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We propose a mechanism called axiogenesis where the cosmological excess of baryons over an-
tibaryons is generated from the rotation of the QCD axion. The Peccei-Quinn (PQ) symmetry may
be explicitly broken in the early universe, inducing the rotation of a PQ charged scalar field. The
rotation corresponds to the asymmetry of the PQ charge, which is converted into the baryon asym-
metry via QCD and electroweak sphaleron transitions. In the concrete model we explore, interesting
phenomenology arises due to the prediction of a small decay constant and the connections with new
physics at the LHC and future colliders and with axion dark matter.

Introduction.—One of the goals of fundamental
physics is to understand the origin of the Universe.
For this purpose, the Standard Model (SM) of particle
physics needs an extension to explain the cosmological
excess of matter over antimatter. Mechanisms to gener-
ate the baryon asymmetry have been intensively studied
in the literature under the name of baryogenesis [1–8].

The SM also needs an extension to explain the small-
ness of CP violation in QCD [9] which on theoretical
grounds is expected to be large [10]. This is known as
the strong CP problem and can be elegantly solved by the
Peccei-Quinn (PQ) mechanism [11, 12]. The so-called the
PQ symmetry is spontaneously broken to yield a pseudo
Nambu-Goldstone boson, the axion [13, 14]. The PQ
symmetry is explicitly broken by the quantum effects of
QCD of the Adler-Bell-Jeckiw type [15, 16]. The quan-
tum effects give a potential to the axion and drive the
axion field value to the point where CP symmetry is re-
stored, solving the strong CP problem. The axion is also
a dark matter candidate [17–19], which makes the PQ
mechanism even more attractive.

We discover that when the PQ mechanism is intro-
duced into the SM, the baryon (B) and lepton (L) asym-
metries are generated in a wide class of models. We call
the following baryogenesis scheme as axiogenesis, which
in general includes two main ingredients: 1) an asymme-
try of the PQ charge is generated in the early universe
as a coherent rotation in the axion direction and 2) the
PQ asymmetry is later transferred to the B+L asymme-
try via the QCD and electroweak sphaleron transitions.
We contrast axiogenesis with other existing baryogenesis
models after we introduce a concrete example. (We may
convert the B+L asymmetry into the B−L asymmetry
by some B−L breaking interaction. The investigation of
such a scenario will be considered in a future work [20].)

The PQ symmetry is an approximate global symmetry
which is explicitly broken by the QCD anomaly. Given
that the symmetry is not exact, it is conceivable that the
PQ symmetry is significantly broken in the early uni-
verse, and the rotation of the axion is induced. In fact,
it is expected that quantum gravity does not allow for a
global symmetry [21–25] and the PQ symmetry is at best

understood as an accidental symmetry explicitly broken
by higher dimensional operators [26–29]. Even when one
requires that this explicit breaking not spoil the solution
to the Strong CP problem in the present universe, the
rotation can still be induced from such interactions in
the early universe as we will describe. Another example
is a larger QCD scale in the early universe [30–33], which
can initiate the axion oscillation and, once the QCD scale
becomes small enough, the axion begins to rotate.

A fast rotation of the axion corresponds to a large
PQ charge asymmetry. The PQ asymmetry is converted
into chiral asymmetries of SM quarks via QCD sphaleron
transitions. The chiral asymmetries are then converted
into the B + L asymmetry via electroweak sphaleron
transitions. Although the chiral symmetries are explic-
itly broken by the SM Yukawa couplings and hence the
asymmetries are constantly washed out, the large PQ
asymmetry continuously sources the chiral asymmetries
and a nonzero baryon asymmetry remains in a quasi-
equilibrium state. We may also consider a model with a
weak anomaly of the PQ symmetry, as is the case with
the KSVZ model [34, 35] embedded into grand unification
and the supersymmetric DFSZ model [36, 37]. In such a
model the PQ asymmetry is directly converted into the
B + L asymmetry via electroweak sphaleron transitions.

Baryon asymmetry from axion rotation.—We
discuss a minimal version of axiogenesis that achieves the
conversion between the PQ asymmetry nPQ in the form

of the axion rotation θ̇ and the baryon asymmetry solely
by the SM QCD and electroweak sphaleron processes.
We define nPQ with the following normalization,

nPQ = 2 θ̇f2
a , (1)

where θ ≡ φa/fa, φa is the axion field, and fa is the ax-
ion decay constant. Here we simply assume the rotation
exists, while we present a concrete model to initiate the
axion rotation in the next section.

The rotation introduces a bias between the creation
and destruction of quark chiral asymmetries in QCD
sphaleron transitions. The transitions are efficient and
the chiral asymmetries reach nonzero equilibrium values.
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The chiral asymmetry is then converted into the B + L
asymmetry by electroweak sphaleron transitions. If the
PQ symmetry has a weak anomaly, the PQ asymmetry
is directly converted into B + L asymmetry. With the
detail given in the Supplemental Material, we find that,
before the electroweak phase transition, the baryon num-
ber density nB is given by

nB = cB θ̇T
2, cB ' 0.1− 0.15 cW . (2)

Here cW is the weak anomaly coefficient of the PQ
symmetry normalized to that of the QCD anomaly.
The sphaleron process becomes ineffective after the elec-
troweak phase transition and the baryon asymmetry is
frozen. The resultant asymmetry normalized by the en-
tropy density s is

YB =
nB
s

=
45cB
2g∗π2

θ̇

T

∣∣∣∣∣
T=Tws

' 2× 10−3
( cB

0.1

) θ̇(Tws)

Tws
, (3)

where Tws is the temperature below which the elec-
troweak sphaleron transition becomes ineffective and g∗
is the effective degrees of freedom in the thermal bath.

