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Axion rotations can simultaneously explain the dark matter abundance and the baryon asymmetry of the
Universe by kinetic misalignment and axiogenesis. We consider a scenario in which the Peccei-Quinn
symmetry breaking field is as large as the Planck scale during inflation and the axion rotation is initiated by
the inflaton-induced potential immediately after the end of inflation. This is a realization of the cogenesis
scenario that is free of problems with domain walls and isocurvature perturbations thanks to large explicit
Peccei-Quinn symmetry breaking at the Planck scale during inflation. The baryon asymmetry can be more
efficiently produced by leptoaxiogenesis, in which case the axion mass is predicted to be larger than
0(0.1) meV. We also discuss a UV complete model in supersymmetric theories.
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I. INTRODUCTION

The QCD axion is predicted by the Peccei-Quinn (PQ)
mechanism that addresses the strong CP problem [1-4].
The axion has a rich phenomenology in cosmology as well
as particle physics. It is a good candidate for dark matter
(DM) because of the small couplings to the Standard Model
(SM) particles and viable cosmological origins to explain
the observed DM abundance. In conventional scenarios,
there are two different mechanisms for the production of
axions in the early Universe. The first one is the misalign-
ment mechanism [5-7], where the coherent oscillation of
the axion, namely the phase direction of the PQ-symmetry
breaking field, is induced at the QCD phase transition. This
can be a dominant source of axions in the case where the
PQ symmetry is spontaneously broken during inflation.
The second one is the stochastic production from cosmic
strings and domain walls that form after spontaneous
symmetry breaking of the PQ symmetry and the QCD
phase transition [8,9]. This occurs if the PQ symmetry is
spontaneously broken after inflation. A fraction of the axion
density is also produced by the misalignment mechanism in
this case. In both scenarios, the PQ-symmetry breaking
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scale or the axion decay constant should be of order
10> GeV to explain the DM abundance (see Ref. [10]
for a review). A higher value is possible for preinflationary
PQ breaking if the initial misalignment angle is fine-tuned
to be small. However, a smaller axion decay constant would
be difficult to realize in the standard cosmological scenario
in a simple setup.

A new production mechanism called kinetic misalign-
ment [11,12] is recently introduced to explain the observed
dark matter abundance for a smaller axion decay constant. A
PQ-symmetry breaking field is assumed to have a large
vacuum expectation value (VEV) during and after inflation,
e.g., by a tachyonic effective mass of order of the Hubble
parameter. Once the Hubble parameter decreases to the bare
mass of the PQ breaking field, the field starts to oscillate
around the origin of the potential. At the onset of oscil-
lations, the field is kicked in the phase direction by a higher-
dimensional PQ breaking term. This dynamics produces a
PQ charge, similar to the Affleck-Dine mechanism [13,14].
The produced PQ charge is approximately conserved until
the QCD phase transition, at which the charge density is
converted to the number density of the axion. It was
discussed that DM abundance can be explained by this
mechanism for a much smaller axion decay constant than
10'? GeV. Moreover, the nonzero PQ charge before the
QCD phase transition provides an interesting possibility for
baryogenesis. The PQ charge biases the other asymmetries
in the SM via transport equations. This provides a nonzero
B + L or B — L asymmetry by the electroweak sphaleron or
B — L-violating Weinberg operator. These scenarios are
called axiogenesis [15,16] and leptoaxiogenesis [17-19].
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However, one must pay particular attention to the
quantum fluctuations of the PQ-symmetry breaking field
during inflation. The axion field value at late times is quite
sensitive to the initial phase and radius of the PQ field
because of the different strengths of the kick by the higher-
dimensional operator. Even tiny initial perturbations 066,
amplify over the course of the cosmological evolution, i.e.,
86, = 80At = 050;At > 50;, and may result in the domain
wall problem [20]. The small initial perturbations arise as
quantum fluctuations during inflation if the mass of the
phase/radial direction of the PQ breaking field is smaller
than the Hubble parameter. These fluctuations can lead to
the dangerous domain wall problem and/or excessive
isocurvature perturbations in dark matter and the baryons
as elaborated upon in Refs. [18,20-22] in the context of
axion rotations. The resultant isocurvature perturbation is
given by Py = ((6Y,/Yy)?) where Y, is the PQ charge
yield. The PQ charge quantum fluctuations 6Y, can result
from the fluctuations of the angular 8; or radial field value
S; given by H,;/2m with H; the Hubble scale during
inflation. Parametrically, Py o H?/S? and the cosmologi-
cal bound of Pg < 10719 [23] significantly constrain the
scale of inflation.

In this paper, we address these issues by introducing an
effective mass for the phase direction that is of order of or
larger than the Hubble parameter during inflation. We
consider the case in which the VEV of the PQ breaking
field during inflation is as large as the Planck scale. Since
we expect that any global symmetries are explicitly broken
by gravity [24-30], the explicit breaking of the PQ
symmetry should become effective at such a large VEV.
This means that the phase direction acquires a large mass
and does not fluctuate during inflation." This is naturally
realized in supergravity models, where Planck-suppressed
higher-dimensional terms in the Kihler potential lead to a
Hubble-induced mass to the phase of the PQ breaking
field [14].

