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ABSTRACT: We propose a baryogenenesis mechanism that uses a rotating condensate of
a Peccei-Quinn (PQ) symmetry breaking field and the dimension-five operator that gives
Majorana neutrino masses. The rotation induces charge asymmetries for the Higgs bo-
son and for lepton chirality through sphaleron processes and Yukawa interactions. The
dimension-five interaction transfers these asymmetries to the lepton asymmetry, which in
turn is transferred into the baryon asymmetry through the electroweak sphaleron process.
QCD axion dark matter can be simultaneously produced by dynamics of the same PQ
field via kinetic misalignment or parametric resonance, favoring an axion decay constant
fa < 10'° GeV, or by conventional misalignment and contributions from strings and domain
walls with f, ~ 10! GeV. The size of the baryon asymmetry is tied to the mass of the PQ
field. In simple supersymmetric theories, it is independent of UV parameters and predicts
the supersymmtry breaking mass scale to be O(10 — 10*) TeV, depending on the masses
of the neutrinos and whether the condensate is thermalized during a radiation or matter
dominated era. The high supersymmetry breaking mass scale may be free from cosmolog-
ical and flavor/CP problems. We also construct a theory where TeV scale supersymmetry
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is possible. Parametric resonance may give warm axions, and the radial component of the
PQ field may give signals in rare kaon decays from mixing with the Higgs and in dark
radiation.
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1 Introduction

Over several decades, as the standard models of particle physics and the early universe
have solidified, the outstanding problems left unaddressed by this theory have become
ever more pressing. These include the smallness of dimensionless parameters, such as
the strong CP parameter and the light quark and lepton Yukawa couplings, as well as
hierarchies between mass scales, e.g. those associated with dark energy, neutrino masses,
and the weak and gravitational scales. Two cosmological issues are particularly pressing:
the nature and abundance of dark matter (DM) and the origin of the small but crucial
baryon asymmetry.

Indeed, with so much to explain, it is interesting to pursue simple ideas for new physics
that make progress on several fronts. Grand unification [1] explains both the gauge quan-
tum numbers of a fermion generation and the quantization of electric charge, as well as
providing a framework for addressing gauge coupling unification [2], the baryon asymmetry
and neutrino masses. Supersymmetry provides a dark matter candidate [3-5] and precise
gauge coupling unification [6-11], and partially explains the smallness of the electroweak
scale [3, 12-14].

In this paper, we introduce and study a framework that simultaneously addresses
the strong CP problem, neutrino masses, the baryon asymmetry, and dark matter. We
postulate a complex scalar field P with the following features:

e It spontaneously breaks a Peccei-Quinn (PQ) symmetry [15, 16] so that its phase
() is the axion field [17, 18], which solves the strong CP problem [15, 16, 19].

e The radial component S of the field has a flat potential and a large field value early
in the cosmological evolution, for example during inflation. When the field starts to
oscillate, higher-dimensional PQ-breaking operators in the potential lead to a velocity
of the angular field component 6 # 0. Subsequently, this rotating PQ condensate
carries a conserved PQ charge density, relative to entropy density s, of Ypg ~ 052 /s.

e The QCD anomaly of the PQ symmetry leads to a strong sphaleron process in the
early universe where 6 sources a particle-antiparticle asymmetry for quark chirality
and, via Yukawa couplings and the electroweak sphaleron process, for the Higgs
boson, H, and for lepton chirality. We assume that at these high temperatures
neutrino masses are described by the dimension-five interaction ¢/HTH' [20], which
acts to transfer the Higgs asymmetry to a lepton asymmetry via freeze-in with an
amplitude proportional to the neutrino mass.

e The standard model violates B + L via an anomaly from the electroweak gauge inter-
action [21, 22], and at temperatures above the weak scale this acts to redistribute the
above lepton asymmetry among both quarks and leptons, yielding a baryon asymme-
try Yp Yme?j. Note that both out-of-equilibrium and CP-violation requirements
are satisfied by the PQ condensate.

e At temperatures near the GeV scale, § may be sufficiently large that the conventional
misalignment mechanism [23-25] for axion dark matter is inoperative. Instead, axion



dark matter is produced by the kinetic misalignment mechanism (KMM) [26] with a
density p, < Ypq/fa. The ratio of dark matter and baryon densities is independent
of Ypq. The QCD axion can explain the dark matter density of the universe for
fa < 10'' GeV, while large f, requires entropy production after the QCD phase
transition.

o After the field starts rotating, depending on the shape of the potential and the ro-
tations, parametric resonance (PR) [27-30] may be effective at producing axions. If
not thermalized, these axions contribute to the dark matter density [31, 32] and may
be warm enough to affect structure formation at an observable level.

Our work builds on several developments beginning in the 1980s. Affleck and Dine [33]
introduced a rotating condensate that carried baryon charge, with a baryon asymmetry
generated from the decay of the condensate. With spontaneous baryogenesis [34, 35],
Cohen and Kaplan proposed that the angular velocity of the condensate could act as an
effective chemical potential for a thermal bath, generating a baryon asymmetry for the
quarks using a baryon number violating interaction. Conversion of lepton asymmetry into
baryon asymmetry by electroweak sphaleron processes was utilized in leptogenesis [36, 37].
Possibilities for generating the baryon asymmetry by electroweak sphaleron processes at a
first order electroweak phase transition, called electroweak baryogenesis, were investigated
in [22, 38, 39].

In later work, it was realized that baryogenesis could result from a condensate carrying
charge @ other than baryon number [40, 41], although these papers required an interaction
that violates both @ and B to be in thermal equilibrium. Baryogenesis by the ¢/H'HT
interaction and the coupling of the angular velocity of the condensate with weak gauge
bosons was investigated in [42]. The angular direction was assumed to oscillate rather
than orbit. The oscillation was caused by a large mass for the angular direction and the
connection with the QCD axion was not obvious; however, ref. [43] proposed a way to
identify the angular direction with the QCD axion by giving it a large mass only in the
early universe. For oscillations, the baryon asymmetry is dominantly produced at the
beginning of the oscillation, while for rotations, considered in this paper, the production
may be dominated at a much later time, qualitatively changing the physical picture.

Axiogenesis [44] uses the condensate of a PQ field and B + L number violation from
the electroweak sphaleron process, and is closer to our work. The baryon asymmetry is
produced near the weak scale, well after the radial component of the PQ field has settled
to f,. Although the observed baryon asymmetry can be explained by the mechanism, the
kinetic misalignment mechanism overproduces axion dark matter, unless a new ingredient
is added, for example by raising the temperature of the electroweak phase transition above
the weak scale. In the setup we discuss in this paper, the baryon asymmetry is produced
much before the electroweak phase transition with aid from the ¢/HTH' interaction. We
call the mechanism lepto-axiogenesis.

Since the radial component of the PQ symmetry breaking field evolves, approximate
PQ) charge conservation implies that @ decreases slower than the case with a constant radial



component, or even stays constant. When the baryon asymmetry is dominantly produced
depends on the potential of the PQ symmetry breaking field.

We first investigate the simplest potential of the PQ symmetry breaking field with a
negative quadratic term and a positive quartic term. We show that the observed baryon
asymmetry can be explained by lepto-axiogenesis, and the reheat temperature after infla-
tion may be as low as 10° GeV.

We next investigate supersymmetric theories where the PQ symmetry breaking has
a nearly quadratic potential given by soft supersymmetry breaking, and is naturally flat.
Assuming the oscillation of P is initiated by the zero-temperature mass, the observed
baryon asymmetry determines the scale of supersymmetry breaking to be 30 — 700 TeV
and 300 — 7000 TeV for degenerate and hierarchical neutrino masses, respectively. This
should be compared with Affleck-Dine baryogenesis from squarks and sleptons, where the
soft mass scale is not restricted. The reheat temperature after inflation may be as low as
107 GeV. We also discuss the case where the oscillation is initiated by a thermal potential
and show that TeV scale supersymmetry can be consistent with baryogenesis from the
rotation of P.

In these two theories, one with supersymmetry and the other without, we investigate
how the parameter space is restricted when we require cogenesis of the baryon asymmetry
and axion dark matter.

This paper is organized as follows. In section 2, we review the mechanism of axiogenesis
and introduce the new lepto-axiogenesis scenario. Sections 3 and 4 investigate the PQ
symmetry breaking field P for quartic and nearly quadratic potentials, respectively. Finally,
section 5 is devoted to a summary of the results and presents our conclusions.

2 Axiogenesis and Majorana neutrino masses

In this section, we first review axiogenesis introduced in [44] as a mechanism of baryogenesis
involving the QCD axion. We then introduce lepto-axiogenesis.

2.1 Axiogenesis

Let us assume that the PQ symmetry is explicitly broken in the early universe, and the
explicit breaking induces a rotation in the phase direction of the PQ symmetry breaking
field P, which has a radial component S and an angular component 6,

1
=7

Here Npw is the domain wall number and we define 6 so that it receives a potential with

P (foNpw + S)et0/Now (2.1)

a periodicity of 27 from QCD. The rotation corresponds to PQ charge asymmetry,

npq = (iP*P —iPP*) = dfZ,
Dw
S )2
2
2 =(fut : 2.2
for=(fot 5 (22)
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Figure 1. Transfer of asymmetries for axiogenesis.

where fog takes into account that the effective decay constant may be different in the
early universe from today’s value f,. Since the PQ symmetry has a QCD anomaly, the PQ
asymmetry is partially converted into chiral asymmetry of quarks via strong sphaleron tran-
sitions. The chiral asymmetry is further converted into B + L asymmetry via electroweak
sphaleron transitions. If the PQ symmetry also has weak anomaly, the PQ asymmetry is
directly converted into B+ L asymmetry. The flow of the asymmetries is shown in figure 1.

The sphaleron transition is effective for low enough temperature. The electroweak
sphaleron transition rate per unit time and volume is given by [45]

Tys ~ 20 x a5 T, (2.3)

The transitions creating and destroying baryon asymmetry occur almost at the same rate,
but asymmetry of fermion numbers induces small bias to the transitions of the two direc-
tions. B + L asymmetry is produced with a rate T'ys = Yys/T? [46]. The asymmetry of
quark doublets ¢ and lepton doublets ¢ evolve as

1 = Dys(—ng —ng) + - - -
ng = 3lws(—ng —ng) + -+, (2.4)
and reach equilibrium value if I'y,s > H. For radiation domination, I'ys > H is satisfied for
90 \3 g\Z [ as \°
T < Tys = 20 (2) a5 Mpy ~ 101! GeV ( . ) <1/40) , (2.5)

T2 Gy
where goy = 106.75 the full Standard Model degrees of freedom and Mp; = 2.4 x 10'® GeV
the reduced Planck mass.

The strong sphaleron transition rate per unit time and volume is given by [47]
Tgs =~ 200 x a3T?, (2.6)

which is in equilibrium when I'ys = Yy /72 > H, corresponding to the temperature

1 1
90 2 gsm 2 Qa3 5
T<Ts=200(——) ajMp ~3 1012GV( ) ( 2.7
= (W29*> FapL= 9 X g 1/35) (2.7)
in a radiation-dominated universe.
The equilibrium values of baryon and lepton asymmetry are given by

. T2
np =njyj = CBQT2 = CBT”PQ; (2.8)

feff



where cp is a constant whose natural value is @(0.1), and we assume fog > 7. Mini-
mizing the free energy leads to most of the PQ charge asymmetry remaining in the form
of condensate rotation, rather than as asymmetry of particles in the thermal bath [44],
explaining why the baryon and lepton asymmetries are much smaller than the PQ charge
asymmetry. Similarly, other particle asymmetries such as quark/lepton chiral asymmetries
and the Higgs number asymmetry are also much smaller than the PQ charge asymmetry.

The baryon asymmetry is fixed around a temperature Tysro, below which the elec-
troweak sphaleron transition becomes ineffective. The baryon asymmetry normalized by
the entropy density s is then given by

T2 T, 2 (108 GV~ /Y4
npg ws,FO PQ _1(cB ws,FO e PQ
Y= — = —= =8 x10 — , (2.9
B s B 12 s % (0.1> <130 Ge\/) ( fa (500) (2.9)

where it is assumed feg = f, by the time T = Ty ro.

The non-zero value of @ affects the axion dark matter abundance. Usually the QCD
axion begins oscillation around the minimum once the axion mass exceeds the Hubble
expansion rate H around the QCD phase transition. For large enough Ypq, the axion
moves rapidly even around the QCD phase transition, and the beginning of the oscillation
is delayed [26]. The resultant dark matter abundance is enhanced in comparison with the
conventional misalignment mechanism. The yield Y, of the axion oscillation is as large as
the PQ charge asymmetry. The yield of the axion to explain the observed dark matter
abundance is

_ ppm/s Jfa >
Yopm = o~ =70 (109 GV ) (2.10)

Using this, the axion abundance is

8
Qh? =~ Qppih? (10 fGeV> <YZQ> . (2.11)

We review this kinetic misalignment mechanism in appendix C.

For the SM prediction Tyws ro =~ 130 GeV [45], cg ~ 1 and the decay constraint satisfy-
ing the astrophysical lower bound f, > 10® GeV [48-54], axion dark matter is overproduced.
In ref. [44], this problem is avoided by 1) an early electroweak phase transition from a new
scalar coupled to the Higgs or 2) cg > 1 by large coupling between the axion and the weak

gauge boson.

2.2 Lepto-axiogenesis

As seen in axiogenesis, the non-zero velocity of the axion field 6 induces a quark chiral
asymmetry as well as Higgs number and lepton chiral asymmetries via the anomaly of the
PQ symmetry and sphaleron transitions. More generally, the axion velocity can also di-
rectly generate Higgs number and lepton chiral asymmetries depending on the UV theory
of the axion. If B — L symmetry is explicitly broken, these asymmetries may give rise
to a B — L asymmetry. Since the B — L asymmetry is not washed-out by electroweak



sphalerons, the baryon asymmetry may be generated far above the electroweak phase tran-
sition, evading the problem of overproducing axion dark matter. If neutrino masses are
Majorana, the explicit breaking of lepton symmetry can convert the asymmetries generated
from the axion velocity into B — L asymmetry at high temperatures. We call this scenario
lepto-axiogenesis.

To be concrete, we generate Majorana neutrino masses from the dimension-five oper-
ator [20]

1 m
L,=—0WHH = 2 poH'HT 2.12
v 2M5 U%W ’ ( )

which may arise from the seesaw mechanism [55-58]. Here ¢ and H are lepton and Higgs
doublets. In this paper, we assume that the states which generate the dimension-five
operator, e.g. right-handed neutrinos, are heavier than the energy scale of interest. This
operator converts the Higgs number asymmetry and/or the lepton chiral asymmetry into
B — L asymmetry at a rate

1 m?2
rp~——— 73 2.13
L 4 vgyw (2.13)

where vpw = 174 GeV and m? = Eim% is the sum of active neutrino masses squared. The
bound from cosmology, > m; < 0.3eV (TT,TE,EE+lowE) [59], and neutrino oscillation
data require

0.0024 ¢V? < m? < 0.03 eV2, (2.14)

The interaction is in thermal equilibrium, I'y, > H, if

1
72 g, A3 g« \2 (0.03 eV?