For θ̇ required to reproduce the baryon asymmetry, the
axion continues to rapidly rotate even around the QCD
phase transition. Even when the axion mass becomes
comparable to the Hubble expansion rate, the oscillation
does not occur because the kinetic energy of the rotation
is still much larger than the barrier of the axion cosine
potential. The actual oscillation around the minimum
at the zero temperature is delayed until when the ki-
netic energy becomes comparable to the potential energy
of the axion. Therefore, the axion abundance becomes
enhanced in comparison with the conventional misalign-
ment mechanism [17–19]. (We will explore this new dark
matter production mechanism in a future work [38].)

As derived in the Supplemental Material, assuming PQ
charge conservation, θ̇ is a constant before the PQ break-
ing field reaches the minimum, whereas θ̇ ∝ a−3 there-
after, with a the scale factor. Assuming the latter case
at the weak scale, we find the axion abundance

Ωah
2

ΩDMh2
' 35

(
fa

108 GeV

)(
130 GeV

Tws

)2(
0.1

cB

)
, (4)

to be much larger than the observed DM abundance
ΩDMh

2 for fa satisfying the astrophysical constraints [39–
45], the SM prediction Tws ' 130 GeV [46], and cB =
O(0.1-1). We require either 1) the axion rotation is
damped after the electroweak phase transition, 2) the
electroweak phase transition occurs earlier than the SM
prediction, or 3) cB � O(1) because of a large coefficient
of the weak anomaly.

When the Higgs couples to particles with masses above
the electroweak scale, it is possible that the electroweak
phase transition occurs at a high temperature, and the

Higgs eventually relaxes to the electroweak scale. We
present a toy model in the Supplemental Material.

A large weak anomaly coefficient is possible in multi-
field extensions of the Kim-Nilles-Peloso mechanism [47–
52], as considered in [53]. Assuming axion dark matter,
the axion-photon coupling is

|gaγγ | =
α (cW + cY )

2πfa
' 3× 10−10 GeV−1

(
130 GeV

Tws

)2

,

(5)

where α is the fine structure constant. Here this pre-
diction assumes that the hypercharge anomaly coeffi-
cient cY of the PQ symmetry is negligible. For Tws =
130 GeV, this large coupling is excluded by the limit from
CAST [54], |gaγγ | < 0.66 × 10−10 GeV−1. However, the
contribution from the hypercharge anomaly can reduce
or even exactly cancel the coupling.

We treat the rotation as a background field. A small
portion of the PQ asymmetry is converted into the quark
chiral asymmetries which are washed out by the Yukawa
couplings. The washout interaction is suppressed by a
small up quark Yukawa coupling yu because in the limit
of a vanishing yu, a linear combination of the PQ sym-
metry and the up quark chiral symmetry is exact and
washout does not occur. As is shown in the Supplemen-
tal Material, the washout rate of the PQ asymmetry is

ΓPQ ∼ α3
y2
uT

3

V 2
eff

, (6)

where α3 is the strong fine structure constant and Veff

is the field value of the PQ symmetry breaking field,
which in the early universe does not necessarily coincide
with the vacuum one VPQ = NDWfa/

√
2 with NDW the

domain wall number. For large temperatures, washout
seems effective, but in our concrete realization discussed
in the next section, washout is ineffective due to suppres-
sion by a large Veff at high temperatures.

We comment on the similarities and the differences of
axiogenesis with the models in the literature. In spon-
taneous baryogenesis [55, 56], baryon asymmetry is gen-
erated by a chemical potential of baryons given by the
motion of a pseudo Nambu-Goldstone boson. The chem-
ical potential is provided by the oscillation or the slow
motion of the boson field driven by an explicit symme-
try breaking potential. In axiogenesis, explicit breaking
is effective only at higher energy scales and drives the
rapid rotation of the axion instead. As a result, axiogen-
esis is compatible with the QCD axion. Also, in spon-
taneous baryogenesis the oscillation itself washes out the
PQ asymmetry, and the B + L asymmetry needs to be
converted into B−L asymmetry e.g. by the seesaw oper-
ator, which is not required in axiogenesis. Baryogenesis
using the chemical potential provided by the rotation of
the QCD axion is mentioned in [57] but the conversion
of the PQ asymmetry into the B + L asymmetry by the
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QCD and/or weak anomaly is not considered. Baryoge-
nesis via the oscillation of the (QCD) axion by a large
mass, the weak anomaly of the PQ symmetry and the
seesaw operator is considered in [58]. Baryogenesis by
the chemical potential of the weak Chern-Simon number
is utilized in the local electroweak baryogenesis [59, 60]
and other models in [61–63], where the chemical poten-
tials are provided by the Higgs fields and the gluon con-
densation, respectively.

Affleck-Dine Axiogenesis.—In this section we con-
tinue the investigation of a concrete realization of axio-
genesis by evaluating θ̇. To generate the PQ asymmetry,
we employ the idea of Affleck-Dine [1] in a supersymmet-
ric theory, even though supersymmetry is not essential to
axiogenesis. (See [64] for a non-supersymmetric Affleck-
Dine mechanism.) We assume that the PQ symmetry is
explicitly broken by a higher dimensional operator in the
superpotential,

W =
P d+1

Md−2
, (7)

where P is the PQ symmetry breaking field and M is
a mass scale. This explicit breaking can generate the
PQ asymmetry. (It is also possible to initiate the axion
rotation by another PQ charged scalar which does not
obtain a large field value in the present universe. Such
scalars can be the scalar component of the heavy quarks
in the KSVZ model or the scalar superpartners and the
Higgs fields in the DFSZ model. This may break the
electroweak symmetry and one must make sure that the
electroweak symmetry is restored at some point in the
early universe, so that the conversion of the PQ asym-
metry into the B + L asymmetry occurs.)