This scenario works in general, but we especially
consider a scenario in which the PQ breaking field starts
to oscillate just after the end of inflation. This is realized in
the case where the PQ breaking field acquires Hubble-
induced mass terms via different operators during and after
inflation. For example, if both the potential term and the
kinetic term for the inflaton couple to the PQ breaking field,
the effective potential of the PQ breaking field changes
during and after inflation. This is specifically realized
in supergravity models, even naturally, where Planck-
suppressed terms in the Kéhler potential lead to couplings
of the PQ breaking field to the potential as well as the
kinetic term of the inflaton. Then one can consider the case
with a negative Hubble-induced mass term during inflation

"This mechanism, providing a very large mass for the saxion
and the axion during inflation, may be relevant to generate
cosmological collider signals [31,32].

and a positive one after inflation [33].2 In this case, the PQ
breaking field starts to oscillate at the end of inflation.” The
dynamics of the PQ breaking field is therefore determined
by the coupling to the inflaton, namely, almost independent
of the parameters in the low-energy sector. The resulting
abundance of the axion is therefore determined solely by
the energy scale of inflation and the reheat temperature. The
explicit breaking of the PQ symmetry (other than the QCD
effect) is tiny at present because it is effective only at the
Planck scale VEV, at which the PQ-symmetry breaking
field is kicked in the phase direction in the early Universe.
Moreover, in the minimal setup, the PQ-symmetry breaking
terms are proportional to the inflaton energy, which also
vanishes at present. Therefore, the required explicit break-
ing does not worsen the axion quality problem with regard
to solving the strong CP problem.

Typically, parametric resonance [39,40] may occur
during the radial oscillations due to significant mixing
between the radial and angular modes of the PQ breaking
field [41-44]. This effect can be understood by noting that
the PQ breaking field has a tachyonic mass at the origin of
the potential, where the fluctuations of the PQ breaking field
are excessively amplified. This poses threats to the models
because, if the PQ symmetry is nonthermally restored by
parametric resonance, cosmic strings and domain walls
will form and are cosmologically stable for domain wall
numbers greater than unity [20,21]. The axions created
during parametric resonance may also become too warm to
be dark matter [18,21,44]. One way to avoid the issues is to
thermalize the PQ breaking field so that the elliptical motion
becomes circular and therefore cannot trigger parametric
resonance. In the current scenario, the potential is initially
dominated by the purely quadratic Hubble-induced terms at
the onset of oscillation, and parametric resonance can be
delayed due to the lack of self-interactions until the bare
mass dominates. This delay may relax the condition to avoid
catastrophe because thermalization can now occur at a
later time.

We will show how both DM and baryon asymmetry can
be explained simultaneously in our scenario. We also
discuss a supersymmetric (SUSY) model as a UV com-
pletion for our scenario in the Appendix. In particular, we
do not need a strong SUSY breaking effect because the PQ
breaking field is kicked by Hubble-induced terms at the end
of inflation rather than soft SUSY breaking terms.

See also Refs. [34-37] for the opposite case, where the
Hubble-induced mass term is positive during inflation and
negative after inflation.

3If the PQ breaking field is identified as the inflaton, it
apparently begins to oscillate after inflation (see, e.g., Ref. [38]
in the context of the kinetic misalignment mechanism). In our
case, however, the PQ breaking field is different from the inflaton,
and they start to oscillate simultaneously after inflation due to the
flipped Hubble-induced masses.
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Here we summarize the advantages of our scenario:
(i) no isocurvature perturbations (i.e., no domain-wall or
isocurvature problems), (ii) higher likelihood of avoiding
parametric resonance and thus the dangerous topological
defects and/or hot axion dark matter, (iii) independence of
the details of the Planck-suppressed operator and the SUSY
sector, especially for high-scale inflation, (iv) consistency
with the axion quality problem, (v) compatibility with low-
energy SUSY breaking models, and (vi) realizability in
SUSY (or supergravity) models.

The rest of this paper is organized as follows. In Sec. II,
we explain the basic idea of the flipped Hubble-induced
mass for the PQ breaking field and solve its dynamics to
calculate the energy density and angular velocity of the
axion. We derive an upper bound on the bare mass for the
PQ breaking field by requiring that its energy density does
not dominate before it is dissipated into the thermal
plasma. In Sec. III, we show the parameter space in which
we can explain the abundance of DM and baryon asym-
metry of the Universe. In the Appendix, we consider a UV
complete model based on SUSY. Finally, we discuss and
conclude in Sec. IV.

