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In the conventional misalignment mechanism, the axion field has a constant initial field value in the early
Universe and later begins to oscillate. We present an alternative scenario where the axion field has a
nonzero initial velocity, allowing an axion decay constant much below the conventional prediction from
axion dark matter. This axion velocity can be generated from explicit breaking of the axion shift symmetry
in the early Universe, which may occur as this symmetry is approximate.
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Introduction.—Why is CP violation so suppressed in the
strong interaction [1-3] while near maximal in the weak
interaction? The Peccei-Quinn (PQ) mechanism [4,5]
provides a simple and elegant answer: the angular param-
eter describing CP violation in the strong interaction is
actually a field resulting from spontaneous symmetry
breaking, 6(x). A potential V() arises from the strong
interaction and has CP conserving minima, as shown in
Fig. 1. Axions are fluctuations in this field [6,7] and the
mass of the axion is powerfully constrained by particle and
astrophysics, m, < 60 meV; equivalently, there is a lower
bound on the PQ symmetry breaking scale f, = 108 GeV
(60 meV/m,) [8-14].

In the early Universe, if the initial value of the field, 6;, is
away from the minima, the axion field starts to oscillate at a
temperature 7, when m, ~3H, where H is the Hubble
expansion rate. These oscillations, illustrated in the upper
diagram of Fig. 1, can account for the observed dark matter
[15—17]. For 8; not accidentally close to the bottom nor the
hilltop of the potential, this “misalignment” mechanism
predicts an axion mass of order 10 yueV and tends to
underproduce for heavier masses.

In this Letter we show that an alternative initial condition
for the axion field, € # 0, leads to axion dark matter for
larger values of m,. This “kinetic misalignment” mecha-
nism is operative if the axion kinetic energy is larger than
the potential energy at temperature T, delaying the onset
of axion field oscillations, as shown in the lower diagram of
Fig. 1. We begin with an elaboration of the basic
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mechanism. We then show that a sufficient 6 can arise
at early times from explicit breaking of the PQ symmetry
by a higher dimensional operator in the same manner as the
Affleck-Dine mechanism, which generates rotations of
complex scalar fields [18,19].

The PQ symmetry is an approximate symmetry which is
explicitly broken by the strong interaction. It is plausible
that higher dimensional operators also explicitly break the
PQ symmetry. Although they should be negligible in the
vacuum in order not to shift the axion minimum from the
CP conserving one, they can be effective in the early
Universe if the PQ symmetry breaking field takes a large
initial value. Higher dimensional PQ-breaking operators
are in fact expected if one tries to understand the PQ
symmetry as an accidental symmetry arising from some
exact symmetries [20-23]. The kinetic misalignment
mechanism is therefore a phenomenological prediction
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FIG. 1. The schematics of the (kinetic) misalignment mecha-

nism. Initial conditions are labeled, shadings from light to dark
indicate the time sequence of the motion, and arrows with
different relative lengths denote instantaneous velocities.
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intrinsically tied to the theoretical origin of the PQ
symmetry.

The mechanism allows for axion dark matter with a mass
above the prediction of the standard misalignment mecha-
nism. This mass scale m, = O(0.1 —100) meV is under
extensive experimental investigation [24—38]. Other known
production mechanisms in this mass range are (1) para-
metric resonance from a PQ symmetry breaking field
[39,40], (2) anharmonicity effects [41-43] when 6,
approaches 7 due to fine-tuning or inflationary dynamics
[44,45], (3) decays of unstable domain walls [46-53], and
(4) production during a kination era [54]. Contrary to these
mechanisms, kinetic misalignment offers an exciting theo-
retical connection with the baryon asymmetry of the
Universe through so-called axiogenesis [55].

Kinetic misalignment mechanism.—We estimate the dark
matter abundance for a generic axionlike field with decay
constant fy, ¢ = f40, when 6 # 0. Without loss of gen-

erality we take 6 > 0. It is convenient to express the
rotation by the dimensionless quantity in/ s where s
R~ is the entropy density and R is the scale factor. In fact,
0 fé is the Noether charge associated with the shift
symmetry ¢ — ¢ + af, and hence should decrease in

proportion to R3. Therefore, in/ s remains constant.
We define

Yo="2, (1)
N

ng = 0 f é
and call ny a charge density and Yy a yield. Even though Y,
is a redshift-invariant quantity, the evaluation of Y, from the
initial condition is model dependent and is thoroughly
discussed later in this Letter.