T>Tr = EW ~ 5 1012GV< ) 2.15

L ( 90 m2Mpy 8 ¢ gsMm m? ’ (2.15)

where radiation domination is assumed.

N[

For T' > Ty, (or more generically I'r, > H), since the B — L symmetry breaking by the
Majorana mass term is in thermal equilibrium, any B — L asymmetry produced at T" > T,
is continually re-equilibrated as the temperature falls. Hence, the final B — L asymmetry
is dominantly produced at T' < Tp. At any temperature T' < 17, the B — L asymmetry is
produced at a rate

np—r =1 (W — n2H> , (2.16)

where ny and ny are the lepton doublet and Higgs asymmetries, respectively. If all inter-
actions converting the PQ charge asymmetry into ny or nyg are in thermal equilibrium, one
finds that ny — ng/2 ~ OT2. Generically at a given temperature, some of the interactions
are out of thermal equilibrium, suppressing the production of B — L asymmetry,

. .
fip— =T x cg_1 6T% x [ [ min (1H) (2.17)
%
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Figure 2. Transfer of asymmetries for lepto-axiogenesis for the scenario KSVZ-heavy.

where ¢ runs over the interactions necessary for the production of B — L, e.g. strong and
electroweak sphaleron processes and Yukawa interactions. Here cp_r is an O(0.01 — 0.1)
coefficient whose value depends on the set of interactions that are in thermal equilibrium.
For the cosmological era with I';, < H, the B — L asymmetry produced per Hubble time is

r . T
Anp_p = ﬁL X cp_1, 0T? x ]_:[min (1, H) : (2.18)
The final baryon asymmetry is then given by
YB =C x YB—L~ (2.19)

Throughout this work, we assume only Standard Model particles are present during the
electroweak phase transition so C' = 28/79 and we define cg = C' X ¢p_, to be consistent
with eq. (2.8).

In lepto-axiogenesis, the production of np_j occurs at high temperatures, where the
UV completion of the QCD axion becomes crucial in understanding the efficiency of the
production. There exist four possible scenarios for lepto-axiogenesis based on the KSVZ [60,
61] and DFSZ [62, 63] UV completions of the QCD axion. The KSVZ quarks can be either
heavy or light compared to the temperature and the possible transfers of the asymmetries
are described in KSVZ-heavy and KSVZ-light, while the DFSZ two Higgs doubles can
be heavy or light as well, whose possible asymmetry routes are described in DFSZ-light
and DFSZ-heavy. We describe KSVZ-heavy below in detail and others in appendix A.

KSVZ-heavy. KSVZ model with heavy quarks.

We consider a KSVZ model and assume that the KSVZ fermions have a mass much
larger than the temperature of the universe, so that among the particles in the thermal
bath, the axion couples only to gauge bosons. The flow of the asymmetry production via
various Standard Model processes and the Majorana neutrino mass is shown in figure 2.
The interaction rates for the top Yukawa interaction ~ asy?T and the strong sphaleron
transition are largest among Standard Model interactions. From figure 2, one can see that
the suppression occurs if either or both are not in thermal equilibrium.



Equilibrium Conservation
| azyiT | Ty Dws | asy?T | agyiT | np—r | nptr | 1 o
v v v v v v X X X | e
v v X v v v X X | o
v v X X v v v v X 3
v v X X X v v v v L
v v X X X X v v v L

Table 1. Values of c¢g_j, for different sets of interactions in equilibrium using simplified Boltzmann
equations presented in appendix B.

The B — L asymmetry produced per Hubble time is

r . r 2
Anp_p = £ X cp_1 677 x min (1, ;) X min (1, 0‘32* ) . (2.20)

In the cosmological evolution we consider in this paper, we find that the suppression by the
top Yukawa does not enter for the final B — L asymmetry. In table 1, we show the values
of cg_1, whether the electroweak sphaleron, the bottom Yukawa, and the tau Yukawa are
in thermal equilibrium or not.! We include the possibility that the PQ symmetry has a
weak anomaly with ¢y the anomaly coefficient normalized to that of QCD. Here we only
consider the third generation fermions for simplicity. We expect cp_r to be of the same
order for the actual cases with three generations.

The resultant baryon asymmetry in eq. (2.19) depends on the cosmological evolution
of @, for T and H as can be seen from egs. (2.20), (A.1), (A.3), and (A.4). In the following
sections, we investigate concrete scenarios and show that the observed baryon asymme-
try Y§bs = 8.7 x 107! [59] can be explained by lepto-axiogenesis. We essentially focus
on a KSVZ model with heavy quarks as described in KSVZ-heavy and comment on the
connection to other cases in passing and in appendix A.

In the concrete scenarios we consider, the rotation of P is generically not completely
circular, and during a cycle § may change rapidly. In appendix E, we show that in most
cases the baryon asymmetry produced per Hubble time is simply given by replacing  with
a cycle averaged one, <9>

3 DModels with a quartic potential

In this and the next section, we consider a scenario where the rotation of the PQ symmetry
breaking field P is initiated by a higher-dimensional operator of P in a similar manner to
the Affleck-Dine mechanism [33, 64, 65]. We assume that the radial direction S of the field

!The values of cp_1, given in table 1 are presented in the approximation y; > y for the cases where
the bottom Yukawa interaction is in equilibrium. A source of an O(10) error arises in this approximation
when a3 is small as in the Standard Model at high energies.



P defined in eq. (2.1), which we call the “saxion” following supersymmetric terminology,
has a flat potential. Then in the early universe, the saxion may have a large field value.
We consider the scenario where the large field value is developed during inflation and is
therefore homogenized by inflation. For a sufficiently large field value, a higher-dimensional
potential of P which explicitly breaks the PQ symmetry,

n

Vpg(P) = A% + h.c., (3.1)

may not be negligible. Here M is a cut-off scale and A is a dimensionful parameter.
(The parametrization by A is motivated by a supersymmetric theory discussed later.) The
explicit breaking gives a potential to the angular direction 8 and drives a homogeneous an-
gular motion. As can be seen from appendix D, a substantial rotation results even when the
saxion initial field value is smaller than M, maintaining the validity of the effective theory.
The rotation also produces axion dark matter via parametric resonance or kinetic

misalignment. We estimate the abundance and show the constraint on the parameter space.

3.1 Rotation in a quartic potential

In this section, we study the simplest potential for spontaneous PQ symmetry breaking,

2
Veq(P) = \? (\PP - ffl\;%w> , (3.2)

which leads to a saxion vacuum mass mg = v2ANpw fo. When |P| > f,, the potential is
dominated by the quartic term. The saxion mass around the initial large field value S; is

A Si
— ~ 109 v
mg(S;) = AS; ~ 10° GeV (1010> <1016 GeV) : (3.3)

The saxion begins to oscillate when mg(S;) ~ 3H. For a radiation-dominated universe,

this occurs at a temperature

1 1
N 11 gsm \ 4 A 2 Si
Tosc ~ 5 x 10 GeV( 7 ) (10_10) (1016 GeV) . (3.4)

As the saxion begins to oscillate, the explicit PQQ symmetry breaking potential (3.1)

D=

kicks P in the angular direction, inducing a non-zero angular velocity. During the rotation,
S oscillates. We define S as

§2=(s%), (3.5)

which is roughly the amplitude of the oscillation of S. After the beginning of the rotation,
the energy density and S scale as R~* and R™!, respectively. As S decreases, the explicit
PQ symmetry breaking soon becomes ineffective and the PQ asymmetry is conserved. We
parameterize the resultant PQ charge asymmetry npq defined in eq. (2.2) using a parameter
€ < 1 defined by

€ 1 /d|P|\? V'(S)
= S2 = - <> , 2= , 3.6
T Npw e T 0 U S T TS 30
4 1
npQ = & € ng, ng ~ ZASEHaxa w ~ ASmax, fore<1, (3.7)



where max denotes the maximum value during a cycle. Here ng and w can be approximately
understood as the number density of S and the frequency of the motion. A detailed
estimation of € is given in appendix D.

The rotation is generically not circular, and 6 oscillates in time. Its time-average is

. 1At O+ At) — 0(t)
(6) = Kt/t aré(t’) = N . (3.8)
For coherently rotating P (i.e. € # 0), this is given by the frequency of the rotation,
<9> ~ Npw ms(9), (3.9)

whose order of magnitude value does not depend on e and scales as R~'. For ¢ < 1,
the frequency of the rotation approaches that of the oscillation with € = 0. As a result,
for € < 1, the precise value of <0> becomes almost independent of e. The independence
from e can suppress baryon isocurvature perturbations arising from lepto-axiogenesis. The
dependence of <0> on € is discussed in appendix E in detail.

During the rotation of P, fluctuations of P are produced by parametric resonance unless
the rotation is very close to a circular one, € > 0.8 [66]. By a numerical computation, we
find that € > 0.8 cannot be achieved by the rotation from higher dimensional operator
unless n = 5. As we show in section 3.5, n = 5 gives too large an axion mass at the
vacuum and reintroduce the strong CP problem. Once the amplitude of the fluctuations
becomes comparable to the amplitude of the rotation, parametric resonance is terminated
by the back-reaction, and the field value of P is randomized. For the quartic potential,
this occurs around S ~ 1072/10~* S; during a radiation/matter dominated era [67-69)].
The average value of 6 now depends on e. From the PQ charge conservation,

Nliw (68?) ~ N}iw (0) 52, (3.10)

eng =~ NDWan =

Here the averages of 6 and S? are separated, since P is randomized and 6 and S move
independently. Using ng ~ mg(S)S?, we obtain

(0) ~ eNpwms(S). (3.11)
Parametric resonance reduces the source term driving asymmetries by order e.

3.2 Baryon asymmetry

We investigate the parameter space where lepto-axiogenesis explains the observed baryon
asymmetry. We consider scenarios where the onset of field rotation occurs after or before
the end of reheating in the following subsections. In spite of the assumption of KSVZ-
heavy, the results still apply identically to some models in KSVZ-light and DFSZ-light as
long as the oscillation occurs when the non-thermal mass assumed in eq. (3.4) dominates
over the thermal masses from the light PQ-charged particles and the production of np_j,
matches the form given in eq. (2.20). For example, the additional interactions relevant for
Anp_y, in egs. (A.1), (A.3), and (A.4) should be in thermal equilibrium in order to match
eq. (2.20). These additional conditions can be straightforwardly examined but we will not
investigate the applicability further to avoid obscuring the discussion.
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3.2.1 Rotation during a radiation dominated era

In a radiation-dominated universe for (T' < Ty, Tos < T < T, T < T), Yp = np/s x
(T, T° T~1) respectively based on the scaling in eq. (2.20). For Tpse < Tis, i.e. mg(S;) <
3 x 107 GeV (3503)'%(gsn/g«) /2, the production of the baryon asymmetry from the PQ
asymmetry is UV-dominated and peaks at the beginning of the oscillation. For Tpse > Tis,
the baryon asymmetry is dominantly produced at T = min(7r,Tosc). For mg(S;) =
108 GeV(0.03 eV2/m?)%(gs/gsm)>?, we have Tos. > Tp. Assuming the saxion is ther-

malized before dominating the energy density, the produced baryon asymmetry is

.T2 - .
Yp ~ nB ~ cpt X min <17SS> x =L (3.12)
’ T:min(TlﬂTOSC) s T=Tosc H H T:Inin(TLyTosC)
-2
~ 10719V, (CB> _mT
PWN0.1) \0.03 ev?
3 ms(s)
2 m .
08 (g;i\/[> (203 TelV> fOI' TOSC < Tss
T ms(Si) \? ; ’
200 for Too > T.
( G« ) (108 GeV) (1/35) Oor  Losc ss

where we use 0(Tpse) = Npwms(S;) from eq. (3.9). The observed value Y5 is explained
with mg(S;) ~ 200 TeV (0.1/cp)(0.03 eV/m?), while larger values of mg(S;) require di-
lution especially if a3 is larger than SM value in the case Tose > Tys. If Toge 2 100 T7,
parametric resonance becomes effective at T' > Ty, and the B — L asymmetry produced at
T ~ T7, is suppressed by € as explained below eq. (3.9).

In figure 3, the observed baryon asymmetry can be generated throughout the unshaded
region of the (mg, f,) plane. In the green-shaded region, S; exceeds the Planck scale, and
a secondary inflation by the saxion occurs; the baryon asymmetry is diluted and lepto-
axiogenesis cannot explain the observed baryon asymmetry. Contours of the required
initial saxion field S; are shown by blue dotted lines, with values varying from the Planck
scale to 101 GeV and below.

Due to assumptions about the heavy KSVZ quarks (see KSVZ-heavy), the thermal
logarithmic potential [70] becomes important and the oscillation occurs earlier than in
eq. (3.4) when S; < 3 x 10'0 GeV(353)(g+/gsm)"/*. We continue the computation to
lower values of S; because the results may still be applicable to other cases in KSVZ-light
and DFSZ-light with conditions mentioned earlier. However, if S; becomes too small the
estimation of the baryon asymmetry necessarily changes. For example, let us consider a
coupling with a light particle yPQQ as in KSVZ-light. For the oscillation to begin in the
zero-temperature potential rather than in the thermal potential, requires

1 1
B i Si)\ 2
2 % 10~ g*>4<m3(’) . 1
y<2x10 (gSM 103 TeV (3.13)

On the other hand, the charge of rotating P must be efficiently transferred into the chiral
asymmetry of QQ in order for the baryon asymmetry to reproduce the case of KSVZ-heavy
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with Tose < Tus. This requires I' =~ agm(S;)?/Tose > H(Tosc) as discussed in KSVZ-light,
which translates to

1 1 3
_¢ (1/35\2 gSM>8 (mS(Si) )4 10 GeV
6
y>2x10 ( o ) ( " 10° T s, . (3.14)

These two conditions on the coupling can be compatible with each other if

1 3 1
1/35\2 (gsm\8 [ ms(S;) \4
0 e () (5 (fing ) :
5> 10" Gev (£° A Ty (3.15)

A similar analysis for DFSZ-light will reveal the same condition but with as replaced by
ag. The violation of this condition is shown as the blue hatched region in figure 3, inside
which the evaluation of Yz is highly model-dependent and beyond the scope of this work.

In the purple shaded regions, extra cooling of supernovae cores by the emission of axions
suppresses the neutrino emission, in contradiction with the observed neutrino spectrum
from SN1987A [48-54]. The region below the purple dashed line is similarly excluded by
saxion emission due to the coupling with gluons [71]. This can be avoided, however, by
introducing a large coupling between the saxion and the Higgs so that saxions are trapped
inside supernova cores. Such large couplings can be probed by observations of rare kaon
decays at KLEVER [72, 73].