II. AXION ROTATIONS FROM
HUBBLE-INDUCED MASSES

A. Flipped Hubble-induced mass term

We denote I and P as the inflaton and PQ breaking field,
respectively. We assume that they couple with each other
via the Planck-suppressed operators such as

V() |o1|* V()
—L D —cyy 3 [PP + gy | P2+ cyy mighe | PP
CV13M12>1| | +CK13M%1| | +Cv23M%{w\ |
V(I) oI
- —~ 2 pN L pN .c.)l, 1
VI3mY, gy T (c.c.) (1)

where M and N (> 2) are integers, ¢y, Ckg1,Cy, are real
parameters, and cy3, cg, are complex parameters. This is
motivated by supergravity [13,14] as we will explain in the
Appendix. Other Planck-suppressed terms which we
neglect here do not change our discussion qualitatively.
We also assume that the low-energy potential for the PQ
breaking field is negligible at the Planck scale.

During inflation, the kinetic energy of the inflaton is
much smaller than the potential

011> < V(I) ~ 3HM3, (2)

where H; represents the Hubble parameter during inflation.
Substituting these into Eq. (1), we obtain the effective
potential for P as

1 cyaHi(1)
V(P) ~ —=co H2(£)S2 4+ V2 1\") oM
( ) 2CV1 1() +2MM12,{W_2
levs| Hi (1)
— = SN cos(NO — by3), (3)
NI N2
where we rewrite cy3 = |cys|e™ and
L oo
P=5Se @

V2

with the radial mode S we call the saxion. Hereafter, we
take Jy3 = 0 without loss of generality by shifting the
phase direction 6. When ¢; are O(1) and ¢y, > 0, the radial
and phase directions have masses of order H; and relax
toward the potential minima at

1/(2M=2)
S~V2 (c“> My, (5)

Cv2
0~0. (6)

As a result, the quantum fluctuations for phase direction are
exponentially damped during inflation. The isocurvature
problem and domain wall problem are therefore absent in
this setup.

After inflation, the inflaton [ starts to oscillate around its
potential minimum. The energy density of the Universe is
dominated by its oscillation energy until it completely
decays into radiation. The Hubble parameter decreases as
H(t) ~ H,(a;/a(t))*?, where a(t) is the scale factor and
a; is the scale factor at the end of inflation. During the
inflaton-oscillation dominated epoch, we expect

V() _HA1)
e S 2 @
(01R) _ H2(r) .

3My 2

after taking the time average denoted by the brackets. The
effective potential of P is then given by

1 ek —c cy H(t
V(P) _ 5 ( K1 5 VI>H2(I)S2 +2M12]M2<]1/[)_2 S2M
Pl
CgHz(t)

Here, ¢, and & are O(1) real numbers defined by
Cv3 + Cgr = Cge_ié.

In this paper, we focus on the case with cx; > cy; > 0.
Then the first term in Eq. (9) is positive and the field P
starts to oscillate around P ~ 0 after inflation [33]. At the

same time, the phase direction is kicked by the last term in
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Eq. (9) because the minimum of the phase direction changes
from (0) = 0 to § at the end of inflation. The PQ charge is
produced via the dynamics. By numerical analyses, we
verify that the phase direction does not adiabatically track
the minimum as it evolves, and the rotation in the phase
direction is indeed generated. We find that the initial angular
velocity can be as large as & = O(0.1)H,.

Note that the energy density of P starts with being
comparable to that of the inflaton but redshifts faster
because pp (1) = H(t)npo(t) o« a/?(1). After reheating
completes, the dynamics of the PQ breaking field is non-
trivial because the Hubble-induced terms from Eq. (1) are
absent and a thermal potential appears. We also need to
specify its low-energy potential to discuss its detailed
dynamics. In the subsequent subsections, we consider
its dynamics and check that the PQ breaking field does
not dominate.

B. Dynamics of the PQ breaking field

Now we examine the dynamics of the PQ breaking field
after inflation and derive how various quantities evolve. For
this purpose, we need to specify a low-energy potential for
the radial mode. We consider the case where the potential is
nearly quadratic as motivated in supersymmetric models
with the following two explicit examples, including

2
Vo(P) :;mg|P|2<ln2‘f}Z|— 1), (10)

a

where the logarithmic correction arises from the soft mass
running of the P field, and a two-field model

W = X(PP - 1?), V:m%|P|2+m%|I~’|2, (11)
where X is a field whose F-term potential fixes P and P to a
moduli space, which is then lifted by the soft masses mp
and mp. This low-energy potential becomes important for
the dynamics of P at the late stage.

For the purpose of the PQ field thermalization, we will
consider a coupling between the PQ breaking field and
heavy vector quarks, which can be identified as the KSVZ
quarks in the Kim-Shifman-Vainshtein-Zakharov (KSVZ)
model [45,46] or need to be added to the Dine-Fischler-
Srednicki-Zhitnitsky model [47,48].

The dynamics of the PQ breaking field can be divided
into three regimes by considering which (effective) poten-
tial dominates its dynamics.