We require that the PQ symmetry breaking field P has
a flat PQ invariant potential in order to obtain a large
enough condensate and the PQ asymmetry. Examples
include 1) a model with the PQ symmetry breaking by
dimensional transmutation due to the running of the soft
mass [65],

V = m2|P |2
(

ln
|P |2

V 2
PQ

− 1

)
, (8)

2) a two-field model with soft masses,

W = X(PP̄ − V 2
PQ), Vsoft = m2

P |P |2 +m2
P̄ |P̄ |

2, (9)

where X is a chiral multiplet whose F -term fixes the
PQ symmetry breaking fields P and P̄ along the mod-
uli space PP̄ = V 2

PQ, and 3) PQ symmetry breaking by
quantum corrections in gauge mediation [66–68]. Then
in the early universe, if the PQ symmetry breaking field
receives a sufficiently negative Hubble induced mass, the
PQ symmetry breaking field obtains a large initial field
value. The explicit PQ symmetry breaking in Eq. (7) is
then effective, causing a potential and thus a motion in
the angular direction.

To be concrete we assume that the potential of the ra-
dial direction of P , called the saxion S with mass mS ,
is well approximated by a quadratic potential at large
field values. We also assume a negative Hubble induced
mass of P . Then the PQ symmetry breaking field value is
determined by the balance between the Hubble induced
mass term and the F -term potential given by the super-
potential in Eq. (7),

V (S) ∼ −H2S2 +
S2d

M2d−4
. (10)

When Si is large, the saxion mass is mainly given by a
gravity-mediated mass mS,g, which is comparable to the
gravitino mass m3/2. As the Hubble scale H drops below
the mass mS,g, the PQ symmetry breaking field begins
oscillating with an initial saxion field value Si

Si ∼
(
m2
S,gM

2d−4
) 1

2d−2 . (11)

The explicit PQ symmetry breaking given by the A-term
associated with the superpotential in Eq. (7),

V (P ) ∼ dm3/2
P d+1

Md−2
+ h.c., (12)

is not negligible. Hence, while the saxion starts to oscil-
late, explicit breaking kicks PQ symmetry breaking field
toward the angular direction with a speed of order m3/2.
The asymmetry of the PQ charge given by the angular
motion is, at the beginning of the oscillation,

nPQ,i = 2 θ̇if
2
i ∼

4

NDW
m3/2S

2
i , (13)

where the angular misalignment from the minimum is
assumed to be O(1). It is convenient to normalize the
asymmetry by the number density of the saxion,

nPQ

nS
≡ ε, ε ∼ 8

NDW

m3/2

mS,g
, (14)

because this is a redshift-invariant quantity. The scaling
of nPQ ∝ a−3 can be understood as a result of PQ charge
conservation. The parameter ε is expected to be order
unity and is treated as a free parameter in what follows.
(We assume that the potential of the radial direction is
not shallower than the quadratic one, so that the possible
instability to form solitons [69–73] is absent.)

The energy density of P must be depleted eventually
by thermalization in order to avoid overclosure. After
P is thermalized, only the energy density of the radial
mode is depleted, while the energy density associated
with the rotation remains. This is because it is ener-
getically favorable to keep most of the charge in the form
of rotation rather than particle excitations. This energy
density ρPQ scales the same way as matter, ρPQ ∝ a−3,
when Veff � VPQ and then scales as kination, ρPQ ∝ a−6,
when Veff ' VPQ. Therefore, ρPQ simply redshifts away
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and no further depletion mechanism is needed. Rigorous
discussions of the dynamics are given in the Supplemen-
tal Material.

In the remaining of this section, we derive the expres-
sion for the baryon asymmetry. The PQ charge stored in
the axion rotation is converted into B + L by the QCD
and electroweak sphaleron transitions. Due to the large
initial condensate of the PQ breaking field P , the energy
density at low temperatures tends to be dominated by
that of P , which we will assume in what follows.

From the onset of the P oscillation until thermalization
at temperature Tth, the PQ charge number density nPQ

and the number density of the radial mode nS scale the
same way. After the radial mode is depleted and creates
a thermal bath with a temperature Tth, the yield of the
PQ asymmetry is a constant given by

YPQ ≡
nPQ

s
= ε

3Tth

4mS
, (15)

which, with Eq. (1), implies that the angular speed is

θ̇(T ) = ε
g∗π

2

60

TthT
3

mSf2
eff(T )

, (16)

where feff(T ) is the effective axion decay constant at tem-
perature T , i.e.

√
2Veff(T )/NDW with Veff(T ) the saxion

field value at T . Based on Eq. (3), we obtain

YB = ε
3cBTthT

2
ws

8mSf2
eff(Tws)

. (17)

This expression is valid whether thermalization or the
electroweak phase transition occurs first.

We demonstrate the viable parameter space in Fig. 1
with NDW = 1. From Eq. (4), the region above the or-
ange line is excluded due to axion dark matter overpro-
duction for ξ = 1 (dashed) and ξ = 10 (dotted), where

ξ ≡
(
cB
100

)
×
(

Tws

130 GeV

)2
.