The rotation of P includes an angular motion and a radial motion. The energy density
of the radial motion must be dissipated into radiation. In the blue shaded region, the dis-
sipation causes problems. If the coupling with the SM particles is small, the saxion decays
into axions and creates too much dark radiation compared to the experimental bound [59].
For larger couplings to the SM particles, the saxion is in thermal equilibrium with the SM
bath, and a significant portion of its energy is dumped into electrons and photons after
neutrinos decouples, leading to an excessively negative amount of dark radiation, which
spoils Big Bang Nucleosynthesis (BBN) [74].

Axion dark matter, discussed in sections 3.3-3.4, can be obtained from parametric
resonance or kinetic misalignment on the solid black lines of figure 3 but, in the case
of parametric resonance, is constrained by warmness of DM as indicated by the dashed
brown lines.

We require the explicit PQ symmetry breaking potential of (3.1) to preserve the PQ
solution to the strong CP problem, leading to the solid pink contours labeled by n. The
dashed pink lines labelled by n follow from vacuum requirements. For any given n, these
constraints are satisfied by the area below the wedge formed by the corresponding solid
and dashed lines, as detailed in section 3.5. In the orange hatched regions of figure 3,
simple possibilities to thermalize the saxion oscillation fail, leading to saxion domination,
as discussed in section 3.6.

In the lower panels of figure 3, we show the parameter space when some entropy
production after the B — L asymmetry production leads to dilution by a factor D of Yp
and axion dark matter from Ypq. This dilution can result from a generic moduli field or
thermalized saxions. The required initial field value S; becomes larger correspondingly. The
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Figure 3. Parameter space compatible with the observed baryon asymmetry for the quartic po-
tential for Npw = 1. The upper panels assume a radiation-dominated universe throughout the
evolution, while the lower panels include a dilution factor of D = 10 that can arise from late-time

entropy production. Left (right) panels are for larger (smaller) cg x m? as labeled. We fix € = 0.125,

which affects the black and pink solid lines.

lower right panel belongs to the second case in eq. (3.12), i.e. Tose > Ty, with ag = 1/35,
while Toe. < Tis for the other three panels.

3.2.2 Rotation before the completion of reheating

If the reheat temperature after inflation Tx is small enough, P starts to rotate before

reheating completes, Tyse > Tr, when the universe is matter dominated. During the

matter domination, we have the scaling laws for temperature T < R™3/® and for the
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Hubble scale H o< T*. Here we only consider the most extreme case T < Ty to explore
the lowest possible Tr; investigation of all possible cases is beyond the scope of this paper.
For S > f,, using eq. (2.20), one can show that ng/pins oc (T13/3, T=22/3) for (T < T <
Ty, Tss < T < Tp,) respectively. Once S ~ 2 fo at the temperature Tg, the potential
is dominated by the quadratic term and the scaling changes to ng/pimt o< (T, T~2), after
which the production of the B — L asymmetry is negligible (Ts < Ty in the parameter of
interest). Therefore, the baryon asymmetry is produced dominantly at 7' = max(Tr, Ts),

. V2
Yy B o Pinf - cpfT-T'g, " §TR
Pinf | T=max(Tr,Ts) 5 lr=ry pint H T—max(T.Ts)
=2
~8x 107N, (CB> _m
PWR 0.1/ \0.03 ev2
§/ Tp \3 (S) \3
gsm \ 6 R ‘ mg(o;
fi i
( s > <109 GeV> <5 % 1014 GeV> or 5 > S
5 I 14 i 9 3 13
x (981\4)8( Tr >z 5% 101 GeV'\ 1 [10° GeV 8( S; )s
Jx 109 GeV mg(S;) fa 8 x 1017 GeV
for S; < Sy
(3.16)

1 2 4
3 S;) 3 (10° GeV )3

_ 107 < fa ><QSM)3< mg(S; )
S0 =8> 107 GeV{ 155Gy ) Uy, 6 x 1013 GeV Tr ’

where S is the critical value of S; below which S reaches v/2f, after Tk.

In figure 4, we show the constraints on the parameter space for several reheat temper-
atures. Here mg(S;) and S; are constrained by eq. (3.16). Due to entropy production from
the inflationary reheating, the required values of mg and S; are larger than in figure 3.
The color scheme of various constraints is the same as in figure 3. The additional gray
shaded region is excluded because of the large isocurvature perturbation of the baryon
asymmetry. Since the B — L asymmetry is dominantly produced at T = max(Tg,Ts)
long after the rotation begins, parametric resonance becomes effective and <9> depends
on €. If saxion thermalization occurs before parametric resonance becomes effective, para-
metric resonance is avoided since the rotation becomes circular, but then 6 depends on
e after the thermalization. In both cases, the isocurvature perturbation comes from the
fluctuation of e,

5YB ~ nHinf
Yg 278

(3.17)

To derive the constraints conservatively, we assume Hi,; = mg(.S;). This is naturally the
case if the saxion field during inflation is determined by a balance between the quartic
potential and a negative Hubble induced mass —H?|P|?>. We then obtain the upper bound
A < 2 x 107°(10/n), which is illustrated by the gray region in figure 4 using n = 10. The
reheat temperature can be as small as a few times 10° GeV, which is comparable to the lower
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Figure 4. Parameter space compatible with the observed baryon asymmetry for the quartic po-
tential for Npw = 1. Here the production of Yz is dominated during inflationary reheating with
a different reheat temperature for each panel. Left (right) panels are for larger (smaller) cpm? as
labeled. We fix € = 0.125, which affects the black and pink solid lines.

bound on T from successful thermal leptogenesis from right-handed neutrinos [36, 75, 76].
Importantly, in thermal leptogenesis, right-handed neutrinos are produced from the thermal
bath so their mass must be no larger than T [77], while for lepto-axiogenesis right-handed
neutrinos can be much heavier. As Tg is increased from the minimal value, the parameter

space for lepto-axiogenesis rapidly opens up.

3.3 Axion dark matter from parametric resonance

In this subsection we consider the possibility that axions produced by parametric reso-
nance explain the observed dark matter density. Since the axion couples to the saxion S,
oscillations of the saxion field produce axions non-perturbatively through PR.
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The production continues until the energy density of the axions becomes comparable
to the saxion oscillations, at which point the back-reaction from the axions stops PR. For
the quartic potential, this occurs around S ~ 1072 S; (or 107 S;) during a radiation (or
a matter) dominated era [67-69].

The axions produced through parametric resonance are not necessarily cold at matter
radiation equality and the parameter space is subject to warm dark matter constraints.
Assuming the axion makes up all of the dark matter, the warm dark matter constraint
requires [78, 79]

Va|T—1ev = Falr=iev <2x1074 (3.18)
a

Cosmic 21-cm lines can probe vg|r—1ev 2 107° [80]. After axions are produced, their
number density and the momentum are approximately conserved up to cosmic expan-
sion [81]. Since k2 and the axion number density scale as 1/R3, their ratio remains invari-
ant and is given by ng/k2 = 1/(4)2?). Replacing k, with (4\%n,)'/3 at T =1 €V, requiring
Y, = na/s = Yy puM in eq. (2.10), and imposing the constraint in eq. (3.18), we obtain an
upper bound on mg,

3
2

1 9 a =le
ms < 80 MeV Npw ( 0 fGeV> (; >‘<T1_01_\‘/1> . (3.19)

For larger masses, the PR axions are too warm, assuming they make up all of dark matter.
This bound is satisfied by the solid black line in figure 3. Note that this constraint is
generically applicable to axion dark matter produced by parametric resonance in a quar-
tic potential, and is independent of the cosmological evolution, such as possible entropy
production.

Assuming that no entropy is produced after PR occurs, the axion yield is given by?

n ng(S;)

~

1 3 1 1

: 1 1 S; 2 (GeV 2 f 2
ta D~ 60N (98M> ( i ) () ( ) 3.20
S s DWA g, 1017 GeV mg 109 GeV ) ’ ( )
where we have used mg(S;) = AS; and mg(S;) = 3Hose. Using egs. (3.12), (2.10) and (3.20),
axion dark matter by parametric resonance and the baryon asymmetry by lepto-axiogenesis

3
1 fa 1(0.03 eV?
ooy () (2 (42)7 (22 ) for T <o
1
2

5
2

3 3 15

ms = L/D f g 0.1\2 (0.03eV2\? /1/35\2
250 MeV Npy 2 = *

oow (10> (109 GeV) (QSM> (CB> ( m? <a3>

for Toee > Tis
(3.21)

Y, =

require

*Note that egs. (3.19) and (3.20) differ from ref. [31] due to our change of the estimation of ng.
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For Tpse > Tis, since the baryon asymmetry is overproduced, we introduce a dilution factor
D. The prediction for mg is shown as the black solid lines in figure 3. Above (below) the
black lines, axion dark matter is overproduced (underproduced) by parametric resonance.
Therefore, while dark matter can only be explained by parametric resonance below the
brown dot-dashed lines with small mg and f,, most of the parameter space is free from
overproduction of dark matter— a major obstacle faced by the minimal theory of axiogenesis
presented in [44].

Lyman-« constraints [82] analyzed by VHS [83] and SDSS [84, 85] surveys limit the
fraction of warm dark matter to be O(30%) and hot dark matter to be O(10%). Below
the brown dot-dashed line in figure 3 is the region where this constraint is satisfied i.e.
pa/ppM S 0.1, whereas the region above is ruled out if the PR axions are not successfully
thermalized.

To avoid too warm and/or an excessive amount of axions from PR above the brown
dot-dashed lines and black lines, it is required that the axion fluctuations from PR be
thermalized when the saxion is thermalized [66]. This thermalization needs to occur before
S is relaxed to f, so that saxions and axions are sufficiently mixed with each other via the
PQ symmetry restoration. Otherwise, the axion thermalization rate becomes suppressed
by its momentum due to its derivative coupling when S = Npw f,. This assumption is
essential for the kinetic misalignment mechanism discussed below in section 3.4 to give
enough dark matter in regions above the same black lines in figure 3.

3.4 Axion dark matter from kinetic misalignment

The kinetic misalignment mechanism can also produce axion dark matter. This contribu-
tion dominates when the axions produced by parametric resonance are thermalized. Using
eq. (C.4), the axion dark matter abundance by kinetic misalignment is

1 3 1
Y, =2 — ~ 10e N, — ——— .22
% Npw $ Oc DW( G+ 1016 GeV ms 109 GeV (3.22)

where € is defined in eq. (3.6) and the factor of 2 is a deviation from the analytical estimation

—_

(see appendix C). Axion dark matter by kinetic misalignment and the baryon asymmetry
by lepto-axiogenesis require

l

_1 € fa
10 MeV Npy, <o 125) (1 0 GeV> s
3 2
) < " 4 (o 03 eV ) for Tse < The
C
mg ~ gsm B 1 (323
2
250 MeV Ny}
eV Npw <0 125> (1 ) (109 GeV)
§ 3 2 75
y ( g* 2 2 (O .03 eV ) 1/35> for Tosc > TSS'
gsm “

The black lines in figure 3 show the prediction for mg, where the lower right panel is for the
Tosc > Ty case. Kinetic misalignment can explain axion dark matter in the regions above
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the black lines by smaller €. In addition, the produced axions are cold and not subject to
the warmness constraint.

Lastly, on the horizontal gray lines in figures 3 and 4, the observed dark matter abun-
dance is explained by the conventional misalignment mechanism in the regions where kinetic
misalignment is inefficient, i.e., larger f,. Due to non-thermal PQ symmetry restoration
by parametric resonance, the misalignment angle 6; is randomized and averaged to 7/+/3.
Axion emission from cosmic strings gives similar amount of axions [86-93]. In the lower
panels of figure 3, the gray lines are unaffected despite the dilution factor D = 10 because
entropy production is assumed to occur before the axion oscillations near the QCD phase
transition. If entropy is produced after instead, the gray line will be shifted upward by a
factor of ~ 7 (D/10)%/7.

In figure 4, the black lines also represent the axion dark matter contribution from
KMM (for € = 0.125) and PR. It is evident that this constraint is irrelevant in the case
of rotation during inflationary reheating and we thus do not present the derivations of
the formulae.

3.5 Constraints on explicit PQ symmetry breaking

To achieve rotations with a parameter ¢ ~ SVJQQ/ VléQ from eq. (D.6), the required cou-
pling A is

2n/2)\26 M3

_ 3.24
B T (3.2

whose exact form is given in eq. (D.6) for a radiation-dominated universe. The axion mass
given by the explicit PQ symmetry breaking Vpey is

2 ANRG =2 Nne N2 fo—?

2 ~
Ama — 9on/2 Mn—3 - 3 SZTL—4

(3.25)

To obey the experimental bound on the neutron electric dipole moment [94-96], we require
Am2 < 107192, (3.26)

For a given (mg, f,), we fix S; to reproduce the observed baryon asymmetry, and then
obtain a lower bound on n from eq. (3.26). The contours of the lower bound are shown as
pink solid lines in figures 3 and 4 for the labeled values of n.

It is required that € < 1; otherwise, the angular direction will start oscillating before
the radial mode and get trapped into a false vacuum at a large field value created by Vpe.
Therefore, we impose

1
2)\2 Mn—3 n—4a
S; <2 <3n Y > . (3.27)

The contours of the lower bound on S; are shown as pink dashed lines in figures 3 and 4 with
A = M = 47 Mp; and the labeled values of n. The constraint is mildly relaxed if A < M.
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3.6 Saxion thermalization

We first consider the case where the rotations begin during a radiation dominated era. In
order to avoid entropy production from saxion domination we need the saxion to thermalize
before it dominates the energy density at Th;. In the quartic potential the saxion field value
evolves as S oc T until S ~ v2f, Npw at temperature T's which can be written as

1 1 1 1
1 I 5 3 /(1 16 2
T =~ 20 TeV Ny, (95M)4 ( ms >2 < fa >2 (0GeV> , (3.28)

G« 10 MeV 109 GeV S;

After T the saxion potential is dominated by the quadratic term and saxion field value
scales S oc T%/2. The temperature at which saxion enters matter domination is given by

1 1 1 3
X 1 1 1 3
5 (9sm\4 ms 2 fa 2 S; )2
Tor =~ 200 MeV N2 . 3.29
M ¢ DW( 0s ) (10 Mev> (109 GeV) (1016 GeV (3.29)

The saxion can thermalize by scattering with gluons, non-KSVZ fermions, or through

its couplings with the Higgs boson. In the case where the KSVZ quarks are heavier than
the temperature of the universe when the saxion begins oscillating, as is the case for KSVZ-
heavy, they stay heavier since S o« T for quartic potential. In this case the saxion can
thermalize by scattering with gluons. The thermalization rate for T > T is given by [97—
99]
T3
a2

'y = bNp{w ST’ (3.30)
where b ~ 107202 ~ 1075. Once S ~ Npw fa, Iy = bT3/f2 which drops faster than the
Hubble scale. Thus, gluons can only thermalize before Ts. Requiring that I'y > 3H(Ts)
from gluon scattering we obtain

1 1 1

1 2 3 (10 GeV') 3
< 4% 10° N3 gSM)2< ms )3 . 31
fa $4x10° GeV Dw(g* TRV S (3.31)

Thermalization through gluons is not sufficient to thermalize the saxion in most of the
parameter space of interest in figure 3. In the absence of thermalization through gluons,
the saxion can thermalize via its coupling to the Higgs or a non-KSVZ fermion. We will
begin by discussing constraints that arise from coupling to the non-KSVZ fermions.