1. Hubble-induced potential
After the onset of oscillations, the effective potential of
P = Sei?/+/2 is given by

V,(P) z%cHHz(t)Sz, (12)

where ¢y = (cgy — cyy)/2 is a positive O(1) parameter.
The dynamics is similar to the harmonic oscillator with an
adiabatically varying frequency. In this case, the comoving
“number density” of the radial oscillation npga’(r) ~
meg(t)P?(t)a®(¢) should be conserved, where mg =~
VCnH(t) is an effective mass for the radial direction.
We note that the comoving PQ charge density AP%a’ is
conserved as well. Thus the amplitude P, energy density
pp, and time-averaged angular velocity  of P decreases as

P(1) = Soe (“c(lf)) o (13)
pr=HOmo = 153 (“0) L (9
(0) = H, (ﬁ)/ (15)

where S, i1s the saxion field value at the onset of
oscillations and is expected to be O(Mp). We note that
we are interested in the time average (f) of & for the
purposes of baryogenesis. Although the initial angular
velocity @ ~eH, depends on e <0.1 that parametrizes
the strength of the kick, the time average value is inde-

pendent of € [18].

2. Thermal-log potential

During the inflaton-oscillation dominated epoch, some
fraction of the inflatons decays into radiation, and the
ambient plasma grows in the background. Assuming that
radiation will be thermalized within one Hubble time,4 its
temperature is given by (see e.g., Ref. [52])

36H(T)T' ;M3\ /4
Tﬁ< ( )21 Pl> O(Cl_3/8, (16)
97

where I'; is the inflaton decay rate. The reheat temperature
Try is defined by the temperature at the end of reheating
and is given by

90 \ 1/4
TRH ~ ( 2) I_‘IMP]' (17)
T

*

In this background, the PQ breaking field acquires an
effective potential via the thermal effect. Since the ampli-
tude of P is much larger than the temperature of the plasma,
it acquires the so-called thermal-log potential via two-loop
effects [53,54]. This can be understood by noting that the
renormalization-group running of gauge coupling constants
changes as the mass of heavy fields changes. Since the

“This assumption does not always hold, but for a relatively
high reheat temperature, it is a good approximation [49-51].
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effective mass for fields that couple to the PQ breaking field
depends on |S|, the running of the gauge coupling also
depends on |S| logarithically. As the energy density of the
thermal plasma has a correction of order aT* from the one-
loop effect, these effects generically result in

Vi(P) ~a?T*log(|S|>/T?), (18)

where 7 is the temperature and « represent a fine-structure

constant for the SM gauge interaction, which we assume is

~]/27 at high temperatures. This term comes from the

change of the renormalization group running of the gauge

coupling by the VEV-dependent mass of heavy quarks.
For the case with

90 Mp\ 2
HRH§%02H1< Pl) s (19)

* SOSC

the thermal-log term can dominate the potential before
reheating completes. Denoting the Hubble parameter at this
threshold as Hy,, we obtain

90 /(M
HVT (a4 HRHle(Pl). (20)
T g* SOSC

Noting that the effective mass of the PQ breaking field is
now given by mgg ~ aT?(t)/|S| and T « a=3/® and match-
ing the values of P and (@) with Eqs. (13) and (15) at
H(t) = Hy,_, we can write the amplitude, energy density,
and time-averaged angular velocity of P as

P(1) = Son (H—) v (H(’)) ECY)

H, Hy,
pp = ®TH(t) « a™32(1), (22)
o=y, (32) 23)

for Hry < H(t) < Hy,. In particular, (6) grows in this
regime and reaches ea’H,.

For the case opposite to Eq. (19), the thermal-log
potential remains smaller than the Hubble-induced potential
both before and after reheating. The Hubble-induced mass is
absent after inflationary reheating completes. If my < Hgy,
the saxion becomes effectively massless after reheating.
Without a sufficient curvature in the radial direction to
provide the centripetal force and support the rotation, the
saxion field value increases slightly and the rotational
motion quickly enters the slow-roll regime by the over-
damping Hubble friction. When the Hubble parameter later
decreases to the saxion vacuum mass, the PQ field starts to
rotate again. Despite the slow-roll regime, the PQ charge is
conserved throughout the evolution since the potential is PQ

conserving at this radius. Unlike the standard scenario of
kinetic misalignment with a Planck-scale initial VEV but no
flipped Hubble-induced mass, this scenario is still free of
isocurvature perturbations due to postinflationary relaxation
of the angular mode to a local minimum. For the purposes of
baryogenesis discussed in Sec. III, we will consider the
scenario where the thermal mass never dominates—namely,
Eq. (19) is violated—but the bare mass term m, dominates
over the Hubble-induced mass during reheating, mq > Hgy.
The evolution of the rotation smoothly transitions when the
quadratic potential dominates, and @ becomes a constant
value m until the rotation settles to the minimum of the
radial potential.

