. Eq. (9)), the Hubble friction be-

comes comparable to the effective mass, and the
axion is slowed down when it moves to the min-
imum. By this time, the potential energy also
decreases, and the above estimate of the velocity
θ̇m no longer holds.

However, we find that even for values of ξ close
to this lower range, the axion still rotates, albeit
very slowly. Recall that after reheating, the ax-
ion continues to rotate in an almost vanishing po-
tential determined by M (cf. Eq. (3)). We solve

Eq. (18) for θ(t) using the above value of θ̇i (from
Eq. (19)) as the initial condition at θi = −π. The
numerical results are demonstrated in Fig. 2, con-
sidering some benchmark values of ξ. The plot in
the left panel shows the evolution of θ, starting
from−π and subsequently crossing the barriers at
π, 3π, 5π, ..., which are shown by the red dashed
lines. The plot in the right panel shows the evolu-
tion of θ̇, H,

√
||Veff ||/f . Note that all these quan-

tities scale similarly (∝ 1/t), as explained earlier.
Thus, as long as the kinetic energy determined
by θ̇ is larger than the effective potential barrier√
||Veff ||/f , with the Hubble rate subdominant,

the rotation of the axion can persist. Note that,
after reheating, the axion continues to rotate un-
til θ̇ reaches M2/f , as discussed above.

III. BARYOGENESIS

The rotating axion can play a role in generat-
ing the baryon asymmetry of the Universe [51,
90, 91]. The important feature here is that the
required rotation can be generated from the ef-
fective potential flipping direction after inflation,
rather than explicit U(1) breaking operators in
the scalar potential with high radial field values as
required in the usual Affleck-Dine scenarios [65].
Because of this tilt, the axion can attain a non-
zero θ̇ and also climb up the potential barrier, as
we saw earlier (cf. Fig. 2). The amplitude of θ̇

scales as a−3, i.e. ||θ̇(t)|| = θ̇m (am/a(t))
3
. Re-

call that in the limit ξ ≫ (f/mP )
2
, θ̇m is given

by Eq. (21). The presence of this non-zero veloc-
ity spontaneously breaks CPT in the expanding
Universe, which in the presence of baryon num-
ber violating interactions in equilibrium can lead
to the generation of baryon asymmetry, through
spontaneous baryogenesis4 [51, 90, 91].

3 To avoid excessive isocurvature perturbations, since the
tachyonic kick is stochastic, we require θ̇i < θ̇m. This
translates into the bound 2f ≳ H/2π, which is compa-
rable to the bound discussed after Eq. (67).

4 Here, we don’t consider transfer of asymmetry from de-
cay of the rotating condensate [104–107], since we re-

The basic idea of spontaneous baryogenesis is
that a dynamical pseudo-scalar field (the axion
in our case) can generate an external chemical
potential for quarks and/or leptons. This can
happen through derivative couplings of the ax-
ion with fermion currents of the form xψ∂µϕj

µ
ψ/f ,

where ψ indicates a fermion with B − L charge
xψ and jµψ = ψ̄γµψ.

5 The presence of this cou-

pling with a non-zero θ̇, accompanied by a B
(or L) violating interaction in thermal equilib-
rium, causes an energy shift in particles (anti-

particles) proportional to θ̇(−θ̇), giving rise to
equilibrium values of the baryon or lepton asym-
metry as nB ∼ nL ∼ θ̇T 2. The essential part of
spontaneous baryogenesis is to generate a non-
zero θ̇ sufficiently large for generating the ob-
served asymmetry.

The production of asymmetry continues as long
as the baryon or lepton number violating interac-
tion remains in thermal equilibrium. When such
an interaction decouples, say at a temperature
TB−L, the asymmetry gets frozen to a constant
value, with the final yield of baryon asymmetry
given by

YB ≃ nB
s

≃
45cBT

2
B−Lθ̇(TB−L)

2π2g∗sT 3
B−L

≃ 45cB θ̇m
2π2g∗sTB−L

(
am
aB−L

)3

, (22)

where s is the entropy energy density and g∗s
denotes the entropy degrees of freedom. cB is
an O(1) factor to be calculated from the trans-
port equations [51]. Now, the decoupling can
take place before or after reheating. Note that
the thermal bath can exist even before reheat-
ing, where the reheating temperature Treh, is de-
fined as the temperature when the radiation en-
ergy density starts to dominate the Universe.

First, we consider Tmax > TB−L > Treh, where
we have

YB ≃ 45cB θ̇m
2π2g∗sTB−L

H(tB−L)

H(tm)
, (23)

where we used that during kination a ∝ H−1/3.
Now, the modified Hubble parameter during the
kination era can be written as

Hkin(T ) =
π
√
g∗√
90

T 2

mP

[
1 + G

(
T

Treh

)2
]1/2

,

(24)

quire it to behave as dark matter at late times.
5 The backreaction from such a term to the axion equa-
tion of motion is suppressed for large f [51], which is of
our interest (cf. Eq. (16)).
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Figure 2. Left panel: The rotation of the axion (θ), with the red dashed lines indicating the potential barriers
at −π, π, 3π, 5π, ... . The different colors denote different values of ξ, with rotation taking place even for
ξ = (f/mP )

2. Right panel: Evolution of θ̇, H,
√

||Veff ||/f from the end of inflation until reheating. The black

line denotes the Hubble parameter H, while the colored lines indicate θ̇ and
√

||Veff ||/f for several values

of ξ. The velocity θ̇ oscillates as the axion travels along the potential barriers. For large ξ, for instance
ξ = 1000 (f/mP )

2, the maximum velocity after half rotation θm is approximately estimated in Eq. (21), which
is shown by the dashed horizontal line. This is because the rotation period is much smaller than a Hubble time
so that the variation of the height of the potential hill is negligible. Note that the kinetic energy determined
by θ̇ becomes larger than the barrier height

√
||Veff ||/f , which leads to successful rotation. At t = treh, the

effective potential diminishes to the bare potential given by Eq. (3).

where G =
(
g∗(Treh)
g∗(T )

)(
g∗s(Treh)

g∗s(T )

)2
and

π
√
g∗√
90

T 2/mP is the Hubble parameter in a

radiation-dominated Universe. Here, g∗ is
the effective relativistic degrees of freedom
and considering G ≃ 1, which holds at high
temperatures, we have