The saxion-fermion coupling can be written as zP and the thermalization rate is
Ty =~ by 2T, (3.32)

where by, ~ 0.1. In order to avoid entropy production by the saxion, the saxion needs
to be thermalized at Ti, > Tjs. Once the saxion settles at its minimum, the fermion
mass remains constant at zNpw f, while the temperature keeps decreasing. This implies
Tin > max([Thr, z2Npw fa]. However, z cannot be arbitrarily large. The quantum correction

to the quartic coupling of P coming from z needs to be less than A2, giving z < (16w2\2)1/4,
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The thermal corrections from non-KSVZ fermions to the saxion mass should also be smaller
than the saxion mass at the beginning of oscillations. This gives z < AS;/Tosc. We
also require the mass of the fermion to be lower than the temperature at the beginning
of oscillations, so that fermions are in the thermal bath at thermalization z < Tosc/S;.
Imposing the above constraints, we find that the fermion scattering can thermalize the
saxion for f, < 1010 GeV.

Once the temperature drops below the mass of the fermion, the number density of the
fermion is Boltzmann-suppressed and the thermalized saxions decouple from the thermal
bath. If there is no subsequent thermalization, the saxion decays into axions and produce

dark radiation with an amount given by

1 1
10 MeV\ 2 fa gsM > < 10.75 > 12
ANgg ~ 0.2 .
off 025 < mg > (108 Gev) <g*(TD) g*(Tdec) ’ (3 33)

where g.(Tp) and g.(Tyec) are the effective degrees of freedom when the saxions decou-

ple and decay respectively. The present upper bound is ANeg < 0.3 [59], and future
observations of the cosmic microwave background can probe ANeg > 0.02 [100, 101].
fa > 10® GeV(mg/10 MeV)'/? is excluded, but this constraint can be avoided if the saxion
couples to the Higgs and keeps thermalized until the temperature drops below mg.
We next consider the coupling of the saxion to Higgs bosons, ¢2S2HTH. The Higgs
can thermalize the saxion via scatterings S H — H Z/W with a rate given by
S(T)+ N 2
Don = Oéz(T)f4( @) T D o) :
where S(T') = S;(T/Tosc). During radiation domination, I'yy, (7)) /H (T") always increases
as temperature decreases, and hence thermalization is IR-dominated. If we demand that

(3.34)

the Higgs mass from the field value of P does not exceed the observed Higgs mass at the
vacuum, i.e. {Npw fo < mp,, we find that in most of the parameter space of interest in
figure 3, the saxion cannot be thermalized. Hence, we consider the case where the Higgs
mass is fine-tuned to give the observed value,

mio=—m’+ & f2, ENiwfi,m® > mi. (3.35)

We find that, after taking into account the constraints outlined below, in most of the
parameter space thermalization happens at T < Tg, the temperature where S reaches
V2Npw fa. We thus set S = Npw f, in the following. Typically the saxion-Higgs mixing
is parameterized by a mixing angle 0gz given by

Npw fav B ( 3 )2< fa )
~ 922DVl 3 05 . .
Osim = 2v/2 m? 3> 0 Now | 1076 ) {109 Gov (3.36)

In order to avoid entropy production, thermalization needs to occur before saxion
domination at temperature Ty, giving the lower bound

1 1 3 1 9
02 [1/40N\% [gsa\16 (10 MeV\ 8 (10 GeV ) 8 S; 8
£ Tx10 oW | s e ms fa 1016 GeV

(3.37)
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We also need Ty, > mp 0, since for lower Tij, the Higgs will not be present in the thermal
bath. Other lower bounds on £ come from the BBN, which requires its lifetime to be
shorter than one second if the saxion decays primarily through the Higgs portal, and from
the saxion emission from supernova cores which requires large enough coupling to trap the
saxion inside the cores [50, 102-104]. However, £ cannot be arbitrarily large. For T' < Ty,
S(T) ~ v2Npw fu(T/Ts)?/? and the Higgs mass is m%,(T) ~ 262N2 foS(T). For Higgs
thermalization to be efficient we need my(Ttn) < Tin,

1 11 9 11 9
€< 3% 1075 NI (0‘2>8 (95M>32 (ms)w 109 GeV') 16 (1016 GeV' 16
~ bw 1/40 O 10 MeV fa S; :
(3.38)

Other upper bounds on the saxion-Higgs mixing come from the branching ratio for K —
(7 + invisible) [105] and from LHCDb constraints on visible decays of B mesons through a
scalar mediator [106, 107]. We require that corrections to the quartic coupling from & are
smaller than A\? i.e. &€ < (1672X?)1/4. We also require the thermal corrections to the mass
of the saxion at the beginning of saxion oscillations to be lower than the zero-temperature
saxion mass, giving & < AS;/Tosc. Comparing the upper and lower bounds on &, we obtain
the region that cannot be successfully thermalized through the saxion-Higgs coupling. A
summary of the astrophysical and experimental constraints we use in terms of the mixing
angle Og can be found in ref. [73].

Combining the constraints from the gluons, fermions, and Higgs thermalization pro-
cesses mentioned in this section, we can determine the region where the saxion is not
thermalized before dominating the energy density. This is shown by the orange hatched
region in figure 3, which shows that most of the parameter space is consistent with the
assumption of a radiation-dominated universe. The jagged nature of the lines shown in
figure 3 comes from satisfying the LHCb and K — (7 + invisible) constraints.

Some of the parameter space in figure 3 is excluded by the brown dot-dashed lines
because of the hot axions produced by PR. The bound can be evaded if the PR axions are
thermalized. For this the thermalization must occur at T > T, since for T' < Tg, where
the PQ symmetry is broken, the axion direction is derivatively coupled to the thermal bath
and the thermalization rate is suppressed. For T' > Tg, the saxion and the axion mix with
each other and thermalization of saxions automatically lead to that of axions. As we have
seen, thermalization through the Higgs and fermions occurs predominantly when Tiy, < Ts
and does not allow for the axion to thermalize. A thermalization process more efficient
than considered thus far is needed to allow for KMM dark matter to the left of the PR
warmness constraint. However, we do not pursue this direction further.

For the case where the rotation begins before the completion of reheating after infla-
tion, since the amplitude of the rotation of P is much smaller than the case discussed above,
possible thermalization rates are larger. Also, since the quartic coupling of P is larger, up-
per bound on the thermalization rate from the quantum correction to the quartic coupling
is relaxed. As a result, the thermalization is more effective than the case discussed above.
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3.7 Domain wall problem

PR grows the fluctuations, leading to the restoration of the PQ symmetry and randomiza-
tion of the field values [67, 68, 108-111]. Once the amplitude of the fluctuations becomes
smaller than f, by the cosmic expansion, the PQ symmetry is broken again. Domain walls
are produced around the QCD phase transition. If the domain walls are stable, they even-
tually dominate the energy density of the universe. Avoiding the problem requires one of
the following:

1. Domain wall number is unity so that the domain walls are unstable [112].

2. P thermalizes before the magnitude of the fluctuations become as large as the ampli-
tude of the rotation. The rotation then becomes circular and PR no longer occurs.

3. Explicit PQ symmetry breaking lets the domain walls decay early enough [112].

The option 2 requires the coupling of P to particles in the thermal bath to be strong
enough. We find that in the allowed parameter region in figure 3, such a strong coupling
generates too large A\ by radiative corrections.

In the option 3, domain walls decay into axions. To make this axion population less
abundant than the observed DM abundance requires the decay to occur early enough by a
large amount of explicit PQQ symmetry breaking. The large PQ symmetry breaking spoils
the axion solution to the strong CP problem unless f, < 3—8 x 108 GeV, depending on the
domain wall number [87, 113-115]. The constraint is relaxed by a factor of few by diluting
the axions produced from the domain walls [116].

4 Supersymmetric models

For efficient lepto-axiogenesis, the saxion oscillations after inflation must start from a large
initial field value, requiring a flat saxion potential. A flat potential is natural in super-
symmetric theories, where the saxion is the scalar superpartner of the axion; the saxion
potential is essentially flat in the supersymmetric limit.

For example, spontaneous PQ symmetry breaking can be induced by running of the
soft mass of the field P [117],

Veq(P) = m%|P]* (1 2P —1 4.1
PQ =mg anN]%w . (4.1)

The curvature of the saxion potential is given by the supersymmetry breaking soft mass
mg, and the potential is sufficiently flat for a low enough scale of supersymmetry breaking.
Alternatively, in a two-field model with soft masses,

W = X(PP - Vgq), Viots = mp|P|> +m%|P|?, (4.2)

the stabilizer field X fixes the PQ symmetry breaking fields P and P on the moduli space
PP = VP2Q, and the moduli space is lifted by the soft masses. For P > Vpq or P> VPQ,
the potential of the saxion is dominated by the soft masses mp and mp, respectively.
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Motivated by the above two examples, we consider the case where the saxion potential
is well approximated by a quadratic term m%\P\Z at large field values. In this case, the
rotation of P is initiated in the same manner as the rotation of the squark and slepton
fields in the Affleck-Dine baryogenesis scheme [33, 64, 65].

4.1 Rotation in a nearly quadratic potential

In supersymmetric theories, scalar fields in general obtain squared masses proportional to
H?, called Hubble-induced masses. We assume that in the early universe, P obtains a
negative Hubble-induced mass,

V(P) = —cy H?|P|?, (4.3)

where cy is an O(1) positive constant. This negative Hubble-induced mass drives the
saxion to a large field value. Although lepto-axiogenesis works for generic origins of a large
field value, this origin simplifies the discussion of the dynamics of P as we will see.

We assume that the PQ symmetry is explicitly broken by a superpotential term

1 P
The F-term potential given by this superpotential stabilizes the saxion against the negative
Hubble-induced mass term. The supersymmetry breaking A-term potential associated with
the PQ breaking superpotential (4.4) is

mn

P

and drives the angular motion of P. (The superpotential term alone does not do this, since
a linear combination of the R symmetry and the PQ symmetry remains unbroken without
the A term). Under these conditions, the entire potential is

mn

Mn—3

|P|2n—2
M?2n—6 °

V(P) = (m% — cgH?)|P)* + <A + h.c.> - (4.6)
After inflation, for 3H > mg the saxion tracks the time-dependent minimum of the poten-

tial given by [65, 118]

n—1

S(H) ~ (15{1\4’%5‘)ﬁ <2n_2> 7_ , (4.7)

where we take ¢y ~ 1.3

When the Hubble scale becomes comparable to mg, 3Hose = mg and S; = S(Hesc), P
starts to oscillate. The A term drives the angular motion. Subsequently, as S decreases by
redshifting, explicit PQ symmetry breaking becomes negligible and the PQ asymmetry is

3Even if the Hubble induced mass term becomes negligible at some point, as is the case during radiation
dominated eras [119-121], S still follows the value around eq. (4.7) because of the balance between Hubble
friction and the potential gradient.
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conserved. Following the definitions in eq. (3.6), we parameterize the PQ) charge asymmetry
by a parameter ¢ < 1 and obtain

€ 1
= 2 ~2 ~ —mgS> 4.8
npQ Npw MSOmax Now ns, ns 2m5 max>s (4.8)
for e < 1. The typical size of € is given by
A
~ 4.9
em (19)

A detailed estimation of € is given in appendix D. Here we assume that the initial phase
of P is not accidentally aligned with the minimum of the potential given by the A-term.
If the soft supersymmetry breaking terms of S are dominantly given by gravity mediation,
A ~ mg, and hence ¢ = O(1); in other schemes € can be small. The time-average of
0 is approximately Npwmg, as in eq. (3.9), and nearly independent of e. If parametric
resonance becomes effective and randomizes the field value of P, <9> depends on € and is
given by eNpwmg, as in eq. (3.11).

Once the PQ symmetry breaking field P starts to rotate and oscillate, it evolves in
the following way. The energy density of P redshifts as matter (R~3) and, likewise, npQ
redshifts in the same manner due to conservation of PQ charge. <9> remains constant as
long as S > Npw f,. Since we are taking large initial field values, there is the possibility
that the saxion could end up dominating the energy density of the universe over the radi-
ation bath. Therefore, in the next subsection we study two scenarios: in the first, saxions
are thermalized before they dominate, while, in the second, there is a period of saxion
domination before thermalization with consequent dilution of the baryon asymmetry and
axion dark matter. After thermalization of the P field, the orbit becomes circular with
the energy density of the radial motion transferred into the thermal bath. After thermal-
ization, the energy density of the circular rotation py decreases as matter (R~3) until S
drops to Npw fa, when a period of kination ensues with pg redshifting as R=6. Notice
that the kination era due to the axion rotation is conceptually different from the known
scenarios [122-124] where a scalar field rolls down the potential, while in our case the axion
revolves around it. An early period of kination era could leave a distinctive imprints, and
possible experimental signals, in a wide range of different cosmological phenomena com-
pared to the standard cosmology: from modifying the relic abundance of DM [125-128],
increasing the signal of primordial gravitational waves [129-132], to boosting the matter
power spectrum, enhancing small-scale structure formation [133, 134].

4.2 Baryon asymmetry

The baryon asymmetry Yp generated at temperature T from the rotation of P is always
proportional to 9/T . With a quadratic potential we have shown that there are periods
when H(T) is constant, whereas with a quartic potential H(T) always falls. Hence, relative
to the quartic case, baryogenesis with a quadratic potential is dominated more by lower
temperatures. Even if P starts to oscillate early, the baryon asymmetry is dominantly
produced at T' < Ty where the strong sphaleron transition is in thermal equilibrium. The
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baryon number produced per unit Hubble time is generically given by
2 Lp

I
We first consider the case where the saxion is thermalized before it dominates the

ATLB >~ CB QT (410)

universe, so that no entropy is produced after the onset of the rotation. Due to PQ charge
conservation, the energy density associated with the rotation of P can dominate even
after the saxion is thermalized without subsequently producing entropy, as explained in
section 4.1 and appendix F. We define Sj; as the saxion field value at the beginning of this

matter-like domination. Similarly, Sg is the field values of the saxion at Ty. We find
ng 672 'y, (t2>

Yp~ —~cg— ——1In (4.11)
s s

H

3 _ .
o~ IO_IONDW <CB> (gMSSM> 2 m ( s ) In ( min (i, Sss) )
n 0.1 Gx 0.03 eVZ ) \ 600 TeV max (Npw fa, Sar) /)’

where we assume a radiation dominated era with gngsyv = 228.75. Here the logarithmic

dependence appears because np in eq. (2.15) is inversely proportional to time when the
universe is radiation-dominated, 0 is constant (S > Npwfa), and T < Ty. Here t; and
to denote the initial and final times of this period, whereas In(t2/t1) = 41n(S(t1)/S(t2))/3
with S(t1) = min [S;, Sss] and S(t2) = max [Npw fqa, Sam], where Sys is the average vev of
the radial mode when saxion matter domination begins. The observed baryon asymmetry
is explained for

3
.1 N 2 (0. 2 1
mg ~ 30 TeV Nﬁ\}v <0) ( g )2 (00%5\[ ) . Z_S . (4.12)
e/ A/ ) \In (Gt

This value of mg gives Thw < Tosc < Tss. We find min (S;, Sss) = S; provided mg <
6x 107 GeV(2003)* (gsn/g+) /2. Eqgs. (4.11) and (4.12) are valid if Sys > Npw fa, for which
we need S; > Npw fa (ms/6x10° GeV)3/4(g,/gsm)>/®(20a3)19/2, and this is easily satisfied.