We first discuss the case where Tth > Tws. One can
use conservation of PQ charge and energy to determine
f2

eff(T ) for T < Tth

f2
eff(T ) = max

[
f2
a , ε

g∗π
2

60NDW

T 4
th

m2
S

(
T

Tth

)3
]
, (18)

where the former (latter) corresponds to the case where
the saxion has (not) relaxed to VPQ at T . This leads to

YB = min

[
ε
3cBTthT

2
ws

8mSf2
a

,
45NDWcB

4g∗π2

mS

Tws

]
, (19)

which implies a maximum achievable amount of baryon
asymmetry and sets a lower bound on mS

mS >
2g∗π

2YBTws

45NDWcB
' 0.2 MeV

NDW

(
Tws

5 TeV

)(
0.1

cB

)
. (20)
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>
V
P
Q

FIG. 1. The parameter space compatible with the observed
baryon asymmetry.

The black lines show the required values of Tth deter-
mined by the first case in Eq. (19), assuming Tth > Tws.

For Tth < Tws, although Eq. (17) still applies, the de-
termination of Veff(Tws) depends on the thermalization
process of the saxion because the temperature and Hub-
ble relationship changes during the matter-dominated era
with entropy injection. Despite this model dependence,
there always exists Tth in the parameter space of interest
that reproduces the observed YB . Specifically, one can
show that the required thermalization temperature

Tth '
90 MeV

ε

(
feff(Tws)

109 GeV

)2 ( mS

MeV

)(5 TeV

Tws

)2(
0.1

cB

)
(21)

is always larger than O(MeV) and does not affect Big
Bang nucleosynthesis.

We now discuss the thermalization channels necessary
to realize the required values of Tth. The radial mode
can scatter with thermal particles via renormalizable cou-
plings, e.g. W ⊃ yPQQ̄, or high dimensional operators
such as W ⊃ P 2HuHd/M . In both cases, the scattering
rate Γth at Tth has an upper bound

Γth(Tth) ∼ Nth ×

{
y2Tth

V 2
eff (Tth)T 3

th

M2

.
NthT

3
th

V 2
eff(Tth)

, (22)

when one ensures that the particles the saxion couples
to (assuming Nth of them) are in the thermal bath as
assumed, i.e. yVeff(Tth) < Tth or V 2

eff(Tth)/M < Tth. To-
gether with Eq. (18) in the high Tth limit and the ther-
malization condition H(Tth) = Γth(Tth), Eq. (22) implies

Tth . 1011 GeV ε1/3
(
Nth

NDW

) 1
3 ( mS

108 GeV

) 2
3
. (23)

The region above the blue line in Fig. 1 is excluded with
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ξ = 1 (dashed) and ξ = 10 (dotted) because Tth neces-
sary for baryogenesis exceeds such an upper bound. In
other words, the finite scattering rate cannot consistently
realize the high thermalization temperatures required. In
computing the blue lines, we have assumed ε = Nth = 1

and the upper bound of fa ∝ ε1/3N
1/6
th is rather insensi-

tive to the choice of ε and Nth.
It is assumed that the saxion dominates the energy

density of the Universe, in which case the above result
is insensitive to the initial condition of the saxion. This
assumption holds as long as the initial field value of the
saxion is sufficiently large

Si & 4× 1016 GeV

(
TeV

mS

) 1
4
(

Tth

106 GeV

) 1
2
, (24)

which is easily achievable based on Eq. (10).
In the red region, the radial mode mass mS exceeds

the unitarity limit. The purple region is excluded since
the emission of saxions or axions in a supernova core
affects the duration of the neutrino emission [39–42]. The
constraint from the saxion emission can be evaded by
introducing a large enough saxion-Higgs mixing to trap
saxions inside the core. The large mixing can be achieved
in the DFSZ model. In summary, Fig. 1 shows that a
wide range of the saxion mass mS is viable, while a low
fa is favored in the minimal realization of axiogenesis.

Discussion.—We propose a mechanism to explain the
baryon asymmetry of the Universe. The two main ingre-
dients are a rotation in the axion direction in the early
Universe, corresponding to an excess of PQ charges, as
well as QCD and electroweak sphaleron processes that
convert the PQ asymmetry into those of baryons and lep-
tons. We construct a concrete model where the rotation
is a consequence of the higher dimensional PQ-breaking
operators. This is analogous to how the rotation of the
Affleck-Dine field arises. We show that a sufficient baryon
asymmetry is generated from the PQ charge by the QCD
and electroweak sphaleron transitions.

Intrinsic to the axiogenesis framework, the angular
speed of the rotation needed for the observed baryon
asymmetry leads to axion dark matter. In fact, ax-
ion dark matter is overproduced in the minimal scenario
where the weak anomaly coefficient of the PQ symmetry
is as large as the QCD anomaly coefficient and the PQ
charge is conserved even after the electroweak sphaleron
transition becomes ineffective, which the Standard Model
predicts to be at Tws = 130 GeV. Therefore, unless the
PQ charge is depleted after the electroweak phase tran-
sition, the associated prediction is a value of Tws that
is higher than predicted by the Standard Model and/or
a large weak anomaly coefficient. We show how new
physics at the 1-10 TeV scale can raise Tws so that the
axion can constitute a subdominant or correct amount of
dark matter. In addition to new heavy states, axiogenesis
also favors a small decay constant which is accessible to

many axion haloscope and helioscope experiments [74–
86]. The evolution of the PQ breaking field reveals non-
standard cosmological eras, which alone may have pro-
found implications for other aspects of cosmology. These
phenomenological prospects render axiogenesis an excit-
ing avenue to pursue theoretically and experimentally.
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Axiogenesis

Supplemental Material

Raymond T. Co and Keisuke Harigaya

This Supplemental Material is organized as follows. In Secs. I, II, and III, we analyze the evolution of the rotating
Peccei-Quinn symmetry breaking field. The discussions in Secs. I and III are applicable to generic U(1) symmetric
theories. In Sec. IV, we derive the formula for the baryon asymmetry from the rotating Peccei-Quinn symmetry
breaking field. In Sec. V, we present a model where the electroweak phase transition occurs at a high temperature.