H(TB−L) ≃
π
√
g∗√
90

T 3
B−L

mPTreh
. (25)

Using the above in Eq. (23), gives us

YB ≃ 3
√
30ξcB

2π
√
g∗

T 2
B−L

f Treh
, (26)

where we used the value of θ̇m given by Eq. (21)
and took Hend ≃ H(tm), because the time tm of
maximum kinetic energy density of our rotating
axion occurs half a rotation after the end of in-
flation. Considering the observed value of baryon

asymmetry, Y
(0)
B ≃ 8.7× 10−11 and the range of

ξ given in Eq. (9), we find that the decoupling
temperature obeys

Y
(0)
B 2π

√
g∗

3
√
15

f ≪ cB
T 2
B−L

Treh
≲
Y

(0)
B 4π

√
g∗

9
√
10

mP ,

(27)

or

4.8× 10−10

(
f

GeV

)
≪ cB

GeV

T 2
B−L

Treh
≲ 9.5× 108 ,

(28)

where we considered g∗ ≃ 100 in the second line.
On the other hand, in the case TB−L < Treh, we
have

YB ≃ 45cB θ̇m
2π2g∗TB−L

H(treh)

H(tm)

(
H(tB−L)

H(treh)

)3/2

≃ 3
√
30ξcB

2π
√
g∗

T 2
B−L

f Treh
. (29)

where we now used that during radiation domi-
nation a ∝ H−1/2. Note that the above result co-
incides with Eq. (26). This is because θ̇m ∝ Hm

and there is no extra source of entropy injection
into the bath.

IV. AXION DARK MATTER

Let us look into the requirements on M such
that our axion can be the dark matter. We as-
sume that the tilt of the axion vacuum manifold
already exists when V (ϕ) in Eq. (3) takes over
from the effective potential in Eq. (7). Other-
wise, after reheating our axion would continue to
rotate in a flat vacuum manifold with V (ϕ) = 0



8

until a phase transition produces the tilt, as is the
case with the QCD transition regarding the QCD
axion. In effect, we assume that, if a phase tran-
sition is responsible for the tilt, then this occurs
before the time when ρϕ ∼M4.

As mentioned already, during kination the en-
ergy density of the rotating axion decreases as
ρϕ ∝ t−2, which is also true of the dominant
background density ρ ∝ t−2. Thus, we expect
ρϕ/ρ =constant during kination. As in Ref. [28],
we expect that these rotations are not halted by
the potential hill of Veff in Eq. (7), because the
latter is diminishing in height as ||V ′′

eff || ∝ t−2.
After our axion starts rotating, we have

ρϕ
ρ

=
6ξm2

PH
2

3m2
PH

2
= 2ξ ≪ 1 , (30)

where we considered Eq. (8). This remains
(approximately) constant until the moment of
reheating, after which the energy density of
the dominant radiation background decreases as
ρ ∝ a−4. The axion energy density continues to
be dominated by the kinetic energy density, even
though the effective potential is no more (be-
cause R = 0 during the radiation era6), such that
ρϕ ∝ a−6. Thus, during this epoch we have

ρϕ
ρ

=
(areh
a

)2 ρϕ
ρ

∣∣∣∣
reh

=
H(t)

Hreh
2ξ , (31)

where we used that, in the radiation era
a ∝ t1/2 ∝ H−1/2, where H(t) = 1/2t.
The above remains valid until the moment

when the axion potential in Eq. (3) overwhelms
the decreasing kinetic energy density of the ro-
tating axion. The moment, denoted by ‘fr’, when
this occurs is obtained as

M4 ≃ ρfrϕ =

(
areh
afr

)6

ρrehϕ

=

(
Hfr

Hreh

)3

2ξρreh = 6ξ
H3

frm
2
P

Hreh

⇒ Hfr =

(
M4Hreh

6ξm2
P

)1/3

. (32)

6 To be precise, quantum effects arising because of the
trace anomaly of non-Abelian gauge theories [108] in-
duce a non-zero R, which for the SM can be approx-
imated as [94, 95, 109, 110] R ≃ 486

19π2 αs(T )2H2 ≃
0.037H2, where αs(T ∼ GeV)≃ 0.12 is the strong cou-
pling constant [111, 112]. The non-minimal coupling
introduces a mass-squared of order ∼ ξ(mP /f)2R (cf.
Eq. (4)). For ξ ∼ (f/mP )2, as suggested by Eq. (69),
we find that the trace anomaly gives rise to an ef-
fective mass O(10−1)H. Being smaller than H, such
mass does not affect the dynamics of the axion, namely
the freezing at Hfr (cf. Eq. (32)) and thawing when
Hufr ≃ M2/f (cf. Eq. (33)).

Provided M is small enough, once it ceases to
be kinetic dominated, the rotating axion freezes
with ϕfr ∼ f so that its residual potential energy
density is ρfrϕ ≃ V (ϕfr) ≃M4. The axion remains

frozen until H(t) decreases down to a value com-
parable to the axion mass

Hufr ≃ mϕ ≃ M2

f
, (33)

when the axion thaws and begins oscillating
around its VEV at zero.7 Soon after the ax-
ion stars oscillating in the potential in Eq. (3)
its density decreases as ρϕ ∝ a−3. Therefore, for
the remaining radiation era we have ρϕ/ρ ∝ a. If
the axion is to become the dark matter, it has
to dominate the Universe at the time of equality
of matter and radiation energy densities, denoted
by ‘eq’. Then, we have

1 ≃ ρϕ
ρ

∣∣∣∣
eq

=

(
aeq
aufr

)
ρϕ
ρ

∣∣∣∣
ufr

=
H

1/2
ufr

H
1/2
eq

M4

3H2
ufrm

2
P

∼
√
teq

M√
f

(
f

mP

)2

⇒ M ∼
√
mP

teq

(
mP

f

)3/2

. (34)

Using that teq ≃ 3.14× 1035 GeV−1, we obtain8

M ∼ 10−9 GeV

(
mP

f

)3/2

. (35)

A schematic showing the evolution of all the en-
ergy density components of the Universe is shown
in Fig. 3. From the above discussion it is clear
that the moment of freezing is unrelated to the
moment of unfreezing. A high reheating temper-
ature only ensures that the axion remains frozen
for a longer time since a large Hreh corresponds
to a large Hfr, as determined by Eq. (32).
For this freezing period to exist at all, we need

Hfr > Hufr. In view of Eqs. (32) and (33), this
results in the bound

Treh > Tmin
reh ≡

√
ξ M

(
mP

f

)3/2

, (36)

where we used
√
Hreh ∼ Treh/

√
mP .