Remarkably, the order of magnitude of mg, the scale of supersymmetry breaking, is
determined to be of order 30 TeV by the observed baryon asymmetry and neutrino masses.
The dependence on the neutrino spectrum, Npw, and the parameters inside the log is mild.
In particular, mg cannot be of order the TeV scale unless Npw ~ (30,300) for neutrino
masses with (near degeneracy, a normal hierarchy).

The blue contours in figure 5 show the values of mg required to explain the observed
baryon asymmetry. Relevant for the determination of Yz using eq. (4.11), min (S;, Sss) = S;
throughout the parameter space of interest as noted above, while above the gray dotted
lines, we have Sy; > Npw fa, in which case Yp and thus mg become independent of f,.
The purple region is the same as in figure 3, while other constraints will be discussed in
the following subsections.

We now consider an era of saxion domination. From the scaling laws presented in ap-
pendix F and summarized in table 2, one can see that the baryon asymmetry is dominantly
produced around the beginning of the matter dominated era or at the end of reheating.* At

rot

4 After the saxion is thermalized at Tip, an era dominated by the rotation labeled as MD*" in appendix F
is present unless € is sufficiently small. However, we expect € ~ A/mg ~ 1 for gravity mediation and thus
do not consider small € here.
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Figure 5. Parameter space compatible with the observed baryon asymmetry for nearly quadratic
potentials in the case without entropy production for Npw = 1. Values of mg that yield the
observed baryon asymmetry are shown by blue contours. Axions account for the observed dark
matter via either parametric resonance or kinetic misalignment along the black solid line, while
only kinetic misalignment is viable along the black dashed line. We fix € = 0.25, which affects the
black (both solid and dashed) and pink solid lines.

both temperatures, Anpg/s are of the same order, but the former contribution experiences
entropy production by the PQ symmetry breaking field. Thus, the production is actually
dominated at Tiy. The baryon asymmetry is given by

cpOT? Ty, 10 <c3> n? ( ms )

Y ~ L ~ 10710 Ny (2 4.13

b s H|. . PWA0.1) \ 0.03ev2) \800 Tev )’ (4.13)
—1th

which is valid as long as Sy, the saxion field value at thermalization, is still larger than
Npw fa- It is remarkable that the cases of thermalization during radiation and matter
domination lead to such similar results for Yp; the only essential difference between (4.11)
and (4.13) is that the latter lacks the logarithm. The absence of this logarithm implies
that, unlike with radiation domination, Yp is completely independent of the initial field
value of the saxion, giving a sharp prediction for mg from the observed baryon asymmetry

3
« \2 0.1\ (0.03 eV?
ms ~ 700 TeV Ny ( g )2 () <e> . (4.14)

gMSSM CB m?

In the unshaded region of figure 6, the observed baryon asymmetry is explained with a
uniquely-determined mg in eq. (4.14) shown at the top of each panel along with the values
of cg and m?. Above the orange hatched region, we have Sy > Npw fs 50 Sin < Sy can
be larger than Npw f, to be consistent with the assumptions made in eq. (4.13). Inside
the orange hatched, the observed baryon asymmetry can in principle be explained but the
analysis becomes model-dependent due to different scaling behaviors shown in table 2 for
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Figure 6. Parameter space compatible with the observed baryon asymmetry for nearly quadratic
potentials in the case with entropy production from saxion domination for Npw = 1. Values of mg
that yield the observed baryon asymmetry are shown at top. We fix ¢ = 0.25, which affects the
black (both solid and dotted) and pink lines.

different saxion thermalization channels. The purple and green regions are the same as in
figure 3, while other constraints and contours will be discussed in the following subsections.

Remarkably, for the cases considered in figures 5 and 6, the baryon asymmetry is
proportional to the mass of the PQ symmetry breaking field, and requires mg = O(10 —
10%) TeV. Such a large scalar mass is consistent with the scenario of high scale supersym-
metry breaking [135-142], which has the following features:

e The observed Higgs mass is explained by quantum correction from stops [143-146].

e Because of anomaly mediated contribution to the gaugino mass [135, 147-150], singlet
SUSY breaking fields are not required. The Polonyi problem [151] is absent.

e With anomaly mediated gaugino masses, the wino is the light supersymmetric particle
(LSP) with a mass around the TeV scale. The thermal freeze-out abundance of the
wino can explain the observed dark matter abundance [152, 153].

e Gravitinos decay before BBN and there is no serious gravitino problem [4, 154-156].

e Due to the large squark and slepton masses, the SUSY flavor/CP problems are solved.

We next consider the case where the universe is inflaton-dominated when the PQ
symmetry breaking field begins rotation. As long as there is a period when the universe is
radiation-dominated and S > Npw f,, the baryon asymmetry is given by eq. (4.13). This
is possible when reheating completes early enough, i.e.,

1 1 1 3

1 IMSSM > 1 < mg ) 2 < fa > 2 1017 GGV 2
Tr >4 x 107 GeV x N2 - (415
R>4X ev x DW< s 106 GeV 109 GeV Si (4.15)
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Lower reheat temperatures may still explain the observed baryon asymmetry but require
a different evaluation of Yz and we do not pursue this further.

We comment on the LSP production from gravitinos. If the reheat temperature of the
universe is large, gravitinos are abundantly produced at reheating and later decay to LSPs.
Avoiding too much stable LSP dark matter then requires [157, 158]

misp
TeV ) '
This bound is violated if the rotation begins during a radiation-dominated era, requiring

Tk < 2 x 10 GeV ( (4.16)

R-parity violation or entropy production from the saxion. If the rotation begins during a
matter dominated era, since Tr may be as low as 107 GeV, the bound can be satisfied.

4.3 Axion dark matter from parametric resonance

As described in section 3.3, the oscillations of the saxion field produce axions non-
perturbatively through parametric resonance. For the quadratic potential with a logarith-
mic correction in eq. (4.1) this happens for € < 0.5. For the theory with the superpotential
and the soft masses in eq. (4.2) with e = O(0.1 — 1), PR is ineffective unless S < 100,.
See appendix G. We thus consider the potential in eq. (4.1) in this subsection.

The time at which PR becomes effective can be written as tpg = Npr/mg where
we find Npgr ~ O(103) from a numerical calculation in appendix G. Assuming radiation
domination during PR and no further entropy production, e.g. from saxion domination,
the axion yield is given by

1 1
na _ ns(Si) (9MSSM>4 ( S; )2 (100 TeV) 2
Y, = —~—"~2 . 4.1
a S S O g* 1016 GGV mS ( 7)

If the axions produced by PR do not thermalize and contribute to more than O(10)% of

DM, they are subject to warm DM constraints.
When the PR axions explain the entire DM, using n,/k as a red-shift invariant quan-
tity, we obtain the warm dark matter bound,
1

1 1 1
6 0.1 2 103 4 v, |T:1V 2
< 8% 1019 (g* )6< ) (“ ) 41
5 X 8107 Gev IMSSM ka/ms Npr 2x 1074 (4.18)

This constraint is satisfied by the solid black line in figure 5. For the parameter space

that does not satisfy eq. (4.18), the observed dark matter abundance can be explained by
kinetic misalignment discussed in the next subsection on the black dashed lines, as long as
the axions from parametric resonance are thermalized.

In order to obtain both the correct baryon and DM densities, the initial field value is
required to be

1 1 1 1
_1 2 /0.1\7 [0.03 eV2\* f 2
S; ~10'% GeV N 4( G > () < a )
¢ Dw GMSSM cB m2 109 GeV

20 i
(_ log(&3) + log(—log(ﬁs))> for S > Now/a (4.19)
( 65 >}l for Sy; < Npw f. |
log(&4) — log(log(&4)) ’
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where

270.1\ (0.03 eV? 1 2
—4 10—8N—1( e ) () ( a ) 4.20
51 x DW gMSSM (65 m2 109 GeV ( )
2 70.1\ [0.03 eV2\ [10° GeV >
—2x1 30N—5( g ) () . 4.21
$2 0T Npw IMSSM cB m? Ja (4.21)

The logarithmic dependence on &; o reflects the weak dependence of the predicted saxion
mass on f,, shown in eq. (4.12).

If the saxion thermalizes at a temperature T;; after saxion domination, assuming no
further entropy production, the axion yield is given by

~ 3T

~ . 4.22
Ims (4.22)

a

However, in this paper, when the saxion dominates, we consider the case where the saxion
is thermalized when S > f,, so that the estimation in eq. (4.13) is valid. Since the PQ
symmetry breaking field P is not at the minimum of the potential, the saxion and the
axion mix with each other, and hence the saxion thermalization necessarily leads to the
thermalization of the PR axions. The KMM mechanism explained below dominates.

4.4 Axion dark matter from kinetic misalignment

KMM can produce the observed DM abundance regardless of the thermalization of the P
field. In a radiation dominated universe, the axion dark matter abundance from KMM is
given by

1 1
2 ng € gMSSM) 1 ( S; >2 (100 TeV) 2
Y, =2 -2 ~ 100 . 4.23

“ . NDW S NDW < Gx 1016 GeV mg ( )

Therefore, we explain axion dark matter by kinetic misalignment and the baryon asymme-
try by lepto-axiogenesis if the initial field value of the saxion is

1 1 1 1 1
1 70.25\2 / g« \2/0.1\%[0.03eV2\* f 2
¢ DW € GMSSM cB m2 109 GeV

20
<— log(&3) + log(— log(§3))> for Sar > Npw fa

1

< 65 )4 for Sy < NDWfa
log(€4) — log(log(&4))

=

« , (4.24)

where

0.25\% /g« \?/0.1\ {0.03 eV2 f 2
=4 x 108N = a 4.25
& . oW ( € > <9MSSM> <CB) ( m? (109 Ge\/) (4.25)

025\2/ g, \2/0.1\ (0.03ev2) [10° GV’
=2 x 103N ( ) < * ) () ~ : 4.26
b4 DWA e gMSSM cB m? fa (426)
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The logarithmic dependence on &3 4 reflects the weak dependence of the predicted saxion
mass on f,, shown in eq. (4.12). These required values of \S; as a function of f, are shown
by the black line in figure 5.
On the other hand, if the saxion thermalizes at a temperature T}y, after saxion domi-
nation, assuming no further entropy production, the axion yield is given by
2¢ ng  4de 3y
Npw s  Npwdmsg’

Y, =2x (4.27)

where the first factor of 2 is explained in appendix C, while the second is from eq. (4.8).
The required thermalization temperature to obtain the correct dark matter abundance is

0.25 Ja ms
Ty, ~ 107 N
th =7 x 10" GeV DW< . ) (109 GeV> <700 TeV)

3
0.25 f s )z (0.1) 0.03 eV?2
=T Ge ( € ) (109 GGV) (QMSSM cB m? ’ (4.28)

where in the second line we have used the prediction on mg in eq. (4.14) to obtain the

observed baryon asymmetry from lepto-axiogenesis. The required thermalization temper-
ature is shown in figure 6 by the black dashed lines. As we discuss in section 4.6, it is
difficult to achieve the required T3y, for large f,, and the KMM underproduces axion DM.
The vertical black dotted line shows the upper bound on f,.

The saxion dominates the energy density of the universe at the temperature

1 1
Thr ~ 2 x 10° 9MSSM>4( ms )2< i ) . 4.2
w210 Gev( O 50 Tev ) \1016 Gev (4.29)

We impose Th; > T, so that the saxion actually dominates the energy density of the

universe before it thermalizes. From eqgs. (4.28) and (4.29), the condition translates into a
lower bound on S;,

1 1 1 1 1
1 70.25\2 f 2/ g, \2/0.1\1 [0.03eVZ\*

16
Siz3x10 GeVN5W< 6) (109 éeV) (9MSSM> <CB> < m? > ’

(4.30)
as shown by the sloped part of the black dotted lines in figure 6, below which the min-

imum thermalization temperature consistent with the assumption of saxion domination,
Tin = Ty, is too small to reproduce axion dark matter from kinetic misalignment. However,
the conventional misalignment mechanism explains axion dark matter at f, ~ 10! GeV,
denoted by the vertical gray lines in figures 5 and 6, and excludes higher f, due to over-
production.

4.5 Constraints on explicit PQ symmetry breaking

As in section 3.5, the explicit PQ-breaking potential may shift the axion vacuum to give
too large of a neutron electric dipole moment. The contribution to the mass of the axion
from the A-term PQ breaking potential is

ne m% (NDwfa>n_2
3 Si ’

where we made use of eq. (D.8). We require Am?2 to satisfy the bound in eq. (3.26).

Am? ~ (4.31)
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Similar to eq. (3.27), we require € < 1 to avoid large curvature in the phase direc-
tion that traps the saxion in one of the minima of the A-term potential, preventing, or
substantially damping, rotations of P. Since € ~ A/mg from eq. (D.8), ¢ < 1 is automat-
ically satisfied for the natural scenario where A < mg, which is true as long as mg is not
accidentally small.

4.6 Saxion thermalization

Just as in the case of the quartic potential described in section 3.6, the saxion in the
quadratic potential can also thermalize through gluons or fermions. The coupling with the
Higgs exists in DF'SZ models, but since we find that the scattering with gluons or fermions
can be efficient enough, we do not consider Higgs here. To prevent entropy production, as
assumed in eq. (4.11) and figure 5, the saxion needs to thermalize while the universe is still
in radiation domination, i.e., Ty, > Th with Ty given by eq. (4.29).

We first consider scattering through gluons with a rate given by eq. (3.30). Since I'y
decreases faster than Hubble for T < Tg, successful thermalization by gluons is possible
only at 7' > max[Ts,Ts]. Using values of mg determined by Yp in eq. (4.11), gluons
successfully thermalize saxions before matter domination if

y L b NG 01\ [0.03 V2 T2
1 - -
10 6o N (15 (&) < > )
( 62 >112
X
—lo + log(—1lo
5 < g(&5) + log(—log(&s)) (4.32)
» L b N3 (100 Gev)? £0.0§ (0.03 V2 T
1 . .
4 x 10*° GeV NDW (10_5) ( fa ) <CB) (7’7},2>
y ( 23 )i
log(£6) — log(log(&s)) /
where the first (second) case is for Syr > f, (Sm < fa) respectively and
b \?/0.1Y (0.03 eV?
_ —26 n7—1
2 9 4 2
B s (b 10° GeV <0.1> 0.03 &V
& =3 x 10" Ny (105> ( i o)\ T ) (4.34)

This shows that gluons thermalize the saxion in some but not all of the relevant parameter
space in figure 5. Therefore, we continue to explore more efficient thermalization processes.