I. THERMODYNAMICS OF A ROTATING FIELD

We will show by thermodynamics that the U(1) charge stored in the rotation of such a U(1) symmetry breaking
field will retain most of the charge even when it is in thermal equilibrium via some efficient particle interactions that
conserve the U(1) charge.

Suppose that a complex scalar P charged under U(1) symmetry is initially rotating, i.e. P = V0e
iθ̇0t, and that P

is coupled to and in equilibrium with a thermal bath at temperature T . We assume V0 � T . To be concrete, we
consider a case where an interaction transfers a unit charge of P into charges for Weyl fermions ψi (i = 1, . . . , N) in
a charge-conserving manner,

P ↔ ψ1ψ2 · · ·ψN . (S1)

The following discussion is applicable to generic interactions which transfer the charge of P into the asymmetries of
scalar excitations or multiple identical particles. We for now assume that the asymmetry of ψi is conserved up to the
above interaction and consider a more generic setup in the next section.

We derive the asymmetry assuming thermal equilibrium where the charge of P is partially converted into the
asymmetry of ψi, defined as the difference in the number densities of particles and antiparticles. We parametrize the
initial total U(1) charge density by 2V 2

0 θ̇0 ≡ n0. We will denote particle ψi’s equilibrated asymmetry by nψi
= nψ

and the rotating field’s charge density by n0 − nψ. We denote the chemical potential of ψi by

µψi
= 6

nψ
T 2

, (S2)

which we assumed to be much smaller than T . We now solve for nψ by minimizing the free energy. The energy,
pressure, and entropy of the thermal bath are

ρ =
π2

30
g∗T

4 + 9N
n2
ψ

T 2
, p =

ρ

3
, s =

ρ+ p−
∑
i

µψi
nψi

T
=

2π2

45
g∗T

3 + 6N
n2
ψ

T 3
. (S3)

The free energy of the thermal bath Fth per volume V is

Fth

V
= ρ− Ts = −π

2

90
g∗T

4 + 3N
n2
ψ

T 2
. (S4)

For V0 = Vvac, where Vvac is the vacuum expectation value of P , θ̇ = (n0 − nψ)/(2V 2
vac) and the energy density of the

rotation is

ρrot = V 2
vacθ̇

2 =
1

4V 2
vac

(n0 − nψ)
2
. (S5)

For V0 � Vvac, the rotational speed is given by the curvature of the potential, which is a constant under our assumption
of a quadratic potential, i.e. θ̇ = m, so the energy density of the rotation is given by

ρrot = m (n0 − nψ) . (S6)

The entropy of the rotation is zero, and hence the free energy density of the system is given by Fth/V + ρrot. For
both V0 = Vvac and V0 � Vvac, the free energy is minimized for

nψ =
1

12N

T 2

V 2
0

n0 =
1

6N
θ̇T 2. (S7)



2

Note that nψ � n0, and hence the rotating field cannot lose a significant fraction of its charge even when coupled to
the thermal bath.

The equilibrium value of nψ and the detailed balance mean that the contribution of the interaction in Eq. (S1) to
the Boltzmann equation is

ṅψi = −Γ

(∑
i

nψi −
1

6
θ̇T 2

)
, (S8)

where Γ is the rate of the interaction. When there are other interactions that transfer charges in addition to Eq. (S1)
and/or the equilibrium is not reached, one can solve the Boltzmann equation including this term to find the equilibrium
value or the evolution of the charge asymmetry.

When the fermions ψi are charged under gauge symmetries, the asymmetries of the fermions are transferred into
magnetic helicity of gauge fields [87]. In axiogenesis, the chiral asymmetries of fermions are of the order of the baryon
asymmetry. The transfer rate is much smaller than the Hubble expansion rate [88] in our setup because the chemical
potential is much lower than the temperature and we neglect such a transfer in this work.

We have implicitly assumed that the temperature of the thermal bath remains the same in order to find the
equilibrium state by minimizing the free energy. For n0 & TV 2

0 , this assumption breaks down and, simultaneously,
the approximation µψ/T � 1 also breaks down. It is necessary to treat the whole system as an isolated system
and maximize entropy to find the equilibrium state. We emphasize that most of the U(1) asymmetry remains in the

rotation. The thermal bath with asymmetry nψ has an energy density larger than n
4/3
ψ . For n0 > TV 2

0 , the initial

energy is dominated by the rotation, and n
4/3
ψ < n2

0/V
2
0 , which means nψ < n0(n0/V

3
0 )1/2 < n0, where we assume

that the mass of the U(1) symmetry breaking field is below V0.

II. WASHOUT EFFECTS FROM STRONG SPHALERON PROCESSES

It is established in the previous section that the U(1) charge in the form of a rotating field does not get depleted
due to charge-conserving interactions. In this section, we extend the analysis to include possible washout effects due
to quark Yukawa couplings and show that such washout effects are ineffective.