In the remainder of this section, we focus on the case
with Eq. (19). After reheating, the temperature decreases
as T(t) xa~!(¢) in the radiation-dominated era. Again,
noting that the effective mass of the PQ breaking field is
still given by m ~ aT?(t)/|S| and matching the values of
P and (0) with Eqs. (21) and (23) at H(t) = Hgy, we find
the amplitude, energy density, and time-averaged angular
velocity of P given by

- R )
pp=@TH1) e a™(1), (25)

o= (E)en(sr) ) o

3. Low-energy potential

As the temperature decreases, the bare mass of P
eventually dominates the thermal-log potential. The tem-
perature at which the bare mass term comes to dominate is

given by
ﬂ'zg mg TRH S, 2
T, ~—Z — o . 27
900’ <H1 ) <MP1> @7)

Then we obtain

P =al (40)"

m a(t*)
a =3
<9> =~ my (28)

for T < T,. After the amplitude S(7) becomes as low as f,,,
the radial direction settles to the potential minimum. We
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denote this timescale as tg. The angular velocity is then

given by
(0) ~ m, (5(<tts))> _3. (29)

C. Thermalization of the radial direction

In the previous subsection, we assume that the radial
direction is not thermalized by the scattering with the
thermal plasma. When the vacuum potential dominates,
the energy density decreases slower than radiation, so that
the radial direction eventually dominates the energy density
unless the energy density is depleted sufficiently early, e.g.,
via dissipation and thermalization. If we omit its dissipation,
the temperature at which pp comes to dominate is given by

4m0YP
Tyom = 3e & > (30)

where the PQ charge yield, defined as the charge-to-entropy
density ratio Ypg = npg/s, is redshift invariant in the
absence of entropy production.

Now we will check if the radial direction thermalizes
before its energy density dominates. The dissipation rate for
the PQ breaking field is given by

T3
rth:b?7 (31)

where 1075 < b <0.1 is a constant depending on the
couplings with gluons or heavy quarks [55,56]. In order
for the PQ field not to dominate the energy density before
the thermalization, we require 'y, > H at T = Tyyp-
Comparing this with the Hubble expansion rate and using
Ypq = emyP*/(2x%g, T3 /45), we obtain an upper bound
on the bare mass as

22875\ 32 (1023
my <3 x 108 Geved (2} (228 3) 7 (105) 35

When this is satisfied, there is no entropy production after
reheating, which we assume hereafter. In the following
section, we will discuss the amount of the charge yield Ypg
that is generated by the Hubble-induced masses as well as
the amounts needed to generate the dark matter abundance
and the baryon asymmetry.

III. KINETIC MISALIGNMENT AND (LEPTO)
AXIOGENESIS

A. Dark matter density

The equation of motion for the PQ charge density is
given by

1 0 oV
—(a’(¢ 1) =——. 33
a3(l)al(a()nPQ( ) =25 (33)
We obtain
a(t
a3(t )nPQ(t)EeHoschsc» (34)

with € ~ § ~ 1 being an (inverse) ellipticity parameter. Here
we denote H. and S, as the Hubble parameter and the
amplitude of oscillations at the onset of oscillation. In our
scenario, Sy, ~ Mp from Eq. (5) and H,,. ~ H; because
the PQ breaking field starts to oscillate at the end of
inflation.

After the onset, the oscillation amplitude decreases due
to the expansion of the Universe. From Eq. (13), the
oscillation amplitude decreases as o a~>/4. The last term in
Eq. (9) is then negligible soon after the oscillation begins,
and the comoving number density of PQ charge becomes
approximately conserved, so that npq/p; is constant during
reheating. If there is no entropy production after inflation,
e.g., by the thermalization of the PQ breaking field, the
yield Ypg becomes a constant and is given by

§ PIT=To S |T=Tgy
_ 3Try  7pq — e Try S%sc
4 3H2M12>l P 4H o M12>1

osc

Teut 10° GeV\ [ Sy 2
— 250 ) (35
€<1012 Gev> < H, Mo, (35)

The top panel of Fig. 1 shows the contours of Ypg in the
H;-Try plane. The gray shaded region is excluded because
the reheat temperature should satisfy Hry < H;.

The axion energy density over the entropy density is
therefore given by kinetic misalignment [11] and Eq. (35) as

% =~ maYPQ

€ mg Try
~05eV|—
© (0.1) (20 mev> (10'2 GeV>

10° GeV 2
" ( 0° Ge ><SOSC> ’ (36)
H, My,

where the observed DM abundance is ppy/s =~ 0.44 eV.
This is one of the main results of this paper. In particular, the
result is independent of parameters for low-energy potential
of the PQ breaking field. Also, the reheat temperature can be
much higher than the original scenario of the kinetic
misalignment mechanism even if the PQ breaking field is
as large as the Planck scale during inflation.