Thermalization can also proceed through fermions, which couple to the saxion through
W = 2Sy; the thermalization rate by the scalar part of ¢ is smaller. The thermalization
rate by the fermions is given by I'y, = b¢z2T with by ~ 0.1. To be consistent with the
assumption that the saxion begins oscillation by the zero-temperature mass, we require
that z.5; > Tys.. This condition is easily satisfied for large S;. We may instead assume that
2T se < mg, but this leads to less efficient thermalization.
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The fermions need to be in the thermal bath by Tiy,, implying z < Ty, /S(Ttn). With
this condition, the scattering rate for any Ty, > Ths is at the most

T3 T3
Ty = by oyt = by 2. 4.
P P 52 (Tth) P 5112 ( 35)

This maximal rate takes the same form as that of the gluon scattering in eq. (3.30) but
is four orders of magnitude larger with by, ~ 0.1. The constraint Ti;, > Ty is given by
eq. (4.32) with b replaced by by,.

The first case of eq. (4.32) with b set to by, = 0.1 leads to the orange hatched region in
figure 5. The second case of eq. (4.32) is obtained from the requirement T, > Tg, which
is a condition stronger than necessary (Ti, > Ths with Thy < Tg) but already shows the
irrelevance of the constraint. The mass m,, = zf, must be above the TeV (100 GeV) scale
for colored (uncolored) v, which can be satisfied in the parameter space in figure 5.

In figure 6, it is assumed that the saxion thermalizes after matter domination. In this
case, even though the baryon asymmetry is independent of the thermalization temperature
as discussed around eq. (4.13), the DM density depends on the thermalization temperature
as shown in egs. (4.22) and (4.27). To explain the thermalization temperature necessary
for dark matter, we consider thermalization by the fermion scattering from W = zPyn)
with a rate given by I'y, = b¢22T > The required Tiy, in eq. (4.28) is obtained for

012 £0.25N % £0.1\3 (0.03 ev?) 2 f.\2
.1 (0. ) 2 /0.1\2 {0.03 ¢ G« a 2
—7x 105N (o) (222) 7 (22 (22 .
#= T DW(%) ( € ) (CB> ( m? ) (gMSSM) (109 GeV)

(4.36)

Several constraints on z are in order. We require that Npw/f, < Sin < Sur to be
consistent with eq. (4.13), giving lower and upper bounds. An upper bound on z arises from
requiring the fermions to be in the thermal equilibrium at Tiy, i.e., 25th < Tin. Collider
bounds on the fermion mass requires zf, 2 TeV (100 GeV) scale for colored (uncolored)
1. An earlier assumption that the saxion oscillates because of the vacuum mass rather
than the thermal mass requires that zT,sc < mg or z5; > Ty so that the thermal mass
is small or the fermions are not in the thermal bath when oscillations begin. We find that
these constraints are satisfied in the parameter space enclosed by the black dotted lines in
figure 6. The lower edge was previously discussed in eq. (4.30) and the right edge is set by
the condition zSi, < Tin. Therefore, an appropriate choice of z will allow Ty, to take the
values required for dark matter shown in figure 6.

4.7 Domain wall problem

For the rotation in the logarithmic potential (4.1) with e = O(1), the growth rate of the
fluctuations is about 1072mg. The amplitude of the fluctuations becomes as large as S

5Since the baryon asymmetry is dominantly produced at Tin, to be consistent with the assumption
of KSVZ-heavy, 1t should not be the KSVZ quark. We may still identify 14 with the KSVZ quark and
instead consider KSVZ-light. As long as the transfer of the charge asymmetry of P into v is effective,
eq. (4.13) is applicable.
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when H ~ 107%myg, restoring the PQ symmetry. The PQ symmetry is broken again once
S < fa. Unless the domain wall number is unity, stable domain walls are produced around
the QCD phase transition. This is avoided if the thermalization of P occurs before the
amplitude of the fluctuation becomes as large as S. This is because, after thermalization,
the rotation is circular and parametric resonance is absent. This is possible if

1 3 1
b \2 9MSSM)8< ms )4
< 14 _
S: <8 x 10 Gev (0'1> ( = o)t (4.37)

For the rotation in the potential (4.2) with e = O(1), parametric resonance does not occur

for S > 10%f,. Once S < 102f,, a resonant band appears and parametric resonance quickly
grows the fluctuations to be as large as S. If the field value becomes random, this leads to
the formation of domain walls. Since the PQ symmetry is not restored, those domain walls
do not have boundaries and are stable even if the domain wall number is unity. Ref. [159]
investigates if the field value becomes random by a lattice computation for ¢ = 0, and finds
that the field value does not become random for S; < 103f, because the gradient term
tries to homogenize the field value. Although ref. [159] could not continue the computation
to S; > 10%f,, parametric resonance for S; < 103f, is already strong enough to make
the fluctuations as large so S, so it is expected that their result holds for S; > 10%f,.
Our case is different from theirs since we have ¢ # 0. Although parametric resonance is
weaker for € # 0, the rotating background may make it easier for the angular direction
to be randomized. Also, if kinetic misalignment occurs, the axion starts oscillations from
near the hilltop. Even small fluctuations may set the axion to fall into different minima,
producing domain walls. We thus provide a condition such that thermalization occurs
before parametric resonance becomes effective so that the domain wall problem is for sure
avoided. The PQ symmetry breaking field is thermalized before saxion domination and
before S reaches 10%f, if

3 9 3 2
b \2 /gmssm 8 mg 1 (10" GeV
ot e (75)° (202)" (Few) .
Si $9x10°° GeV 01 " 10° GV 7 , (4.38)

which applies when Sy; < 102f,. The constraint becomes irrelevant when Sy; > 10%f,

in the parameter space in figure 5 so the constraint is not explicitly written here. If the
saxion instead dominates before thermalization occurs, the constraint from thermalization
before S reaches 10%f, is

2 1
b \3 ms 3
< 10" Gev () () 4.39

fa 3 o1/ \105Gev) - (4.39)
which is not stringent in figure 6. Since we assume Ty > Ty, in figure 6 and now impose
S(Tin) > 10%f,, the region consistent with both of these conditions, i.e., Sy > 102f,,

is above the boundary obtained from rescaling the orange boundary, corresponding to
Suyr > fa, up in S; by a factor of 101/2 ~ 3.

4.8 Oscillation by a thermal mass and TeV scale SUSY

So far we consider the case where the PQ symmetry breaking field P rotates in a zero-
temperature potential, and find that a large saxion mass = 10TeV is required. There

~
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may be an era where P rotates in a thermal potential with a mass larger than the zero-
temperature mass, so that a lower saxion mass ~ TeV is consistent with lepto-axiogenesis.

Let us, for example, consider a coupling between P and QQ, W = yQPQQ. If yoS; is
smaller than the temperature, QQ is in the thermal bath and gives a thermal mass term
yéT2|P\2. This initiates the oscillations of P if

Y >8><108( e )1/2( 9 )i (4.40)
¢ 1 TeV gMSSM ‘
at a temperature
1
Tose = 2 x 10" GeV (1‘7(’)?6) <9M5*5M> ’ (4.41)

with an initial thermal mass

9 1
mri = yoTose = 10° GeV (1*76?6) <9M5*8M> : (4.42)

The thermal mass decreases in proportion to R~!, so the B — L asymmetry is dominantly
produced at the beginning of the rotation. To explain the observed baryon asymmetry, the
initial thermal mass must be as large as in eq. (4.14), which requires

! 1
- . 1\2 (0. 2\ 2
Yo =2 x 1076 x ND\}V/2 ( 9 ) (0) ? (0036V> ) (4.43)

gMmssm/ \ CB m?

The parameter e is suppressed since A ~ mg < mr,

2
_ mg 2x 106
~ 1073 ) 4.44
¢ 0 <1 TeV) ( YQ ( )

In order for the estimation of the baryon asymmetry to be correct, the asymmetry of P

charge must be efficiently transferred into QQ asymmetry. The transfer rate is yé|P 12/T.
For this case, as is shown in appendix E, the transfer must be efficient when P is closest to
the origin where S ~ €S;, because this is when the contribution to <9> is dominated. This
is impossible since 1) S ~ €S; only for a short time scale €/my; and 2) the transfer rate
~ yém% /Tosc is suppressed by small € when S ~ eS;. The observed baryon asymmetry
cannot be reproduced because of those suppressions. Increasing mr; seems to solve the
problem by compensating the suppression with a larger <0>, but that makes € even smaller
and suppresses the baryon asymmetry.

To remedy this difficulty, we may add a larger coupling to another pair of fields wasz.
If yySi > Tose, Y1) are not in the thermal bath and do not give a thermal mass to P.
A possible thermal log potential [70] does not initiate the oscillation if S; > 106 GeV.
This term can, however, be effective in transferring the asymmetry of P into that of
Y1p. We require that 11) are in the thermal bath when S passes nearest to the origin,
Yyp€S; < Tose. Once this condition is satisfied, when P passes near the origin, the potential
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of P is dominated by the thermal potential generated by 1. Then from charge and energy
conservation, the minimum S and the maximum 6 during the rotation are given by

mr,;S;
Smin ~ ESZ' X T2 s
0OSsC
mr. T4
Omax = d 2°5f92. (4.45)
€ My 9

We have § ~ émax when S ~ Sy, for a time scale 9';121”(. An efficient transfer of the P

asymmetry into 11 asymmetry requires 0.1(y¢Smin)2 [Tosc > O,max. The bounds on Yy are
summarized as

1TeV\2 [ 2 (107 Gev® /g i
10-4 Q ) < MSSM)
g > 60 X(ms> (2x106 ( S ) .
B 1 TeV Yo 3 71017 Gev gMSSM)
2% 1073 . 4.4
b <210 X(ms><2x106> ( S, ( 7 (4.46)

The asymmetry of ¢ needs to be transferred into ne¢,m,- This can be done by the sphaleron
processes and/or a direct coupling between ¢ or ¢ with MSSM fields. Unlike the | P|-
dependent transfer rate, the rate of these transfers only has to be larger than H in order

for the time-average of ny g, to reach <9> T2,

From egs. (4.41) and (4.43), one can see that the reheat temperature after inflation
must be above 10'! GeV. If the gravitino mass is also O(1) TeV, the late-time decay of
the gravitinos produced around reheating is excluded by BBN. The gravitino mass must
be above the 100 TeV scale, which requires sequestering [147]. R-parity violation is also
required to avoid the LSP overproduction from the gravitinos.

5 Conclusions and discussion

In this paper, we introduced and studied the generation of the baryon asymmetry of the
universe from rotation of the PQ symmetry breaking field and the dimension-five interac-
tion ¢¢HTH'— a mechanism we call lepto-axiogenesis. The rotation of the PQ symmetry
breaking field corresponds to the charge asymmetry of P, which is transferred into the
asymmetry of the Higgs boson H and/or the lepton chirality through Yukawa couplings
and the electroweak sphalerons. These asymmetries are transferred via the dimension-five
interaction, into a lepton asymmetry, which is transferred into a baryon asymmetry through
the electroweak sphaleron process. The schematic diagram in figure 2 shows the possible
routes of the asymmetries.

The rotation of the PQ symmetry breaking field is driven by a mechanism analogous
to the Affleck-Dine mechanism. If the radial direction of the PQ symmetry breaking field,
the saxion, takes a large field value in the early universe, explicit PQ symmetry breaking
by a higher-dimensional operator may be effective, driving the rotation. The rotation also
produces QCD axion dark matter through parametric resonance and/or kinetic misalign-
ment for f, ~ 10'° GeV. The conventional misalignment mechanism and the axion emission
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from strings and domain walls explains QCD axion dark matter for f, ~ 10'' GeV. The
contribution from parametric resonance may be warm enough to affect structure formation
in the universe at an observable level. Larger f, requires entropy production after the QCD
phase transition.

We investigated quartic and quadratic potentials of the P(Q symmetry breaking field,
and found that the observed baryon asymmetry can be produced by lepto-axiogenesis
without producing too much QCD axion dark matter, a major obstacle faced by axiogenesis.

In the case of a quartic potential, Yp is proportional to MglEmE /vﬁw and also to
a power of mg(Si)/Mp). The latter gives sensitivity to UV physics; nevertheless various
constraints on the scheme narrow the allowed ranges of f, and mg as shown in figures 3
and 4. Even with these constraints, baryogenesis is successful in the large unshaded re-
gions; however, successful cogenesis of the axion dark matter abundance greatly limits the
parameter space.

Figure 3 assumes a large enough reheat temperature such that the rotation begins
during a radiation dominated era. When the axions produced by parametric resonance are
not thermalized and remain as (a part of) dark matter, warmness constraints exclude the
region above the brown dashed lines. The observed dark matter abundance is explained by
parametric resonance or kinetic misalignment mechanism on the black lines. The former is
allowed only on the solid black lines because of the warmness constraints. Most of the solid
black line is excluded by the constraint from the saxion emission at supernovae, which can
be evaded by the mixing between the saxion and the Higgs which traps the saxion inside
the supernova cores. Such a large mixing can be probed by rare decays of kaons.

The rotation of the PQ symmetry breaking field also involves a radial motion, which
should be thermalized to avoid the over-closure by the radial mode. We investigated pos-
sible thermalization processes and found that thermalization can successfully occur. If the
saxion couples to SM particles only through gauge bosons, the thermalized saxion domi-
nantly decays into axions, producing dark radiation with an amount shown in eq. (3.33).
If the saxion couples to the Higgs, the amount of the dark radiation is suppressed.

Figure 4 assumes a low reheat temperature such that the rotation begins before the
completion of inflationary reheating. A reheat temperature as low as 109 GeV is compat-
ible with lepto-axiogenesis. The abundance of the QCD axions produced by parametric
resonance and kinetic misalignment is too small, and f, ~ 10 GeV is required to explain
the observed dark matter abundance by the QCD axion.

The model with a quadratic potential is realized in supersymmetric theories. The
constraints on the parameter space are summarized in figures 5 and 6. Again, baryogenesis
is successful over a wide range of f, and for S; ~ 10" —10'® GeV. Simultaneous production
of axion dark matter via parametric resonance or kinetic misalignment occurs for lower
values of f,, or via conventional misalignment and the axion emission from strings and
domain walls for f, ~ 10! GeV.

Since the angular velocity, 6, is constant in time, the baryon asymmetry produced per
Hubble time is independent of temperature during radiation dominated eras. As a result,
the baryon asymmetry is not sensitive to the cosmological evolution such as reheating, and
is essentially determined by the mass of the PQ symmetry breaking field and hence by the
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soft mass scale. Indeed, the parametric behavior of the baryon asymmetry is given by

Vi ~ (ms Mfl 2m3> , (5.1)
VEw

demonstrating insensitivity to initial conditions and the details of UV physics. The ob-
served baryon asymmetry is reproduced if the soft mass scale is O(10 — 10*) TeV, where
the range reflects the difference in the numerical coefficient in eq. (5.1) for saxion thermal-
ization in the radiation and matter dominated eras. This naturally fits into scenarios with
high scale supersymmetry, a well-motivated framework to address the observed Higgs mass,
the Polonyi problem, the gravitino problem, and the SUSY flavor/CP problems. Alterna-
tively, we have shown that, if extra fermions are coupled to P, axion rotations may occur
in a thermal potential, allowing mg to be decreased to the TeV scale. It is remarkable
that, even though the baryon asymmetry is generated at a very high temperature, in min-
imal models the result depends only on parameters associated with much lower energies;
contrasting, for example, with grand unification, leptogenesis and Affleck-Dine schemes.