We first consider the coupling of the axion to gluons. We build up our intuition with only an up quark in the thermal
bath, after which we generalize the derivation to include other Standard Model and heavy quarks charged under PQ
symmetry. The QCD sphaleron transition produces the chiral asymmetry of up quarks from the PQ asymmetry, and
the chiral symmetry is washed out by the scattering involving the Yukawa coupling of the up quark. The Boltzmann
equations for the PQ asymmetry nPQ and the chiral asymmetry of up quarks nu are

ṅPQ = −Γss

(
θ̇

T
− nu
T 3

)
= −Γss

(
nPQ

V 2
effT

− nu
T 3

)
, ṅu = +Γss

(
nPQ

V 2
effT

− nu
T 3

)
− α3y

2
uTnu, (S9)

where Γss ∼ α4
3T

4 is the QCD strong sphaleron transition rate per volume, and Veff is the field value of the PQ
symmetry breaking field, which in the early universe does not necessarily coincide with VPQ. We have omitted
unimportant O(1) factors. Since the sphaleron transition is effective, nu quickly reaches the equilibrium value. By
taking ṅu = 0 and inserting the solution of nu to the Boltzmann equation of nPQ, we obtain

ṅPQ = −ΓPQ nPQ, ΓPQ ' α3
y2
uT

3

V 2
eff

. (S10)

In the limit where the up quark Yukawa coupling vanishes, a linear combination of the PQ symmetry and the up quark
chiral symmetry is exact and washout does not occur. When there are several quarks q, with a similar computation
where each ṅq vanishes as well, one can show that

ΓPQ ' α3
ỹ2T 3

V 2
eff

,
1

ỹ2
≡
∑
q

1

y2
q

' 1

y2
u

. (S11)

The rate is determined by the smallest quark Yukawa coupling, namely, that of the up quark. The washout rate is
faster than the Hubble expansion rate during a radiation-dominated era if

T > 1012 GeV

(
Veff

109 GeV

)2

. (S12)
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One may worry that washout is effective at high temperature. Fortunately, at such a high temperature, washout is
ineffective because the PQ symmetry breaking field still has a large field value Veff � VPQ as a result of the large
initial field value set by the inflationary dynamics discussed in the Letter.

We next consider the case where the heavy quarks QQ̄ to which the PQ symmetry breaking field couples are in the
thermal bath. As we will demonstrate, the presence of QQ̄ does not change the conclusion that washout of the PQ
asymmetry is inefficient. We consider the coupling

L ⊃ −mQ
Veff

VPQ
e−iθQQ̄. (S13)

After performing the chiral rotations Q → e−iθ/2Q and Q̄ → e−iθ/2Q̄, the mass term does not depend on θ, and
instead the following couplings are induced,

L ⊃ −1

2
∂µθ

(
Q†σ̄µQ+ Q̄†σ̄µQ̄

)
+

θ

64π2
εµνρσGaµνG

a
ρσ. (S14)

Let us for now ignore the Standard Model quarks. The chiral asymmetry of QQ̄, nQ, and nPQ evolve due to
the QCD sphaleron transitions and the chirality flipping scattering by the mass term mQ. The former conserves
2nPQ + nQ, while the latter conserves 2nPQ − nQ. Then the Boltzmann equations for nPQ and nQ are

ṅPQ =− Γss

(
nPQ

V 2
effT

− nQ
T 3

)
− α3m

2
QT

2

(
nPQ

V 2
effT

+
nQ
T 3

)
, (S15)

ṅQ = + 2Γss

(
nPQ

V 2
effT

− nQ
T 3

)
− 2α3m

2
QT

2

(
nPQ

V 2
effT

+
nQ
T 3

)
,

where we omit unimportant O(1) factors. The factors of 2 are important for the conservation laws and thus included.
We now generalize the derivation to the following system of equations including both the up quark and heavy quarks

ṅPQ =− Γss

(
nPQ

V 2
effT

− nQ
T 3
− nu
T 3

)
− α3m

2
QT

2

(
nPQ

V 2
effT

+
nQ
T 3

)
,

ṅQ = + 2Γss

(
nPQ

V 2
effT

− nQ
T 3
− nu
T 3

)
− 2α3m

2
QT

2

(
nPQ

V 2
effT

+
nQ
T 3

)
, (S16)

ṅu = + 2Γss

(
nPQ

V 2
effT

− nQ
T 3
− nu
T 3

)
− α3y

2
uTnu.

Again, since the sphaleron transition is efficient, nQ and nu quickly reach equilibrium. By taking ṅQ = ṅu = 0 and
inserting the solution to the Boltzmann equation of nPQ, we obtain

ṅPQ ' −ΓPQ nPQ, ΓPQ =
α3y

2
uT

3

V 2
eff

α3
3m

2
Q

α3
3m

2
Q + y2

um
2
Q + α3

3y
2
uT

2
' α3y

2
uT

3

V 2
eff

m2
Q

m2
Q + y2

uT
2
. (S17)

The rate is no larger than that in Eq. (S11), the case without QQ̄ in the thermal bath. Therefore, the earlier
conclusion that the PQ charge in the rotation is not depleted by thermal processes still applies even in the presence
of the washout effects.

III. EVOLUTION OF THE ENERGY DENSITY OF THE ROTATING FIELD

The PQ symmetry breaking field P initially follows an elliptical orbit, meaning that both radial and angular motions
are excited, and eventually thermalizes. As we have shown in the previous sections, even in thermal equilibrium, most
of the PQ charge is still stored in the rotation. Thus, the thermalization of P only partially depletes the energy
density of P . Then the trajectory of P transitions from the elliptical one to the one that minimizes the energy for a
fixed charge, namely a circular motion with a vanishing ellipticity. In this section we show how the energy density of
the circularly rotating PQ symmetry breaking field evolves in various eras.

After the circular motion is established by thermalization, as long as the frequency of the rotation is much larger
than the Hubble expansion rate, the energy density of the PQ symmetry breaking field redshifts while the motion
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remains circular. This is essentially because there is no special direction in the complex plane of the PQ symmetry
breaking field to which a major/minor axis of an elliptic motion can point to.