Note that the axion energy density depends on the axion’s
initial phase via the parameter e. If the axion acquires
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FIG. 1. Top: contours of Ypy generated by the Hubble-induced
potential are shown by the blue lines [see Eq. (35)]. In the black
hatched region and along the magenta line, the observed baryon
asymmetry can be explained by leptoaxiogenesis. The vacuum
potential (the thermal-log potential) dominates at Try in the black
hatched region (along the magenta line). The gray region is self-
inconsistent because Hgy > H ;. Bottom: contours of Ypg, shown
in thick blue lines, to explain the baryon asymmetry from
axiogenesis [horizontal segments; see Eq. (37)] or the DM
abundance from kinetic misalignment [vertical segments; see
Eq. (36)]. With DM explained by kinetic misalignment, the
baryon asymmetry is simultaneously explained along the green
line by axiogenesis and in the black hatched region by leptoaxio-
genesis. The yellow band is the parameter space motivated by the
QCD axion. The other shaded regions are excluded by current
experiments, while the colored dashed contours show the future
sensitivities.

quantum fluctuations during inflation, it results in isocur-
vature perturbations that are strongly constrained by cosmic
microwave background observations. However, in our
scenario with the axion as heavy as the Hubble parameter
during inflation, quantum fluctuations are damped as the
axion starts to oscillate around the minimum during
inflation.

The vertical blue lines in the bottom panel of Fig. 1
show the required values of Ypg that can explain the
observed DM abundance. The vertical segments stop at the
gray line because the contribution to axion dark matter
from kinetic misalignment is necessarily subdominant to
conventional misalignment below the gray line, which we
compute by assuming that the initial misalignment angle is
unity (6; = 1). The yellow band represents the QCD axion
window, where the mass and decay constant are related to
each other, but the photon coupling g,,, is model depen-
dent. Hereafter, we assume g,,,, = apm/(27f,) = 107/ f,.
The other shaded regions are excluded by current experi-
ments, while the dashed regions are future sensitivity curves
for ongoing and proposed axion experiments. For both
shadings and curves, the helioscopes are indicated by
purple, the haloscopes are indicated by red, and astrophysi-
cal searches are indicated by gray. For helioscopes, the
leading constraint is set by CAST [57], and the leading
projection is by IAXO+ [58]. For helioscopes, the leading
constraints include ADMX [59-62], RBF + UF [63,64],
capp [65-70], ORGAN [71,72], HAYSTAC [73-75], and
QUAX [76-78], whereas the leading projections include
DM-Radio [79], ADMX [80], ALPHA [81], CADEx [82],
BREAD [83], and LAMPOST [84]. For astrophysics, the
leading constraints include globular clusters [85,86],
Chandra [87,88], magnetic white dwarf [89], and pulsars
[90]. These curves are taken from Ref. [91].

B. Baryon asymmetry from axiogenesis

The nonzero angular velocity can also lead to the
generation of baryon asymmetry at the electroweak phase
transition. This is called axiogenesis [15]. The baryon
asymmetry from axiogenesis is given by

_ Cp YpoT %

BE T
~10-0( €\ (<B 2 x 107 GeV\?2
= 0.1)\o1 I

9 2
% lzRH 10° GeV SOSC ’ (38)
10'° GeV H 1 M Pl

where we take the temperature 7', at which the electroweak
sphaleron processes go out of equilibrium, to be the value
predicted by the Standard Model [92], T, = 130 GeV. The

observed baryon asymmetry is Yo = 8.7 x 107! [23]. The

(37)

055009-7



RAYMOND T. CO and MASAKI YAMADA

PHYS. REV. D 110, 055009 (2024)

horizontal blue lines in the bottom panel of Fig. 1 represent
the value of g,, that can explain the observed baryon
asymmetry for a given Yp.

We can explain both the DM abundance and the baryon
asymmetry at the intersecting point of vertical and horizontal
blue lines for a given Ypq in Fig. 1. By changing the value of
Ypo, we obtain the green line, on which the cogenesis by
kinetic misalignment and axiogenesis works. However, the
QCD relation of m, ~ 60 meV(f,/10® GeV)~! (indicated
by the yellow band in the figure) can be consistent with the
green line only in the excluded region. This cogenesis
mechanism does not work for the QCD axion unless 7'
is higher than predicted by the SM or cp is significantly
larger [15]. One may need another mechanism to generate
baryon asymmetry for the QCD axion.