Note added. While finalizing our manuscript, an interesting paper appeared on the
arXiv [160]. This has an overlap with our paper as it discusses the production of B —
L asymmetry from a non-zero velocity of a generic axion field and the dimension-five
interaction. However, there is no further overlap as the physical setup they present is
for a very heavy oscillating axion rather than a circulating QCD axion initiated by a
higher-dimensional operator. Although they compute the baryon asymmetry arising from
a constant 6 /T, the physical origin is not specified and they do not view it as realistic. As we
have seen in this paper, initiation of the velocity by a higher-dimensional operator involves
rich physics such as dominant production of the baryon asymmetry at a low temperature
much after the dimension-five interaction freezes out, kinetic misalignment, parametric
resonance, thermalization of the radial mode, domain wall production, and oscillations or
even rapid changes of 0 as discussed in appendix E.
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A Models of lepto-axiogenesis

The UV completion of the QCD axion model requires new particles charged under the
PQ symmetry, such as heavy quarks in KSVZ models [60, 61] or two Higgs doublets in
DFSZ models [62, 63]. In lepto-axiogenesis, the transfer of the PQ) asymmetry into that
of B — L can be both qualitatively and quantitatively different depending on whether
these new states are in thermal equilibrium. We discuss the case of heavy KSVZ quarks
in KSVZ-heavy in section 2.2 and the other three possibilities below.
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KSVZ-light. KSVZ model with light quarks.

When the KSVZ quarks @ are in the thermal bath, the asymmetry of P is first trans-
lated into the chiral asymmetry of Q with a rate agmq(fes)?/T, where mq(fer) is the
mass of Q). The chiral asymmetry of @ is then translated into the quark and/or lepton
chiral asymmetries via strong and electroweak sphaleron transitions. The B — L asymmetry
produced by the neutrino mass interaction per Hubble time is

r . r 27 2/T
Anpg_1 = ﬁL X CB—L9T2 X min (1, ;) X min (1’ aszyi ) X min (17 OWQ(feff)/) )

H H
(A1)

When the production of the chiral asymmetry of @) is efficient, the last factor is unity, so
that the production of B — L asymmetry is also efficient, as in the case KSVZ-heavy with
Q heavy, so that (A.1) reduces to (2.20).

With @ light, B — L production does not necessarily need the strong sphaleron tran-
sition. If the quarks ) have the same gauge quantum numbers as the Standard Model
fermions, direct couplings between () and the SM fermions and Higgs can transfer their
asymmetries. For example, if Q = U,U with U having the same gauge interactions as the
right-handed up quark, we may introduce

L=yyHqU or myg Ua, (A.2)

where ¢ is the quark doublet, and @ is the singlet up quark. Then the chiral asymmetry
of U, U is converted into the asymmetry of ¢ and H or @ with a rate ozngUT or QSmQUa/T-
These asymmetries then create the B — L asymmetry via SM interactions and the Majorana
neutrino mass operator. The B — L asymmetry produced per Hubble time via this flow is

2T
min <1, a3y )

T . . 2 H
AnB_L = FL X CB_L9T2 X min (1, W X . (A3)
min | 1 7043772%]71/71
’ H

The production in eq. (A.1) is also present.

DFSZ-light. DFSZ model with light Higgses.

We next consider the DFSZ model with two Higgs doublets H,, and H;, whose vacuum
expectation values give masses to up-type and down-type quarks, respectively. The PQ
breaking field is coupled to these Higgs bosons by an interaction P H, H,.

We first assume that the masses of H,, and Hy are smaller than the temperature. Then
the PQ charge asymmetry is transferred into those of H, and H, with a rate ao(Bu)?/T3,
where By is the quadratic term BuH,H; given by the PQ symmetry breaking field. In
supersymmetric theory, the PQ charge asymmetry is more efficiently transferred into the
chiral asymmetry of Higgsinos H, and H,; with a rate aspu? /T. The chiral asymmetry of
H, or H, is transferred into the B — L asymmetry by (HIHT. The B — L asymmetry
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produced per Hubble time is

min <1, a2 (By (feff))g /T3> :non-SUSY

I, : H
ATIB_L = F X CB—L9T2 X 9 . (A4)
min <1, a2 (1 (J;;ﬂ)) /T> : SUSY

Note that neither the strong sphaleron nor the Standard Model Yukawa interactions are
necessary. If the production of the Higgs asymmetry is in thermal equilibrium, the produc-
tion of np_y, is as efficient as the case KSVZ-heavy so that (A.4) reduces to (2.20), with
both strong sphaleron and Yukawa processes taken in thermal equilibrium.

DFSZ-heavy. DFSZ model with heavy Higgses.

When the PQ symmetry breaking field P gives a mass to H,Hy that is larger than
the temperature, they are no longer in the thermal bath and the scattering by ¢/H H] is
ineffective. The B — L asymmetry can be still produced via the operators M(QTET)2 and
00(Qd)? which arises after integrating out H,, and H.

Depending on the couplings between H,, 4 and P, large field values for H,, 4 may develop
in the early universe. Then H, 4 also rotate as P rotates. If the neutrino Majorana mass
during this era (H,)? /M is smaller than T', a B — L asymmetry is created directly from

the rotating phase of H, via the operator £¢H H /M.

B Boltzmann equations

In this appendix, we show the Boltzmann equations for the particle-antiparticle asymmetry
nx —nx, which we simply denote as nx. For an illustration, we consider only one generation
in the Standard Model and the result is similar for three generations.

The Yukawa interactions and the neutrino mass operator are

- 1
£:MWW+WHM+%H%+Mﬁ@mHT (B.1)
The Boltzmann equations for the asymmetries are given by

. 9 ng Na  NH 9 ng ng NH
— ay2T (-la _Ta | NH 7(-"a_"d_IH
Mg = A3y ( 6 3 T 4>+O‘3yd ( 6 3 4)

. 1.
—Ng —ng — c?WHT2> + 2T (—nq —Ng —ng— 29T2> ,
1.
+ D (—nq —nNg —ng— 29T2> ,
1

(
(

g = azyaT (—6 -5 - ) + T (—nq —ng —ng— 29’T2) : (B.2)
(

ey W2 _ne  "H
+Fws( Ng — Ny 39T)+2FL( 2+ 4>a
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If all interactions are in thermal equilibrium, by taking n; = 0 except for npg and
imposing the hypercharge conservation, we find the equilibrium B — L number density

7 —Adew -
g 0T i<yl
nyg ;= . (B.3)
S Pl Sk G TR R R

At low temperatures, the lepton number violating interaction I'z is out of thermal
equilibrium. The production of B — L can be obtained by considering I';, as a perturbation
as in eq. (2.16). After imposing the hypercharge and the B — L conservation laws, we find
the equilibrium densities of ny and ny and obtain

T dew s 2 <y
f”LB,L:FL (ng—nH) :FL X 45 :§FLH?_L. (B.4)
2 —1—dew - o 35

o 0T v <uj

The results in the large v, limit of egs. (B.3) and (B.4) are listed in the first two rows of
table 1, where ng_; = cB_LG'T2 is understood as opposed to eq. (2.17) when 'y, > H.
The computation of cg_j for other sets of interactions in equilibrium can be obtained
in a similar manner. Starting from the full Boltzmann equations in eq. (B.2), one drops
the interaction terms that are out of equilibrium and includes the conservation laws that
are restored due to the inactive interactions. For example, when the electroweak sphaleron
process is inactive, npy, becomes conserved. On the other hand, if the Yukawa interaction
involving y, is inactive, then the right-handed electron number ng is conserved. Generically
speaking, cg_r ~ 0.1 — 0.2 along with eq. (2.19) motivates our choice of cg = 0.05 — 0.1
throughout the paper.

C Kinetic misalignment mechanism

For large values of § the axion can account for the observed dark matter relic abundance
via the kinetic misalignment mechanism [26]. Let us consider the axion potential provided
by non-perturbative QCD effects

V =m2(T)f? <l—cos a) , (C.1)
Ja
where the temperature dependence of the axion mass mg(7) can be obtained from the
dilute instanton gas approximation [161]

ma(T) =~ ma(0) (AQZ?DY . (C.2)
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At high temperatures T' > Agcp ~ 150 MeV the axion is basically massless, and for small
0 the axion field is essentially frozen due to Hubble friction. However, when the mass term
becomes comparable to the Hubble friction term, the axion field begins to oscillate around
the minimum of its potential. The temperature when the axion field starts oscillating,
T,, is set by 3H(T\) = m4(T}), leading to the conventional misalignment mechanism. On
the other hand, for large values of 6 at T, the kinetic energy may be larger that the
potential energy delaying the initiation of the axion field oscillation leading to the KMM.
The boundary between kinetic and misalignment mechanism can be define as the minimum
value of § needed such that the kinetic energy is equal to the height of the potential at
T., i.e., 02, f2/2 = 2m2(T,)f2. It is convenient to write this condition in terms of the
comoving PQ charge density as

13

fa )6
Yerit = 0.07 [ %) ", .
> Yerit 007(109GeV (C.3)

where we evaluated g.(Tx) ~ 80. As soon as the kinetic energy drops below the potential

npq _ 0f2
Yro ===

height, the axion starts to oscillates down to the potential minimum. The axion energy
density at the time of the oscillations for Ypq > Y is

% ~ 2mq(0)Ypq, (C.4)

where the factor of 2 is a correction from the analytical estimation [26], resulting in Y, ~
2Ypq. The final dark matter abundance set by KMM is

Y; 10° GeV
2 PQ
Quh? ~ 0.12< = ) ( - ) . (C.5)

Notice that if we substitute Y.t in the previous equation the kinetic misalignment mech-

anism cannot produce the entirety of the dark matter abundance for f, > 2 x 10! GeV.

~

D Initiation of rotations

For large initial field values |P;| > Npw f,, the higher-dimensional potential Vpe(P) can
be extremely effective in generating an initial kick for the P field in the 6 direction. Since
|P| decreases due to cosmic expansion, the influence of the higher-dimensional operator
diminishes. As a result, the PQ charge density can be thought of as the charge associated
with the global U(1)pg symmetry. Therefore, the corresponding Noether charge density
is simply npq = (iPP* — iP*P)/Npw = 05%/N2y. We derive the initial asymmetry
produced by Vpg(P) using the equation of motion of P

Spe T ame =0 (D.1)

It is useful to isolate the contribution of Vpe(P) to understand the initial kick more clearly.

P+3HP +

After multiplying eq. (D.1) by P* and subtracting the equation of motion of P* multiplied
by P, we obtain

S0+ 2556+ 3HS? 6 = iNpw (P* %%f - ng]%‘ﬂ . (D.2)
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Then, the first two terms on the left-hand side are just npq = (526 +2556) /N3y There-
fore, the evolution of the PQ charge density is described by

. R L0V oV
fpq + 3Hnpq = iNpg (P 5 ;/ff - P aff‘ ) : (D.3)

This equation is general and can be used for any Vpe(P) as long as S > Npw f,. Using
Vper(P) of eq. (3.1) (or eq. (4.5)) and integrating, the PQ asymmetry produced at time ¢ is

R’ npq(1)

2n A /RQS"sin(nQ/NDW) AR (D.4)

- 2n/2NDWMn—3 H

Let us examine in detail when the dominant contribution to the PQ asymmetry is gener-
ated. Initially, the saxion is frozen due to Hubble friction and therefore the field is constant
S = S;. The term on the right-hand side proportional to R® in a radiation dominated uni-
verse. Hence, the dominant contribution results from later times. When 3H = mg(.S;)
the saxion begins to oscillate and the amplitude decreases as S o« R~%, with k = 1, % for
quartic and quadratic potentials respectively. The term on the right-hand side of eq. (D.4)
goes as R™"5 and as long nk > 5 the contribution to the PQ asymmetry at later times is
negligible. Therefore, npq is essentially conserved as Vpey(P) becomes negligible. Hence,
the PQ asymmetry is dominantly produced at the onset of S oscillations at R = Ryg and
is approximated by evaluating the integral at Rosc

_ 6n AS] sin(nfin/Npw )
T~ on/2 Npw Mn=3 mS(Sz) ’

npQ(tosc) (D.5)
where 6, is the initial value of the phase direction of the P field and it is fixed during
inflation and one expects sin(nfiys/Npw) ~ O(1). For the quartic case, using eq. (D.5) in
the definition of € from eq. (3.7), gives

6n AS™ 2 Vjéq)
€~ ! =3 : (D.6)
27/2 M3 m%(S;) (VP/’Q

Now for the quadratic case, the PQ asymmetry density due to the A-term potential is
derived from egs. (D.5) and (4.7) and reads

n
o | AS?. D.7
npQ (NDW(n — 1)1/2) i ( )
Unlike the quartic case, the definition of € is slightly different, € = (Npwnpq)/2ns, giving
n A e
ex|—m—+ ) —=3 . D.8
<(n—1)1/2> ms (VP,’Q> o

E Averaged angular velocity and asymmetries

After initiation, the rotation of the PQ symmetry breaking field P is not necessarily circular;
it may have high ellipticity. The angular velocity 6 is not a constant, but oscillates in time
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Figure 7. The time average of § as a function of € for the quartic potential, normalized to  for a
pure rotation (e = 1).

with a period ~ mgl. In this appendix, we compute the time-averaged value of §. We also
derive the conditions such that the baryon asymmetry produced per Hubble time is simply
given by replacing 6 with <9> Here we put Npw = 1. For Npw > 1, the result is simply
Npw times larger.

As discussed in the main text, the order of magnitude of <9> is independent of €, and

the precise value becomes independent of € for € < 1. In figure 7, we show <9> as a function
of e for a quartic potential.
The near independence of <0> on € can be understood as follows. For a rotation with
a maximal amplitude Spax, the energy density p and the PQ asymmetry npq are
p~m%S2 npq =~ emgS2 ... (E.1)

ax?

The angular velocity 0 takes the maximal value when P passes nearest to the origin. The
maximal value can be estimated by the energy and the charge conservations,

O =~ 5. (E.2)
€

-1

max- Lhe time-averaged

During one rotation, § remains of this order only for a time scale
value of 6 is then

<9’> ~ O X 25— i, (E.3)
emax
which is independent of e.

We use this time-averaged value for 6 in eq. (2.20), but this is not correct for extremely
small e. Eq. (2.8) implicitly assume § < T and S > T which is violated by eq. (E.2) for too
small € < mg/T or T/Smax. Also, when 6 > T, it can no longer be treated us a background
field which slowly varies in comparison with the typical time scale of thermal bath ~ T~
We assume € > mg/T and T'/Spax in this paper.