We denote the potential of the PQ symmetry breaking field as V = f(|P |2). The circular motion satisfying the
equation of motion, neglecting the Hubble expansion, is

P = Veff e
iωt, ω2 = f ′(V 2

eff), (S18)

where prime denotes f ′(|P |2) ≡ d(f(|P |2))/d(|P |2) We take ω > 0 without loss of generality. The kinetic energy
density K, the total energy density ρ, and the number density nPQ are

K = |Ṗ |2 = ω2V 2
eff = f ′V 2

eff , ρ = f + f ′V 2
eff , nPQ = iP Ṗ ∗ − iP ∗Ṗ = 2ωV 2

eff = 2f ′1/2V 2
eff . (S19)

Due to Hubble friction, Veff changes slowly in comparison with the frequency of the circular motion. The number
density decreases in proportion to a−3,

nPQ = 2f ′1/2V 2
eff = n0

(a0

a

)3

, (S20)

where n0 is the number density when the scale factor a = a0. Using this equation, we can use a or Veff as a time
variable to describe the evolution of the rotation. By taking the derivative with respect to Veff on both sides, we find

a
dVeff

da
= − 3Vefff

′

2f ′ + V 2
efff
′′ . (S21)

The dependence of the total energy density on Veff is

dρ

dVeff
= 2Veff(2f ′ + V 2

efff
′′), (S22)

and the dependence on a is

a
dρ

da
= −6V 2

efff
′ = −6K. (S23)

Note that this is consistent with the full equation of motion,

P̈ + 3HṖ +
∂V

∂P ∗
= 0. (S24)

The redshift scaling law derived from the equation of motion is

ρ̇ =P̈ Ṗ ∗ + P̈ ∗Ṗ +
∂V

∂P
Ṗ +

∂V

∂P ∗
Ṗ ∗ = −6H|Ṗ |2 = −6HK,

a
dρ

da
=
ρ̇

H
= −6K. (S25)

As an example, we consider the potential with the PQ symmetry broken by dynamical transmutation,

V = m2|P |2
(

ln
|P |2

V 2
PQ

− 1

)
+m2V 2

PQ. (S26)

Using the above equations, we find

d ln ρ

d ln a
= −6

ln r2

2 ln r2 − 1 + 1/r2
→

{
−3 r � 1

−6 r ' 1
, r ≡ Veff

VPQ
. (S27)

When the PQ symmetry breaking field is rotating with a large radius Veff � VPQ, the energy density of the rotation
redshifts as matter. As the radius approaches the vacuum expectation value VPQ, the rotation begins to behave
as kination [89, 90], and redshifts faster than radiation. Even if the energy density of the rotation dominates, the
Universe eventually becomes radiation-dominated thanks to the fast redshift scaling of kination. In the intermediate
stage, the Universe is kination-dominated.
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IV. BARYON ASYMMETRY

In this section we explicitly show that nonzero baryon asymmetry is created from the rotation of the PQ symmetry
breaking field. For simplicity we only consider one generation of a quark doublet q, a right-handed up quark ū,
a right-handed down quark d̄, a lepton doublet `, a right-handed electron ē, and the Standard Model Higgs. The
Yukawa interactions are

L = yuH
†qū+ ydHqd̄+ yeH`ē. (S28)

The Boltzmann equations for the asymmetries are

ṅq = α3y
2
uT
(
−nq

6
− nū

3
+
nH
4

)
+ α3y

2
dT
(
−nq

6
− nd̄

3
− nH

4

)
+ 3

Γws

T 3

(
− nq − n` −

cW
3
θ̇T 2

)
+ 2

Γss

T 3

(
−nq − nū − nd̄ −

1

2
θ̇T 2

)
,

ṅū = α3y
2
uT
(
−nq

6
− nū

3
+
nH
4

)
+

Γss

T 3

(
−nq − nū − nd̄ −

1

2
θ̇T 2

)
,

ṅd̄ = α3y
2
dT
(
−nq

6
− nd̄

3
− nH

4

)
+

Γss

T 3

(
−nq − nū − nd̄ −

1

2
θ̇T 2

)
, (S29)

ṅ` = α2y
2
eT
(
−n`

2
− nē −

nH
4

)
+

Γws

T 3

(
− nq − n` −

cW
3
θ̇T 2

)
,

ṅē = α2y
2
eT
(
−n`

2
− nē −

nH
4

)
,

ṅH = −α3y
2
uT
(
−nq

6
− nū

3
+
nH
4

)
+ α3y

2
dT
(
−nq

6
− nd̄

3
− nH

4

)
+ α2y

2
eT
(
−n`

2
− nē −

nH
4

)
,

ṅP =
Γss

T 3

(
−nq − nū − nd̄ −

1

2
θ̇T 2

)
+ cW

Γws

T 3

(
− nq − n` −

cW
3
θ̇T 2

)
,

where cW is the weak anomaly coefficient of the PQ symmetry relative to that of the QCD anomaly. The total
hypercharge and the B − L charge must vanish,

1

6
nq −

2

3
nū +

1

3
nd̄ −

1

2
n` + nē −

1

2
nH = 0, (S30)

1

3
(nq − nū − nd̄)− n` + nē = 0.