C. Baryon asymmetry from leptoaxiogenesis

Since the reheat temperature can be relatively high in our
scenario, we can consider leptoaxiogenesis [17,18]. Let us
introduce the B — L breaking Weinberg operator as the
source of the Majorana mass term for the left-handed
neutrinos to explain the neutrino oscillation data. If the
Universe is dominated by radiation, the Weinberg operator
is in thermal equilibrium at a temperature higher than

1/2 /0.03 eV?
Ty, ~8x 102 GeV | —2* SEEVY 3
Bl =0 ¢ (228.75) < > ) (39)

where 77 is the sum of active neutrino masses squared (see,
e.g., Ref. [18]). The angular velocity of the PQ breaking
field can be understood as a chemical potential for the SM
fermions, which biases some asymmetries for the SM
charges via the transfer equations. Combining the B — L
breaking Weinberg operator and the bias factor from the
angular velocity, we can obtain a nonzero B — L asymme-
try at a high temperature. The resulting B — L asymmetry
yield is given by

4 T _(O)T?
Yy, = np_p, ~ _RH Cp L< > ’ (40)
S Tp 1 s T=Tgy
for TRH < TB—L and
np_j Cp—L <9>T2 < < Tru > >
Yoo, = ~ log +1],
et S T=Ty , Tp_p
(41)

for Try > Tp_;, where cp_; is an O(0.1-1) numerical
factor [18,93].

We first consider the case where Eq. (19) is satisfied so
the thermal mass dominates. From Eq. (26), we have (§) ~
(90/(n%g,))a?H (Mp/Sos.)? at T = Try. We therefore

obtain

_ 28npg
P79 s
2890 45 cp_rCcy,a*H; (Mp\?

2
_ Cp_1Cy, O HI MP] 2
~ 9 10 11 B s 42
x ( 0.005 > (109 GeV> <Sosc (42)

where we define

1 for TRH < TB—L

=) on() ) s

Try

cy (43)

Here, we take g, = g, = 228.75 for the effective numbers
of degrees of freedom for the entropy density and energy
density, respectively. The baryon asymmetry is successfully
explained along the magenta contour in the top panel of
Fig. 1 with a = 1/27 and cp_; = 1. There is a maximum
Try along this curve set by Eq. (19), which explains why
the magenta contour is truncated at large Try. The magenta
contour is then independent of Try in the viable parameter
space, and this corresponds to the case Try < Tp_; and
cy, = 1. As a result, the case with Try > T_; is never
realized here.” This truncation also gives a maximum Ypq
based on the blue contours or Eq. (35). As a result, this
leptoaxiogenesis scenario works consistently with the
kinetic misalignment mechanism in Eq. (36) down to
Tp 1

the axion mass,
1073 172
. 44
1/CB_L€012> (8 x 102 GeV) (44)

We now consider the case when Eq. (19) is violated. In
this case, & at Ty is given by max(Hyy. m,) depending on
whether the Hubble-induced or the bare mass dominates,
and the resultant baryon asymmetry is given by

m, 2 30 meV(

o 28 45 CB—LQ(TRH)

5o % 27[29” TB—L
0(Tgy)
29 x 107 ey, [ niRH) ) 45
9> 107 epy (200 TeV (45)

As a result, with a bare saxion mass mg ~ 200 TeV/cp_;,
leptoaxiogenesis can explain the baryon asymmetry in the
black hatched region in the top panel of Fig. 1 for
cp—; = 1. The lower horizontal boundary is set by the
condition that H; > m is necessary to relax the PQ field

*More generically, decreasing cp_; allows for larger Tgy. The
contour remains independent of Tgry, i.e., Try < Tp_r, as long as
cp_r 2 0.0015. This critical value can be derived by setting the
maximum Ty allowed by Eq. (19) equal to T_; in Eq. (39)
using the value of H; required by leptoaxiogenesis in Eq. (42).
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during inflation and generate Ypq after inflation using
Hubble-induced masses. The sloped boundary is a result of
mgy ~ 200 TeV violating the thermalization constraint in
Eq. (32) with Ypq given in Eq. (35). This boundary also
sets the smallest axion mass from Eq. (36),

1 0.1\ 1/3
m, 2 04 meV | 75— (—) : (46)
cge) \ b

to explain the dark matter abundance from kinetic mis-
alignment. Lastly, the vertical boundary arises because
O(Try) > Hgy > 200 TeV will lead to overproduction of
the baryon asymmetry at Try.

This cogenesis scenario is shown by the black hatched
region in Fig. 1. Given the overlap with the QCD axion
band, we refer to this as the axion cogenesis region. The
lower bound on the axion mass set by Eq. (46) can be
translated to f, <2 x 10'° GeV for the QCD axion. The
axion decay constant is arbitrary for axionlike particles as
long as the dark matter abundance is still produced by
kinetic misalignment, which is true above the gray line.

IV. DISCUSSIONS AND CONCLUSION

We have considered a concrete scenario for the axion
kinetic misalignment mechanism and (lepto)axiogenesis
where the PQ breaking field stays at the Planck scale
during inflation and starts to oscillate just after the end of
inflation. The phase of the PQ breaking field becomes
massive during inflation, so that isocurvature perturbations
are absent. This is crucial for kinetic misalignment and
(Iepto)axiogenesis to explain dark matter and the baryon
asymmetry, since otherwise the isocurvature perturbations
efficiently grow after inflation via the roulettelike dynamics
of the PQ breaking field and may result in the isocurvature
or domain-wall problem.