When € < 1, 0 rapidly changes around 6 ~ Opay ~ mg /€. One may then wonder that
the transfer rate of npq into particle charge asymmetries must be larger than mg/e rather
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than H, so that the particle charge asymmetries follow ~ §72 during the rotations and our
estimation of the B — L asymmetry is correct. We find that such a large transfer rate is not
necessary. To see this, let us consider the transfer of the charge P — 11 — 19 governed
by the following Boltzmann equations,

’fll = F1(9T2 — nl) — Fz(nl — ng),
’flz = FQ(TL1 — ng). (E4)

The cycle averages of ny 2 are

w 2w w w 27w . Ny + no
= — dt ng = — dt (072 —
(1) 21 Jo " 2 /0 ( Iy )

<9> T? — 27(:)1“1 <n1 <2L:T) —n1(0) + no <25> — N2 (0)> ;
(n2) = (n1) — 27:)I‘2 <n2 (2:;> L) (0)> . (E.5)

As long as I'y o is much larger than H, n; 2 follows a quasi-equilibrium value where they

change periodically, and n172(27r Jw) — 77,1,2(0) vanishes. Thus, the cycle averages of nj o are
given by

(n1) = (6) T, (na) = (m). (E.6)
One can generalize this analysis to a more generic chain of transfers and show that the
cycle average of particle asymmetries follows ~ <9> T? as long as the transfer rates are
larger than H. One can also confirm that if some transfer rate I'; in the chain is below H,
a suppression factor I';/H is present after that transfer is involved.

Although the cycle averages of n; 2 do not depend on the hierarchy between mg and
I'1,2, the evolution of ny 2 during the cycle shows quite different behaviors depending on
the hierarchy. In the upper panel of figure 8, we show the numerical solution of the
Boltzmann equation for ¢ = 0.01, I'; » = 10mg with n;2(0) = 0. Here we assume a
quadratic potential of S, but a similar result holds for a quartic potential. n; does not
follow the equilibrium value 872 since T'y < mg /€. In each cycle, ny is driven to a non-zero
value by instantaneously large 0, and exponentially decays with a time scale I’ 1_1. Since
I'1 > mg, the decay is effective and at the end of the cycle, n; ~ 0. no shows a similar
behavior driven by the rapid change of ny.

In the lower panel of figure 8, we show the numerical solution for € = 0.01, I'; » = 0.1mg
with n12(0) = 0. Initially, in each cycle, n; increases by instantaneously large 9. Since
I'y < mg, the decay is not effective and n; is non-zero at the end of the cycle. After a time
~ Ffl, n1 begins a periodical evolution with (n;) = <9> T2. nsy shows a similar behavior
driven by nj.

In the above analysis I'; is assumed to be constant during the cycle. This is the case,
for example, if I'; is given by the sphaleron transition. In the KSVZ-light or DFSZ-light,
I'y depends on S and rapidly changes during the cycle. Let us consider the following
Boltzmann equation,

s?
niy :FOST(QT —nl), (E7)

max
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Figure 8. The evolution of asymmetries. In the upper panel, mg <« I'1 2 < mg/e, while in the
lower panel I'1 » < mg < mg/e.

which is applicable to the case where P linearly couples to light particles. By numerically
solving the Boltzmann equation, we find that the cycle averaged n; is well-fitted by

2¢ Ty < mg
~ /p\ 72 IR
(1) = () T% x { (m°> ms < Do < mg/e® - (E.8)
S
1 mg/e3 < T

The result can be understood in the following way. For 'y <« mg, the evolution of n; is
slow in comparison with that of S, and we may take the time average of eq. (E.7) over a
time scale longer than mgl. Taking (n1) = 0, we obtain the first line in eq. (E.8). For
Ty > mg, nq follows an equilibrium value 72 when S is close to Spax. As S becomes
smaller and 6 becomes larger, n; fails to follow 072, which occurs when

is

Using the charge conservation §5% = emgS2,  and the energy conservation |S| ~ m.gSmax,
we find that this occurs when

6 ~ eFé/Sm}g/g =0, (E.10)

Z

After this occurs, for a time scale Aty ~ (6./9')\6-,1% ~ Fgl/?’m;z/?’, ny is as large as
édTQ. The averaged n; is then édT 2Atgmg, which is the second line of eq. (E.8). When
Lo > mg/e3, ny follows 0T? whole time during the cycle, and we obtain the third line of
eq. (E.8).
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Figure 9. Evolution of various energy densities as functions of the scale factor R for the quadratic
potential. The red, orange dashed, and blue curves are respectively the energy densities of the
thermal bath, the oscillation (saxion), and the rotation (axion). The red solid and dotted curves
distinguish the different thermalization channels— scattering with the fermion and the gluon. The
vertical lines separate different cosmological eras: Rj; the beginning of matter domination MD,
Ry, the completion of thermalization, Rkp the beginning of kination domination KD, and Rrp,
the beginning of final radiation domination RDy.

F Scaling laws in various cosmological eras for quadratic potentials

If the universe is radiation dominated when the PQ symmetry breaking field begins ro-
tation, as shown in figure 9, the universe experiences the following six eras: 1) the first
radiation domination, RD;, 2) the first matter domination with adiabatic evolution of the
thermal bath, MD¥*, 3) matter domination with non-adiabatic evolution of the thermal
bath, MDR§, 4) the second matter domination with adiabatic evolution of the thermal
bath, MD'*, 5) kination domination, KD, and 6) the second radiation domination, RD .
The second matter-dominated era MD'* is possible because thermalization processes are
PQ-conserving and cannot deplete the energy density associated with the rotation that
carries the PQ charge. Importantly, this MD?" era does not lead to subsequent entropy
production due to the rapid redshifting during kination, when the saxion field value is
relaxed to f,.

We derive in this section the scaling of the baryon asymmetry produced per Hubble
time during these various eras. For pedagogical purposes, we show explicit discussions
only for the case where Tgw < T < Ty so the strong sphaleron processes are in thermal
equilibrium and the rotation begins in a radiation-dominated universe. A summary of all
other relevant cases is given below in table 2.

Since entropy is produced at thermalization of the rotating PQ symmetry breaking field
P, before the completion of the thermalization it is convenient to normalize the baryon
number by the energy density of P, which scales as pp oc R73.
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1) During the first radiation domination, 7 oc R™!, 'y, o T3 o R73, and H o« R™2.
Since § = const for S > f,, using (4.10) we find
ATLB

o o« RC. (F.1)

Baryon production proceeds with equal efficiency at all temperatures.

2) During the first matter dominated adiabatic era, we have T o< R~ Ty o R™3 and
H o R3/2, 50
Anp
PP
Baryon production is UV dominated and most efficient when the universe becomes

x R™/2, (F.2)

matter dominated at T' = Ty.

3) During matter domination with non-adiabatic evolution, T' o< R%/? and R~/2 for the
thermalization by gluon scattering and fermion scattering, respectively. Then

Anpg

o R and R?, (F.3)
PP

respectively. The production is IR, dominated and hence the baryon asymmetry is
dominantly produced at T, when thermalization is completed.

4) After the completion of thermalization, the universe is in the second matter domi-
nated adiabatic era. Since no more entropy is created, it is now convenient to nor-
malize the asymmetry by the entropy density. Similar to the first matter dominated

adiabatic era,
Anp

S

x R™/? (F.4)
and hence the production of baryon asymmetry is dominated at Ryy.

5) The universe enters kination domination when S ~ f,. In kination domination
§ o R=% and H o< R=3. This leads to

Anp
s

x R72, (F.5)
which is UV dominated.

6) During the second radiation domination, H o< R~2, leading to

ATLB
S

x R73, (F.6)
which is again UV dominated.

We summarize the results in table 2. If the saxion oscillates during the inflation matter-
dominated era, the universe starts with the gray row MD%\?& and moves to the first red row
RD; after inflationary reheating completes. Otherwise, the universe starts from RD; when

the saxion oscillates. If the saxion energy comes to dominate, then the universe evolves
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T<Tss Tss<T<TL
Epoch H T 'z | P 0
Anp | Ang Anp Anp
S P S PP
MDin{ R3|R8| R RE|R3| R | — 3| _ L
RD; R?2| R R3| R' R3| R — RO — R!
MDDy R%|R' R®|R' R®| R | — |R:| — | R
Vb Jbosons | BE| RE | RE | RY | R RO - | R2| - | RO
NA ) fermion | B2 | R°2 |R™% | R73 | R™® | R° - R? — R3
MDy* R%|R' R®*| R' R® R |R:| — | R
KD R3| R R3| R R® | R3|R?| — R?
RD¢ R? | R R3| R R®|R3|R3| — R~

Table 2. Scalings of physical quantities relevant for the estimation of the baryon asymmetry.

through the white rows MDF 4. In this case, the MD*®* and KD eras in the blue rows
are expected to occur before the final red row RDy arrives, unless e is sufficiently small.
On the other hand, if the saxion thermalizes before dominating, then the universe does
not evolve through MD¥q4, MDY*, and KD and instead goes directly to RD from RD;.
In each row, the scaling laws of various relevant quantities are listed; a derived quantity
involving Anp, which is otherwise conserved in the absence of a source, is presented for
each case of T in relation to Ts and 77. From this derived quantity, one can determine
by the scaling with R whether the baryon asymmetry production per unit Hubble time is
UV- or IR-dominated or neither.

Finally, we note that this table still does not exhaust all the possibilities because
we have assumed that S settles to f, at a temperature lower than any other relevant
temperatures. A sufficiently large S; will validate this assumption.

G Parametric resonance for the nearly quadratic potential

In this appendix, we discuss parametric resonance in theories with nearly quadratic po-
tentials. We first consider the theory with the potential in eq. (4.1), and show the critical
value of € below which parametric resonance occurs.

We decompose the field P as

P = T (X(0) + x(a.5) €000, (G1)

and scale the space-time variables as

N[

! (oS
(z,t) — w—o(x,t), wo = mg (2 In fa) . (G.2)

We expect that the growth rate of fluctuations is typically at most O(mg), and parametric
resonance becomes effective only after tens of oscillations. At that stage, since mg/H > 1,

48 —



€=02, Sy/f.= 106

0.01
0.008——
0.006——

Hi 0.004——

0.002[

0 0.05 0.1 0.15
k

Figure 10. The growth rate the axion fluctuations for € = 0.2 and Sy/f, = 10°.

we may neglect the effect of cosmic expansion. The equations of motion of the zero modes
X and 0 are

L In (r2X?) So
2 _ _
X—9 X‘i‘w){—o, T:ﬁ, (G?))
b+ X0 =0. (G.4)

We take the initial time at a point with X (0) = 0. By adjusting S, we can take X (0) = 1.
The solution for 8 is

X(0)20(0) €

6 = 2 :ﬁ,ezé(m, (G.5)

which is nothing but conservation of the PQ charge. The equation of motion of X is

2 In (TQXQ)

. €
XX+ 5 X=0. (G.6)

The equations of motion for the fluctuations y and « in momentum space are

. 2+1In(r?X?) .
Inr2
dk-i-z (HXk+Xak) +k2ak+é)(k:0 (G.8)
e X . .

We solve these equations of motion numerically, and compute the growth rate p; of the
amplitudes of the fluctuations,

Xks O ~ eﬂkt . (Gg)

We find that the axion fluctuations « generically grow faster than the fluctuations of y. In
figure 10, we show uy of the axion fluctuations for € = 0.2 and Sp/f, = 10°.

For a given e, we obtain the value of the wavenumber k.« with the maximal growth
rate fmax, both of which are shown in table 3. Here we take Sy/f, = 10% and 10%.
(Kmax, Mmax ) Stays nearly constant for € < 1, and becomes smaller as € approaches O(1). We
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So/ fa = 10°
€ 0.001 0.01 0.1 0.2 0.3 0.4 0.5 0.6 0.7
kmax | 0.19 0.19 0.15 0.13 0.10 0.08 0.06 N/A N/A
Umax | 0.018 0.017 0.012 0.008 0.006 0.005 0.002 N/A N/A

So/ fa = 10*
€ 0.001  0.01 0.1 0.2 0.3 0.4 0.5 0.6 0.7
Kkmax | 0.23 0.23 0.19 0.15 0.12 0.1 0.08 0.06 N/A
Mmax | 0.027 0.026 0.018 0.012 0.008 0.006 0.006 0.002 N/A

Table 3. The wavenumber kn.x having the maximal growth rate pmax, for the theory of eq. (4.1)
with a logarithmically evolving soft mass.

e=0.2
So/v2vpq | 10 20 30 40 50 60 70 80
Emax 0.72  0.20 0.09 0.05 003 002 002 N/A
[max 0.29  0.028  0.016 0.0018 0.0015 0.0006 0.0003 N/A
e=04
So/V2vpq | 10 20 30 40 50 60 70 80
Emax 0.14  0.03 0.02 N/A
fimax 0.010  0.0024 0.00025 N/A
e=0.5
So/v2vpq | 10 20 30 40 50 60 70 80
Emax 0.08 N/A
[imax 0.0060 N/A

Table 4. The wave number kp.x having maximal growth rate pyax, for the theory with the
superpotential W = X (PP — v%Q).

find no resonant bands for € > 0.5(0.6) for So/f, = 105(10%). The resonance enhancement
becomes stronger for smaller Sy/f, as the potential deviates from a quadratic one for
smaller Sj.

We next consider the theory with the superpotential in eq. (4.2). Without loss of
generality we assume that P > vpg. We may integrate out the heavy mode with a mass
~ P by the constraint PP = UI%Q,

U4 U4
Log = (1 + ﬁi) oPoPt — m|P? (1 + ﬁi) : (G.10)

where we assume mp = mp = mg, for simplicity. We decompose P as

p_ Sy (1 L1 ) (i(O(O) +a(a)

V2 6riy4
So

r= , Y =X(t) + x(x,t). G.11
oo ¥ = X0 43t (G1)
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Then, to the next-leading order in vpg/|P|, the equations of motion of the zero modes X
and 6 are

. 4
J— 2 _—— =
X4 (1-8) (1- 5o ) X =0,

.9 4 .
i+~ (1 - 37«4)(4> 60X = 0. (G.12)

We take the initial time at a point with X (0) = 0. By adjusting Sp, we can take X (0) = 1.
The solution for 0 is

: € 2 1 .
i=5 ( — ( - )) Ce=6(0) (G.13)
The equations of motion of the x and a fluctuations, in momentum space, are
. 4 A . 2 A2 4 .

) 2 4 . . 9 2 20 f o
ak+X<1_3r4X4> (ka—i—Xak)—i—k ak_X2<1_3r4X4> X xk = 0. (G.14)

Values of kpax and pimax are shown in table 4. PR becomes weak as € and /or r becomes
larger. For e = 0.2, resonant bands exist only for r < 80. As e becomes larger, the upper
bound on r for a resonance band to exist becomes stronger.

Open Access. This article is distributed under the terms of the Creative Commons
Attribution License (CC-BY 4.0), which permits any use, distribution and reproduction in
any medium, provided the original author(s) and source are credited.
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