7 We do not consider any other interactions of our axion
to the matter sector.

8 Note that a large value of f , needed for the backreaction
to be negligible, also leads to a small value of M .
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reh

M4

eq
ufrfr

ρr	∝	a-4

ρφ	∝	a-3

ρφ	∝	a-6

ρ	∝	a-6
ln	ρ

ln	a
DERadiation MatterKinationIn

fla
tio
n

Radiation
Inflaton
Axion
V	eff

Figure 3. Schematic showing the evolution of the energy densities of the different components of the Universe
in our scenario. The solid lines indicate the dominant component. We have assumed a model of quintessential
inflation, such that the inflaton condensate gives rise eventually to the dark energy (DE) at present, but this
is merely a possibility; our mechanism would operate with any non-oscillatory model of inflation followed by a
period of kination.

Let us consider a specific example. As-
sume that the axion decay constant is at the
scale of grand unification (GUT-scale), such that
f/mP ∼ 10−2. Assume also that inflation takes
place at GUT-scale, such that H ∼ 10−5mP .
Then, Eq. (9) suggests that 10−4 ≪ ξ < 1.
Eqs. (33) and (35) give M ∼ 10−6 GeV and
mϕ ∼ 10−20 eV. Taking ξ ∼ 10−4, the bound in
Eq. (36) suggests that Treh > 10−5 GeV. The lat-
ter is well satisfied, because the reheating tem-
perature must be higher than the temperature at
the time of BBN, Treh > 10−3 GeV. In terms of
baryogenesis, when choosing the extreme value
of ξ as in the above example, producing the ob-
served baryon asymmetry requires (see Eq. (28))
TB−L ≃ 8× 107 GeV, for Treh ∼ 107 GeV. Later
in Sec. VI, we show an explicit model with such
order of TB−L.

If the bound in Eq. (36) is violated though,
it does not mean that our mechanism for axion
dark matter does not work. It simply means that
the field never freezes. This can happen if mϕ

catches up with Hubble (H < mϕ ∼M2/f) be-
fore the kinetic energy reaches the potential bar-
rier M4, thus switching to the vacuum potential
in Eq. (3). In this case, while it is still rotat-
ing, the axion becomes subject to the potential in
Eq. (3), stops rotating and begins coherent oscil-
lations around its minimum at ϕ = 0. We expect
this to occur if the reheating temperature is lower
than Tmin

reh in Eq. (36).

V. GRAVITATIONAL WAVES

It is well known that the observed energy spec-
trum of primordial gravitational waves (GW)
generated during inflation is affected by the ther-
mal history after inflation [30, 113–116]. The GW
amplitudes are damped on subhorizon scales, i.e.,
hk(τ) ∝ k−3/2ak/a(τ), where k

−3/2 is due to the
fact that the GW power spectrum is nearly scale-
invariant in the vanilla slow-roll inflation (as in
our model). Here the subscript ‘k’ denotes the
moment that the length scale of wavenumber k
reeneters the horizon during the hot Big Bang.
Using the relationship9 k = akHk ∝ a−(1+3w)/2,
namely, replacing ak by k

−2/(1+3w), we derive the
GW energy spectrum as10

ΩGW(ν) ∝ νβ , where β = 2
w − 1/3

w + 1/3
, (37)

where ν is the GW frequency. Hence, for modes
that reenter the Hubble horizon during radiation
domination (RD), when w = 1/3, the observed
GW energy spectrum is flat, while for modes that
reenter the horizon during kination, with w = 1,
correspond to a blue-tilted spectrum. For the ex-
tremely low-frequency GWs whose modes reen-
ter the Hubble horizon during matter domination
(w = 0), its energy spectrum is red-tilted. We

9 Obtained using a ∝ t2/3(1+w) and H ∝ 1/t.
10 For the detailed calculations, readers may refer to, e.g.,

Ref. [116].
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Figure 4. The current GW spectrum (blue), choosing values of reheating temperature Treh given in Table
I. The different gray solid lines indicate the future sensitivity reaches of several experiments for ∆Neff , i.e.
BBN+CMB, CMB-S4/PICO, CMB-HD, COrE/EUCLID (see Table I), and hence to the peak of the GW
energy spectra given by Eq. (45). In the figure, the lowest possible values of Treh are shown. If Treh were even
lower (and kination lasted longer) then the peak in the spectrum of GWs would violate the BBN bound (Eq.
(50)), depicted by the horizontal gray band on top of the figure.

can simply parametrize the observed GW energy spectrum as

ΩGW(τ0, ν) ≃ ΩRD
GW


ν/νreh , νreh < ν < νend

1 , νeq < ν < νreh

(νeq/ν)
2 , ν0 < ν < νeq

, (38)

where ΩRD
GW is a constant representing the GW

density parameter of modes that reenter the hori-
zon during RD. For GUT-scale inflation (Hend ∼
10−5mP ), we have ΩRD

GW ∼ 10−17. The observed
frequencies νend, νreh, νeq, and ν0, correspond to
the GWmodes that reenter the horizon at the end
of inflation, the onset of RD, the radiation-matter
equality, and the present horizon, respectively.
The lowest frequency of the stochastic GW

background is estimated as

ν0 =
H0

2π
∼ 10−19 Hz , (39)

where H0 ∼ 10−33 eV is the Hubble constant.
Similarly,

νeq =
Heq

2π

aeq
a0

≃
√
ρeq

2π
√
3mP

aeq
a0

∼ 10−18 Hz ,

(40)

where we ignored the dark energy domina-
tion and considered Teq ∼ 1 eV. Given that
Hend ≃ 10−5mP (GUT-scale inflation) and
Hreh = π√