Thanks to the purely quadratic Hubble-induced poten-
tial, this scenario may help avoid parametric resonance,
which would otherwise produce dangerous cosmic strings,
domain walls, and/or hot axion dark matter. In particular,
thermalization transforms the elliptical rotation of the PQ
breaking field into a circular one, with which parametric
resonance will not occur. An initial potential that is purely
quadratic delays parametric resonance and hence increases
the likelihood of thermalizing the field prior to parametric
resonance. We leave a detailed analysis about this issue for
a future work.

The abundance of axion dark matter as well as baryon
asymmetry can be simultaneously explained in our scenario
by the QCD axion or axionlike particles. One may think
that, at such a high energy scale, the dynamics of the PQ
breaking field is complicated and the predictability would
be lost. We have discussed that the prediction of the axion
abundance and baryon asymmetry can be nearly indepen-
dent of the parameters in Planck-suppressed operators as

well as SUSY breaking terms. For axiogenesis, this is
indeed the case. For leptoaxiogenesis, this is true if the
Hubble-induced mass terms initiate the rotation and the
mass from the thermal-log potential dominates at the end of
inflationary reheating; this case predicts high-scale inflation.
These scenarios can be realized in supergravity models.
With leptoaxiogenesis, the QCD axion can achieve cogen-
esis with a mass m, > O(0.1) meV, which would be tested
by future axion helioscope and haloscope experiments.
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APPENDIX: MODEL IN SUPERGRAVITY

In this appendix, we discuss how our scenario naturally
arises in SUSY models by including supergravity effects.

In supergravity, the potential and kinetic terms are
determined by superpotential W(¢;) and Kéhler potential
K(@;, ;) such as

> = . 3
VSUGRAzeK/M"‘ (DiW)K”(DjW) _M—2|W|2 ) (Al)
Pl

where D;W = W, + K;W/M3 and K" = (K;5)7", and

Lyin = Kija,l(/’iaﬂfﬂ*j-

(A2)
The subscript represents the derivative with respect
to the corresponding field (e.g., W;=0W/d¢p' and
K;= ?K /d¢p'op*).

In this paper, we assume

/
C
K = 1P+ |y + [P] + < LH 1P PP
Pl

ki 2P2+@12P2M+K A3

MW PIPR 4 S8 IPPPY + Ko (A
where [ is the field whose F' term drives inflation and y is
the field whose oscillation energy dominates after inflation.
In general, and even in simple inflation models in super-
symmetry such as chaotic inflation [94,95] and hybrid
inflation models [96,97], I and y are different fields. The
last term is given by [14,98,99]
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c} c
Ky=—-"2I?PN - K21y 2PN 1 c.c.

TV (A4)
Mp My

The Hubble parameter during inflation is given by
H} = |W,[*/(3Mp).
The Hubble-induced mass term comes from, e.g.,

K ,
VsuGra D exp| — W, K"W; (AS)
Mg,
2 / |P|2
S Wi (14 (=) ). (46)
Pl
during inflation and
: ki
Lin D Kyplirl* 3 25 1?1 P (A7)

2

My

after inflation. Including all contributions, we obtain the
effective mass term for P as

Vi = cyH2(1)| PP (A8)

=3(cy, - 1) during inflation

Cu= (A9)

3 (—(1 —r)cly; +rek —|—%> after inflation,

where r (0 < r < 1) is the fraction of the energy density of
y to the total energy after inflation. Depending on the

parameters ¢}, and c%,, we can consider ¢y < 0 during
inflation and cy > 0 after inflation. Then the field P starts
to oscillate after inflation.

The Kihler potential in Eq. (A4) leads to PQ-symmetry
breaking terms like the ones in Egs. (3) and (9).6 The
resulting dynamics of the PQ breaking field is similar to
the one discussed in Sec. II. We particularly note that the
condition (32) should be satisfied to avoid entropy
production from the PQ breaking field. Assuming a
gravity-mediated SUSY breaking model, this bound can
be understood as the upper bound on the gravitino mass.
Then we expect that the gravitino mass can be larger
than the PeV scale, in which case the reheat temperature
can be very high without the gravitino overproduction
problem [101,102].

On the other hand, one could avoid the gravitino over-
production problem when the gravitino is as light as the e V-
keV scale [103]. Such a low-scale SUSY breaking model is
not favored in the original kinetic misalignment mechanism
because a relatively large SUSY breaking term is required
to kick the PQ breaking field strongly enough [11]. In some
parameter space of our scenario, a very light gravitino is
allowed because it is the Hubble-induced terms at the end
of inflation that kick the PQ breaking field and support the
rotation until the end of reheating.

®See also Refs. [99,100] for initiating the Affleck-Dine field
using the Kihler potential, whose advantage is to enhance the
charge by setting the field value at the Planck scale.
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