Since the scattering by the Yukawa couplings and the sphaleron transition are efficient, the system quickly reaches a
quasi-equilibrium state with ṅq = ṅū = ṅd̄ = ṅ` = ṅē = ṅH = 0. Further imposing Eq. (S30), we find that the baryon
asymmetry is given by

nB
T 3

=

{
21−32cW

210
θ̇
T y2

u � y2
d, α

3
3

27−32cW
210

θ̇
T y2

d � y2
u, α

3
3

,

(
nB
T 3
�

2 θ̇V 2
PQ

T 3

)
. (S31)

Again, most of the PQ charge is retained in the rotation of the PQ symmetry breaking field. In the Standard Model
with three generations, whether y2

u � y2
d or y2

u � y2
d depends on generations. The precise answer in the Standard

Model is expected to lie between the two limiting cases in Eq. (S31). This derivation shows that cB = O(0.1-1) unless
cW � 1, where cB is defined in the Letter.

V. EARLY ELECTROWEAK PHASE TRANSITION

We consider the situation where the Higgs H couples to a scalar field ϕ which obtains a vacuum expectation value.
We assume that the mass scale appearing in the potential is larger than the electroweak scale, and the electroweak scale
appears due to fine-tuning of the parameters. This is the case, for example, with the Next-to-Minimal Supersymmetric
Standard Model [91–93] with soft masses at the TeV scale or higher. The soft masses above the electroweak scale are
required to explain the observed Higgs mass [94–97] as well as to satisfy the constraints from superpartner searches
at the LHC [98, 99], so a mild fine-tuning is a generic requirement for supersymmetric theories.
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In this situation, the field values of H and ϕ can evolve in the following way. In the early universe with a high
temperature, both H and ϕ are trapped at the origin by a thermal potential. As the Universe cools down to a
temperature around the the mass scale of the potential, H and ϕ develop nonzero field values. At this point, the field
value of ϕ is different from the vacuum expectation value, and the quadratic term as well as the field value of H are
around the natural scale of the theory. As the Universe cools further, the field value of ϕ gradually approaches the
vacuum expectation value. Then the quadratic term of H approaches the electroweak scale, and H eventually reaches
the vacuum expectation value.

Here is a concrete example of the potential of H and ϕ. Assuming a Z2 symmetry ϕ→ −ϕ, the generic renormal-
izable potential and the thermal mass terms are parametrized as

V (H,ϕ) = λ2
H

(
|H2| − v2

)2
+ κ2

(
ϕ2 − v2

ϕ

)2
+ λ2

(
ϕ2 − v2

ϕ

) (
|H|2 − v2

)
+ cHT

2|H|2 + cϕT
2ϕ2. (S32)

At temperatures sufficiently high, the large thermal masses of H and ϕ stabilize these scalars to the origin and the
masses of ϕ and H are given by

m2
H(T ) = T 2c2H − 2λ2

Hv
2 − λ2v2

ϕ, (S33)

m2
ϕ(T ) = T 2c2ϕ − 2κ2v2

ϕ − λ2v2,

where we take vϕ � v ' 173 GeV. As temperature drops, the thermal mass squared of either H or ϕ first falls below
the vacuum mass. Starting at T = max(TH , Tϕ) with

TH =

√
2v2λ2

H + λ2v2
ϕ

cH
, Tϕ =

√
2κ2v2

ϕ + λ2v2

cϕ
, (S34)

a nonzero expectation value of |H| (or ϕ) starts to develop and reaches O(λ vϕ/λH) quickly, while the other field is
still stabilized at the origin by the thermal mass. Without loss of generality, we assume TH > Tϕ to simplify the
following discussion. At this point, the electroweak symmetry is broken. When the Higgs expectation value exceeds
the temperature, the electroweak sphaleron process falls out of thermal equilibrium at a temperature just below
λ vϕ/cH . The nonzero field value of |H| now induces a positive mass squared λ2|H|2 to ϕ and we require that the
negative vacuum mass squared m2

ϕ(T = 0) ' −2κ2v2
ϕ still dominates and allows ϕ to obtain a vacuum expectation

value eventually. Therefore, when m2
ϕ(T ) turns negative, a nonzero field value of ϕ starts to develop as well. Since

the Higgs vacuum mass of mh = 125 GeV is obtained from fine-tuning, the contribution from ϕ, i.e. λ2ϕ2, gradually
cancels the Higgs bare mass −2λ2

Hv
2−λ2v2

ϕ until the Higgs mass at the zero temperature is reached. In other words,
the Higgs field value starts to decrease due to the additional mass contribution when ϕ becomes nonzero. As long
as the Higgs field value stays larger than the temperature, the electroweak sphaleron process stays out of equilibrium
and thus this example has succeeded in raising Tws to a value far above the weak scale.

We explicitly demonstrate the evolution of this potential in Fig. S1 with a fiducial set of parameters listed in
the caption. The first two panels show the field values of |H| and ϕ as functions of temperature, whereas the
right panel shows the evolution of the potential minimum in the field space. The arrows point in the direction of
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FIG. S1. Evolution of scalar fields with vS = 50 TeV, v = 173 GeV, λH = 0.36, κ = 0.03, λ = 0.1, cH = 1, and cS = 0.5.
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increasing time and thus decreasing temperature. In the left panel, we observe that electroweak symmetry is broken
at T = TH ' 5 TeV while the electroweak sphaleron is decoupled at Tws ' 4.5 TeV. As shown in the middle panel,
ϕ starts to roll away from the origin at T ' 4 TeV. From this temperature, an increase in ϕ causes the Higgs field
to decrease, as can be seen in the left panel. This evolution ends when ϕ settles to the minimum vϕ so that the
fine-tuned Higgs mass and vacuum expectation value are obtained. Since |H| stays larger than temperature after Tws,
the electroweak sphaleron processes are kept out of thermal equilibrium. Larger values of Tws than assumed here can
be easily obtained by larger values of vϕ. Hence, this concrete example realizes the assumptions made in the main
analysis, where Tws � 100 GeV.
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