90mP

√
g∗ T

2
reh, as well as aend/a0 ≃

T0/Tend ≃ TCMB/(ρend)
1/4 ∼ 10−28, where

TCMB ∼ 10−13 GeV, we derive

νend =
Hend

2π

aend
a0

∼ 109 Hz . (41)

The frequency νreh is related to the reheating
temperature Treh as

νreh = νend
Hrehareh
Hendaend

= νend

(
Hreh

Hend

)2/3

∼ 10−12 Hz

(
Treh
GeV

)4/3

. (42)
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According to Eq. (38), the peak amplitude is

Ωpeak ≡ ΩGW(τ0, νend) = ΩRD
GWνend/νreh

∼ 104
(
GeV

Treh

)4/3

. (43)

Now, since the GW background acts as an extra
radiation component, they can contribute to ex-
tra relativistic degrees of freedom during BBN,
parametrised by the quantity ∆Neff . Since the
value of ∆Neff is being measured by several ex-
periments, it can be used to put a constraint
on the GW amplitude and subsequently on the
value of the reheating temperature Treh. We re-
quire [117–119]∫ νend

νBBN

dν

ν
Ω

GW
(ν)h2 ≤ 7

8

(
4

11

)4/3

Ωγh
2 ∆Neff ,

(44)

where Ωγh
2 ≃ 2.47 × 10−5 corresponds to the

relic density of the radiation measured today, and
νBBN ∼ 10−11Hz. Applying Eqs. (38) and (43),
we obtain

Ωpeak h
2 ≲

7

8

(
4

11

)4/3

Ωγh
2 ∆Neff , (45)

or

Ωpeak h
2 ≲ 5.6× 10−6∆Neff . (46)

Thus, Eq. (45) gives

Treh ≳ 1.7× 1016GeV

(
ΩRD

GW

Ωγ∆Neff

)3/4

, (47)

or

Treh ≳
5.8× 106 GeV

∆N
3/4
eff

, (48)

where we used Eq. (42). Using the current value
from the Planck observations (∆Neff = 0.17), we
get the lower bound on the reheating temperature
and the peak of GW spectrum (43) as

Treh ≳ 2.2× 107 GeV , (49)

Ωpeakh
2 ≲ 7.3× 10−7 . (50)

While this constraints our parameter space,
several other future experiments can be sensitive
to lower values of ∆Neff and thus can test our pre-
dicted value of Treh. In Table I, we present the
current bounds and future sensitivities of several
experiments which can probe ∆Neff , along with
the corresponding Treh (from Eq. (48)) that can
be tested.

VI. A CONCRETE EXAMPLE

As an explicit example to realise B−L vio-
lating interactions, we consider the Type I see-
saw framework, where the Majorana mass term
of right handed neutrinos (RHNs) provides the
source for the lepton number violation. Consider-
ing the RHN mass to be generated from a sponta-
neous breaking of global UB−L symmetry, we have
the Majoron as the pseudo Nambu Goldstone Bo-
son [33, 126]. Such a Type I seesaw framework
has been utilised in [52] for spontaneous baryo-
genesis using conventional and kinetic misalign-
ment, and also recently in [86]. Note that we
consider the contribution to the baryon asymme-
try from the CP-violating decay of RHNs, i.e.,
the vanilla thermal leptogenesis to be absent or
suppressed.

The relevant seesaw Lagrangian is given by

−Lseesaw =
∑
i,j

YNi
ΦN̄ c

iN
c
j +

∑
i,α

YDαi
l̄αH̃N c

i + h.c. ,

(51)

where N indicates the right-handed neutrinos
and H, l are the SM Higgs and lepton doublets
respectively. i, j, α run from 1 to 3. Note that
the angular mode of the complex scalar Φ plays
the role of Majoron, and undergoes the dynamics
discussed in the preceding sections. The Majo-
rana masses of N are generated from Φ as MN =
YNf/

√
2, giving light neutrino mass mν through

the usual seesaw mechanism as mν ∼ Y 2
D v2/MN ,

where v is the vacuum expectation value (VEV)
of the standard model Higgs.

In such a framework, any lepton number vi-
olating interactions such as the inverse decays
(lH → N) tend to erase or “wash-out” the
created asymmetry in the conventional thermal
leptogenesis. However, in the case of sponta-
neous baryogenesis, the inverse decays of RHNs
in equilibrium can provide the required B−L vi-
olating interaction required for the generation of
asymmetry, acting rather as a “wash-in” term11.
In the strong-washout regime, the asymmetry
is effectively frozen when the inverse decays
go out of equilibrium at a temperature around
Tdec ∼MN/zfo, where zfo is around O(10), de-
pending on the model parameters and the back-
ground cosmology. The created lepton asymme-
try finally gets converted to the baryon asymme-
try when the electroweak sphaleron decouples at
TEW ≃ 130GeV.
In Fig. 5, we show the viable parameter space

for generating the observed DM relic along with

11 For details, readers may refer to Ref. [52].
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∆Neff Experiments Treh

0.17 Planck legacy data (combining BAO) [5] 2.2× 107 GeV
0.14 BBN+CMB combined [120] 2.5× 107 GeV
0.06 CMB-S4 [121],PICO [122], CMB-Bharat [11] 4.8× 107 GeV
0.027 CMB-HD [123] 8.7× 107 GeV
0.013 COrE [124], EUCLID [125] 1.5× 108 GeV

Table I. Current bounds and future sensitivity reaches for ∆Neff along with the corresponding reheating
temperatures Treh in Eq. (48).

Figure 5. Predictions for cogenesis of dark matter and baryon asymmetry in the Type I seesaw setup with
Majoron, considering MN = 107, 5 × 109 GeV in the left and right panel, respectively. The gray-shaded
regions are ruled out from the BBN bound on GW (see Eq. (50)), whereas in the green-shaded regions ξ
lies outside the allowed range given by Eq. (9). Above the blue-dashed line, the symmetry of the scalar
potential might get restored (see discussion at the end of Sec. II). Below the red solid contour in the right
panel plot, the B-L violating interactions are out of equilibrium because of faster expansion of the Universe
(see text). The different black lines indicate the future sensitivity reaches of several experiments for ∆Neff with
solid, dashed, dot-dashed and dotted corresponding to BBN+CMB, CMB-S4/PICO/CMB-Bharat, CMB-HD,
COrE/EUCLID respectively (see Table I).

the baryon asymmetry in the mϕ − Treh plane,
considering two benchmark values of the RHN
mass: MN = 107 GeV, and 5 × 109 GeV in
the left and right panels, respectively. For these
values of mass, considering mν ∼ 0.05 eV, the
Dirac Yukawa couplings are fixed through seesaw
as YD ∼ 7 × 10−5 and 10−3, respectively. For a
given value of the Majoron mass, the decay con-
stant is fixed through Eq. (35), which is denoted
in the upper X-axes. The gray shaded regions are
ruled out from overproduction of GWs, as given
by Eq. (50). The red contours indicate differ-
ent values of ξ along which we can have cogene-
sis of DM and the baryon asymmetry, following
Eqs. (26) and (35).

The inverse decay rate can be written as [127]

ΓID ≃ ΓN
K1(z)

K2(z)

neqlN (z)

neqll (z)
, (52)

where z = MN/T . n
eql
N , neqll denotes the equilib-

rium number densities of RHN and SM leptons
respectively and ΓN ≃ |YDαi

|2MN/16π is the
RHN decay rate. K1(z) and K2(z) are the Bessel
functions of the first and second kind respectively.
Thus, the inverse decays are in equilibrium when
the above rate is larger than the Hubble expan-
sion rate, until zfo as mentioned above. For in-
teractions in a kination-dominated Universe, the
decoupling occurs earlier, since the Universe ex-
pands faster, with a larger Hubble rate (cf. Eq.
(24)). Thus, comparing the inverse decay rate
with the Hubble [52, 128], we find zfo decreases
slightly for TB−L > Treh.

For sufficiently low reheating temperatures, the
Hubble rate turns large such that the inverse de-
cays cannot be in equilibrium. The region be-
low the red thick contour in the right panel plot
for MN = 5 × 109 GeV indicates this, while in
the left panel the bound from GW overproduc-
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tion is much stronger. In the green-shaded re-
gions ξ lies outside the allowed range given by
Eqs. (9) and (28). The lower bound on ξ be-
comes important for a higher value of decoupling
temperature (cf. Eq. (28)), as seen in the right
panel plot for the heavier RHN mass. Above
the blue-dashed contour, the value of f becomes
lower than the maximum temperature of the bath
Tmax, which can potentially disrupt the VEV of
the scalar potential as discussed earlier. As we
will see in the next two sections, it is favorable
for ξ to lie close to the lower bound of the range
in Eq. (9). Thus, the benchmark chosen in the
left-panel (MN = 107 GeV) becomes unfavorable
due to constraints from GW overproduction.

Additionally, we need to have the decoupling of
B−L violating interaction during the axion rota-
tion, i.e. TB−L > Tfr, which we find to be trivially
satisfied for this model. Finally, note that in this
parameter space, the freezing period may or may
not exist depending on whether Hfr > Hufr ≃ mϕ

is satisfied or not. However, this does not change
our results.

The constraints discussed above are model-
independent, once the decoupling temperature
TB−L is given, which in our case is primarily de-
termined by the RHN mass scale MN . Apart
from these constraints, in order to have the Ma-
joron as the dark matter candidate in our model,
it needs to be cosmologically stable. The Ma-
joron can decay into light neutrinos with a decay
rate given by Γϕ→νν ≃ mϕ

16πf2

∑
jm

2
νj . Thus, the

stability criteria is given by Γ−1
ϕ→νν ≳ τU , where

τU ≃ 250 Gyr [129–133]. Considering the cur-
rent upper bound on the sum of neutrino mass∑
jm

2
νj ≃ (0.05eV)2, we get the upper bound on

the Majoron mass as mϕ ≲ 30 MeV. Since, the
interactions of Majoron with the standard model
originate from the YD term, the interactions are
suppressed by the light neutrino mass mν .

Hence, testing our above predictions of light
Majoron mass of sub-eVs becomes highly chal-
lenging. However, as discussed in Section V, our
scenario can be probed through the blue-tilted
gravitational wave spectra appearing because of
the kination domination era. The requirement of
cogenesis of baryon asymmetry and dark matter
abundance predicts specific values of the reheat-
ing temperature (see Fig. 5), which determines
the frequency νreh given by Eq. (42), which in
turn indicates the start of the blue-tilted spectra.
Although tightly constrained by BBN bounds
as discussed earlier, such a positive slope can
be tested [116] by future experiments like BBO
[134, 135], UDECIGO [136, 137], and also by
proposed high-frequency resonant-cavity experi-
ments [138, 139] in the MHz-GHz regime, see Ref.
[140] for a review. Moreover, the ∆Neff values

from the GW background, can be within reach
of several near-future CMB experiments (cf. Ta-
ble I), which are shown by different black lines in
Fig. 5.

Finally, our example also has some predictions
for light neutrino mass as follows. Using the see-
saw formula (mν ∼ Y 2

D v2/MN ) and the condition
for the dark matter abundance (cf. Eq. (35)), the
light-neutrino mass can be related to the Majoron
mass as

mν ∼ 3× 104 v
Y 2
D

YN

( mϕ

GeV

)1/4(GeV

mP

)3/4
v

GeV
(53)

From the experimental constraints of neutri-
noless double β-decay from KATRIN, the di-
rect neutrino mass measurement gives [141],
mν ≤ 0.8 eV and future sensitivity can reach
upto mν ≤ 0.2 eV. Thus, Majoron masses below
O (GeV), can be indirectly tested at these neu-
trino experiments. The scenario becomes more
predictive considering that it gives rise to the
baryon asymmetry during the rotation phase,
since YN is determined (TB−L ∼ MN

zfo
∼ YNf

zfo
) im-

posing Eq. (26). Considering ξ ∼ (f/mP )
2 (cf.

Eq. (69)), the light neutrino mass is predicted to
be

mν ∼ c
1/2
B

( v

246 GeV

)( 10

zfo

)(
107 GeV

Treh

)1/2

×
(

YD
6.3× 10−2

)2

eV.

(54)

Hence, the setup has complementary tests in GW,
CMB and neutrino experiments.

VII. AXION FRAGMENTATION

Our setup can lead to the enhancement of ax-
ion fluctuations, which can lead to a significant
loss of kinetic energy of the rotating axion, even-
tually stopping the variation of the axion. This
can happen through parametric resonance of cer-
tain values of wave numbers. This phenomenon
known as axion fragmentation was first studied
in detail in Ref. [142] and further explored in
Refs. [143, 144]. In Ref. [143], it was shown that
the axion can be fragmented even before getting
trapped, if the mass is much larger than the Hub-
ble rate during trapping, i.e., mϕ/Hufr ≫ O(1).
Basically, this means that when H reaches mϕ,
the axion still has larger kinetic energy than the
barrier, thus delaying the conventional oscillation
time. Recall that in our case the trapping poten-
tial given by Eq. (3) is different from the initial
potential (Eq. (7)) over which the axion starts
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to roll, and we have mϕ ≃ Hufr during trapping,
at least for the case when Hfr > Hufr (subject
to Eq. (36)). However, during the initial rotation
in the kination domination, parametric resonance
may be important, as it can stop the rotation of
our axion. We investigate this danger below.
The axion field can be decomposed into the

homogeneous mode and fluctuations as

Θ(t,x) = θ(t) + δθ(t,x) . (55)

The equation of motion for the Fourier modes
δθk(t) is given by [142, 143]

δθ̈k + 3Hδθ̇k +

[
k2

a2
+ V ′′(ϕ)

]
δθk = 0 , (56)

where k here denotes the comoving momentum

and V ′′(ϕ) =
3ξm2

PH
2

f2 cos(ϕf ) with H = 1/3t dur-

ing kination. We closely follow Refs. [142, 143],
and derive some approximate analytical condi-
tions for fragmentation, and compare our ana-
lytical estimates with the numerical solution of
the above equation.
In the limit of H = 0, the above equation has

instability bands around θ̇/2, with a width de-
pending on V ′′(ϕ), obeying

θ̇2

4
− 3ξm2

PH
2

2f2
≲
k2

a2
≲
θ̇2

4
+

3ξm2
PH

2

2f2
. (57)

Expanding the square root, the above band can
be approximated as |ka − kcr

a | ≲ δkcr
a , where

kcr
a

=
θ̇

2
, and

δkcr
a

=
3ξm2

PH
2

2f2θ̇
. (58)

Note that the band moves because of redshift as
well as change in θ̇. Additionaly, the physical
momentum also redshifts as k/a.
The exponential growth of δθk is given by

δθk ∝ exp

[√
( δkcra )2 − (ka − kcr

a )2 t

]
. Thus, the

maximum growth is around exp (
3ξm2

PH
2

2f2θ̇
t). Now,

the inclusion of the Hubble term in the equation
of motion (56) provides a source of friction for
suppression of the growth. Thus, in order for the
modes to grow, we should have

H <
3ξm2

PH
2

2f2θ̇
⇒ 3ξm2

PH

2f2θ̇
> 1. (59)

The above condition gives us a conservative upper
bound on ξ as

ξ ≲ 5.3

(
f

mP

)2

(60)

where we used Eq. (21) for the initial velocity θ̇m
and 12(2/3)2 ≃ 5.3. Note that violating the above

condition does not necessarily imply that the ax-
ion would be fragmented. To see if the modes
would grow, one has to integrate the growth fac-
tor within the exponent over the time that the
modes stay inside the instability band [142, 143],
which can be very small. In this work, we don’t
derive a full analytical expression for this growth
but rather solve Eq. (56) numerically along with
the background homogeneous equation (cf. Eq.
(18))for θ, to see if our condition in Eq. (60)
holds12.
Recall that, after reheating, the effect of the

non-minimal ξ-term vanishes and mass term from
the vacuum potential in Eq. (3) is not large
enough to lead to growth as discussed above. We
define k∗ = k

m∗a∗
, where ‘∗’ indicates quantities

evaluated at the reheating temperature. In Fig. 6,
we show our numerical results for a benchmark
set of values f = 10−6mP , Treh = 108 GeV, k∗ =
100. The left panel shows the evolution of δθk
(multiplied by k3/2, making it dimensionless) for
several values of ξ. Interestingly, as anticipated,
we see that the growth happens only if ξ is greater
than

[
O(102)−O(103)

]
× (f/mP )

2, which is sig-
nificantly relaxed compared to blue the bound
in Eq. (60). We find similar behavior for other
benchmark parameters. In the right panel, we
show the evolution of the instability band, given
by Eq. (57), along with the physical momentum
k/a, for ξ = 105(f/mP )

2. We see that the band
is very narrow as expected, and so the time spent
by the k-mode inside the band is very little.

An upper bound on ξ close to our numerical
results can be derived as follows [143]. During
the amplification, the velocity and the scale factor
can be written as

θ̇(t) = θ̇(tk) + θ̈(tk)(t− tk) ,

a(t) = a(tk)[1 +H(tk)(t− tk)] , (61)

where the subscript ‘k’ indicates the time when
the mode is at the center of the instability band
given by Eq. (58). Here, we consider θ̈ and H to
be constant during the amplification. Using the
above in Eq. (57), the total amplification time,
i.e. the time spent inside the instability band, is
found to be

tamp = 2|∆t| ≃ 2× 3ξm2
PH

2

f2θ̇(tk)|H(tk)θ̇(tk) + θ̈(tk)|
.

(62)

where ∆t(−∆t) corresponds to the time taken to
reach the band’s upper (lower) edge. Thus, the

12 We consider adiabatic initial conditions for Eq. (56),
sourced by the curvature perturbations [143–145].
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maximum growth during the amplification is ap-
proximately given by

Nk ≃ exp

(∫ tamp/2

−tamp/2

3ξm2
PH

2

2f2θ̇(tk)
dt

)
(63)

≃ exp

(
(3ξm2

PH
2)2

f4θ̇(tk)2|H(tk)θ̇(tk) + θ̈(tk)|

)
. (64)

Hence, for the fluctuations to grow significantly,
we need to have the term inside the exponent

to be greater than unity. Using θ̇(t) = θ̇m
H(t)
Hm

,

θ̈(t) = −3H(t)θ̇(t) and our relation for θ̇m (see
Eq. (21)), we arrive at the following bound on ξ

ξ ≲
4

9
(12)3

(
f

mP

)2

≃ 768

(
f

mP

)2

. (65)

Comparing with Fig. 6, we can see that it agrees
quite well with our numerical results13. There-
fore, the lower part of the range in Eq. (9) is
quite safe against fragmentation of the rotating
axion condensate, for which we can have success-
full baryogenesis as well, as discussed in Section
III. In fact, in the next section we argue that it
may be preferable for ξ to be not much larger
than (f/mP )

2.
We leave a detailed study of axion fragmen-

tation including improved analytical results and
numerical solutions with backreaction effects in
such a scenario for future studies.

VIII. THE KIBBLE ISSUE

Our setup considers an ever-existing axion,
during and after inflation, with the radial mode
|Φ| = f ̸= 0 always. This means that there is no
phase transition which can give rise to topological
defects through the Kibble mechanism.
However, our rotating axion suffers from the

Kibble mechanism problem in a different way.
This problem has to do with the fact that, af-
ter the end of inflation, the axion rotation can
be clockwise or anticlockwise, at random. Con-
sequently, originally causally disconnected areas
at the end of inflation may correspond to oppo-
site orientations for the axion rotation. What
would happen when the growth of these originally
causally disconnected areas brings them in con-
tact? Most probably, the rotation will be halted.

13 This bound is even more relaxed because the growth of
the fluctuations does not necessarily imply fragmenta-
tion of the axion, where the latter takes place only when
the energy density of the fluctuations become compara-
ble to that of the background homogeneous mode.

However, we can use to our advantage the fact
that our axion is also present during inflation.14

Indeed, we can avoid the Kibble problem by con-
sidering a slight misalignment of the expectation
value of the axion at the end of inflation from the
value ϕ = π f .

To achieve this, we have to assume that the ef-
fective mass-squared of the axion during inflation
is not larger than H2 after all. As a result, the
axion undergoes particle production and its con-
densate diffuses around the minimum π f , such
that the mean-squared field is [146, 147]

⟨ϕ̄2⟩ = 3H4

8π2m2
ϕ

≃ 1

16π2ξ

(
f

mP

)2

H2 , (66)

where ϕ̄ ≡ ϕ− π f and we used that near
the effective minimum ϕ̄ ≈ 0 we have that
Veff ≃ 1

2 (6ξm
2
P /f

2)H2ϕ̄2 as suggested by Eq. (6).

Requiring the value of ⟨ϕ̄2⟩ to be larger than
H2/4π2 at the end of inflation, so that quan-
tum fluctuations cannot lift the field up the peak
of the effective potential, results in the bound
ξ < 1

4 (f/mP )
2. Thus, the lower bound in Eq. (9)

is mildly violated.
There is a lower bound on ξ, obtained by the

requirement that ⟨ϕ̄2⟩ ≪ (π f)2 for otherwise the
axion condensate would spread all around its vac-
uum manifold.This is not necessarily bad, but we
would like to avoid it, to be close to the mini-
mum during inflation, and obtain the maximum
kinetic energy density for the axion, after infla-
tion ends and the vacuum manifold is flipped. In
view of Eq. (66), this requirement is equivalent to
ξ ≫ 1

16π4 (H/mP )
2. Thus, the range of ξ is now

1

16π4

(
H

mP

)2

≪ ξ <
1

4

(
f

mP

)2

. (67)

For the above range to exist we simply require
π f ≫ H/2π, which means that the axion cannot
be pushed over the effective potential hill in a
few (about 60) e-folds, where the typical quantum
jump is δϕ = H/2π per e-fold.
Thus, at the end of inflation, after the flip of the

axion vacuum manifold, which switches the mini-
mum from π f to zero, our axion does not find it-
self quite at the top of the effective potential hill,

but displaced by the amount ϕ = π f −
√

⟨ϕ̄2⟩,
where ⟨ϕ̄2⟩ is given in Eq. (66) and, without loss
of generality, we assumed that the quantum dif-
fusion during inflation has pushed the conden-
sate to values smaller (not larger) than the π f .
Importantly, even though quantum diffusion is

14 In contrast to Ref. [96], which also considers the Kibble
problem for a rotating axion.
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Figure 6. Left panel: Evolution of the axion fluctuations for different values of ξ, exceeding f2/m2
P . Substantial

growth can be seen with the increase in the value of ξ. Right panel: Evolution of the instability band along
with the physical momentum (see Eq. (57)). Note that the fluctuations in the left panel grow around the time
when the mode enters the band.

random and the condensate spreads equiprobably

in the domain (π f −
√
⟨ϕ̄2⟩, π f +

√
⟨ϕ̄2⟩) this is

from a global perspective. In our observable Uni-
verse, inflation homogenises the value of the con-
densate, as is the case in the curvaton paradigm
[148, 149].
Therefore, we expect the axion to roll only in

one direction (e.g. clockwise) in the observable
Universe, which evades the concerns of the Kibble
problem. It also avoids another possible criticism
of our setup. This has to do with the fact that
the second-order phase transition which follows
the change of tilt of the axion vacuum manifold,
would be a waterfall transition, as in Ricci reheat-
ing, and is expected to proceed in a stochastic
manner [28, 84, 85], that might not end up with
the dynamics we discussed in Sec, II. Having our
axion displaced from the maximum of the effec-
tive potential, as suggested by Eq. (66), implies
that the transition is not waterfall, and our treat-
ment is better justified. The price to pay is that
we have to make sure that excessive isocurvature
perturbations are avoided.15

Another important point is that ξ has to gradu-
ally increase during kination if the axion is to roll
at all, because the latter requires ||V ′′

eff || > H2.
For this to happen ξ needs to grow by a couple of
orders of magnitude, if we are close to the upper
bound in Eq. (67). One possibility is to consider
a running ξ(σ) as [150–155]

ξ(σ) = ξ0

[
1 + β ln

(
σ2

µ2
+ 1

)]
, (68)

15 This is quite feasible for a rotating axion, e.g. see
Ref. [63].

where σ is the inflaton field, µ is a constant en-
ergy scale and ξ0, β are dimensionless constants
which depend upon the microscopic details of the
model.

During slow-roll inflation, since the inflaton is
light, σ is almost invariant so that ξ is approx-
imately constant, as assumed. During kination,
however, σ fast-rolls such that σ ∝ ln(t/tend), so
that ξ ∝ ln[ln(a)], were a ∝ t1/3. This means that
ξ is not changing fast, and considering it approx-
imately constant is a good approximation. The
total roll of the inflaton depends on how early
reheating occurs, and it can be several orders of
magnitude. It then depends on the values of µ
and more importantly of β in Eq. (68) to see how
much ξ changes. However, changing ξ by an order
of magnitude seems quite realistic.

Therefore, we should tune the required value
of ξ to be close to the boundary value

ξ ∼
(

f

mP

)2

, (69)

i.e. near the edge of both ranges in Eqs. (9) and
(67). It is such a value that was assumed in the
example at the end of Sec. IV, while, as shown in
Sec. VII, it is also safe from fragmentation of the
axion condensate.

Recall that in this low range of ξ, our estimate
of θ̇m given by Eq. (21) is unreliable. However,
the relevant physical quantity to track is the av-
erage value of θ̇, which remains approximately
equal to the potential barrier height (cf. Fig. 2).
This is what we used in Eq. (21). Hence, our es-
timate of the baryon asymmetry is expected to
remain valid as an order of magnitude, even with
ξ around the value given by Eq. (69). We leave a
detailed numerical simulation for future studies.
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Now, using the above value of ξ, we can find a
lower bound on the RHN mass scale as follows.
Combining Eqs. (26) and (69), it is straightfor-
ward to find

T 2
B−L

Treh
∼ YBmP ∼ 108 GeV , (70)

where we used YB ∼ 10−10. Thus, if for example
Treh ∼ 1010 GeV we find TB−L ∼ 109 GeV. Con-
sidering the BBN bound Treh ≳ 107 GeV, we get
TB−L ≳ 3 × 107 GeV. In the case of our con-
crete example, discussed in Sec. VI, for zfo around
O(10), this gives a lower bound on the RHN mass
as MN ≳ 3× 108 GeV.

IX. CONCLUSION

In this work, we investigated an attractive
way to generate rotation for an axion-like par-
ticle (which is not the QCD axion), if it is non-
minimally coupled to gravity, respecting the shift-
symmetry. Such a rotation is generated when
the effective potential of the axion flips at the
end of inflation, providing the axion enough ki-
netic energy to surpass the potential barrier. This
becomes possible if inflation is followed by a
kination-dominated epoch (w = 1), when the ax-
ion potential barrier redshifts in the same way as
its kinetic energy, i.e. as a−6. We find that for
the axion to roll and remain sub-dominant, the
value of ξ is constrained to be in the range given
by Eq. (9). We utilize such an axion rotation
to generate the baryon asymmetry through spon-
taneous baryogenesis. The final baryon asym-
metry, given by Eq. (26), is found to depend
on the initial kinetic energy of the axion deter-
mined crucially by the non-minimal coupling ξ
and the decay constant f , and its subsequent red-
shift which depends on the reheating temperature
Treh. Additionally, the asymmetry is determined
by the decoupling temperature of the baryon or
lepton number violating interaction TB−L, which
depends on the details of the particle physics
setup. The axion continues to rotate even after
reheating until the kinetic energy becomes com-
parable to the height of the bare mass potential
(given in Eq. (3)), determined by M , after which
the coherent oscillation of the axion can behave
as dark matter, relating the axion decay constant
to its mass through Eq. (35).
The presence of the kination-dominated epoch

leads to a substantial enhancement of the stochas-
tic gravitational wave background from inflation.
The blue-tilt of such a GW spectrum is deter-
mined by the reheating temperature. In order
not to overproduce GWs during BBN, the reheat-
ing temperature is constrained to be greater than

O(107)GeV (Eq. (49)), which substantially con-
strains the viable parameter space.

We also investigated the danger of the frag-
mentation of the axion condensate as well as
effects of the Kibble issue, which could de-
stroy our mechanism. In both cases we found
that we need the non-minimal coupling to be
ξ ∼ (f/mP )

2 to avoid difficulties. For successful
baryogenesis in this case, we find the condition

T 2
B−L ∼ Y

(0)
B mPTreh, where Y

(0)
B = 8.7× 10−11 is

the final yield of baryon asymmetry.

We applied our mechanism to a concrete exam-
ple of Majoron in the well-motivated Type I see-
saw model, where our framework can be utilized
for the cogenesis of baryon asymmetry and dark
matter, with the viable parameter space shown in
Fig. 5. It is important to note that in our mecha-
nism of flipped axion rotation, although the same
axion field is responsible for cogenesis, the poten-
tial (shown in Eq. (7)) playing role in baryoge-
nesis during rotation differs from that (shown in
Eq. (3)) generating the dark matter abundance
during oscillation. Thus, the axion mass mϕ is
unconstrained from the observed baryon asym-
metry (cf. Eq. (26)), which opens up a larger
parameter space unlike in other axion rotation
scenarios. In our example, the Majoron mass is
generally predicted to take any value in the range
below sub-eVs. On the other hand, the decou-
pling temperature TB−L is tightly constrained by
bounds from GW overproduction and issues re-
lated to fragmentation and the Kibble problem
discussed earlier. As a result, in our example,
the RHN mass which determines TB−L is con-
strained to be larger than around 108 GeV (see
the discussion after Eq. (70)). While considering
mν ∼ 0.05 eV and the Yukawa couplings to obey
the perturbativity bound, MN and Tmax can be
upto the GUT-scale.

Our scenario is very predictive and favors spe-
cific values of the non-minimal coupling ξ, which
for instance, considering GUT-scale decay con-
stant f ∼ 10−2 mP is around 10−4. These pre-
dictions can be indirectly tested by GW experi-
ments like BBO, UDECIGO and resonant cavi-
ties, which can be sensitive to the blue tilt (see
Fig. 4). Morever, the predicted values of ∆Neff

coming from the GW background can be within
the sensitivities of several experiments such as
CMB-S4, CMB-HD, EUCLID (cf. Table I, Figs. 4
and 5). In the example we considered, one can
also have complementary tests in neutrino ex-
periments (cf. Eq. (54)). Our idea can also
have interesting phenomenology for other particle
physics models including the QCD axion, which
we leave for future exploration.
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