We will eventually consider the case where the axion
originates from a phase direction of a complex scalar field
P whose vacuum expectation value spontaneously breaks a
U(1) global symmetry,

P=—s(s+ £y @)

where S and ¢ are the radial and angular (axion) modes,
respectively. However, the kinetic misalignment mecha-
nism can be understood without referring to P. The nonzero
axion velocity corresponds to a rotation of P.

We assume the potential of the axion is

Ve my(r2f (1= e ). o)

where the axion mass m,(T) may depend on temperature
T. If Y, is sufficiently small, axion field oscillations begin
at T, where m,(T,) = 3H(T.), yielding the conventional
misalignment mechanism.

Our key point is that, if the axion kinetic energy K =
6 fé/z is larger than its potential energy V(¢) at the
conventional oscillation temperature 7', the axion simply
overcomes the potential barrier and the misalignment angle
continues to change at the rate Q(T) This evolution ceases
when the kinetic energy K redshifts to the height of the
potential barrier, Vi, = 2my(T)f7, at the temperature we
call T/,

O(T") = 2my(T"). (4)

Subsequently, the axion is trapped by the potential barrier
and oscillates around the minimum. The onset of oscillation
is delayed if this trapping happens after the conventional
oscillation temperature, T’ < T,. Equivalently, kinetic
misalignment is at play when

my(T') > 3H(T"). (5)
If the axion mass changes adiabatically, the number

density is conserved. The energy density of the axion
oscillation p, normalized by the entropy density reads

Lo — i,y (0) = Cmy(0)Y,. (6)

The axion abundance only depends on Y, and the mass of
the axion in the vacuum, and is independent of the
evolution of the axion mass.

The analytic estimate thus far predicts C =1 since

\%4 .
o = 2T 2B = (1)

ny(T') =
However, this estimate is not precise because p, is assumed
to scale as R~ as soon as the oscillation starts at 7”. Since
the oscillation starts near the top of the cosine potential
where the potential gradient is small, there is a further delay
in the oscillation and this anharmonicity enhances the axion
abundance. This nonlinear effect calls for a numerical
analysis, which we perform in the Supplemental Material
[56] and determine C ~ 2.
The kinetic misalignment mechanism is effective when

ng(T.) [
S(T*) MPIT* ‘

Y 0> Y crit — (8)
Furthermore, sufficient axion dark matter results if
my(0)Yy~T,, where T, is the temperature of matter-
radiation equality. The condition for kinetic misalignment
in Eq. (8) then requires ,(0)f5 < T.T.Mp,.

We now estimate Y for the QCD axion, a, and take
m, < T~ for T > Aqcp from the dilute instanton gas
approximation (also see the lattice results in Refs. [62—-66]),
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For Yy > Y, the axion abundance is

10° GeV\ (Y
Q12 ~ Quy (%) (4—8), (10)

which is independent of the axion mass evolution. For
fa>1.5x 10" GeV, kinetic misalignment cannot yield
axion dark matter, since Egs. (9) and (10) then give Y, <
Y.t and the usual misalignment mechanism results.

The relevant numerical results and analytic deri-
vations are thoroughly presented in the Supplemental
Material [56].

Rotation  from  higher dimensional operators.—
Assuming that the potential of |P| is sufficiently flat, a
large field value may arise during inflation as an initial
condition, by quantum fluctuations, or due to a negative
Hubble-induced mass. For large enough initial field value
|P;, the explicit breaking of the global symmetry by higher
dimensional operators may become important. Such oper-
ators give a potential gradient to the angular direction of P
and drive angular motion. By the cosmic expansion, the
field value |P| decreases and the higher dimensional
operator becomes ineffective. The angular direction then
has a flat potential and P rotates about the origin. This
dynamics is the same as that in Affleck-Dine baryogenesis
[18,19] with supersymmetric partners of quarks and
leptons.

The rotation is understood as a state with an asymmetry
of the global charge. The density of the Noether charge
associated with the symmetry P — P is

ng = iPP* — iP*P, (11)

which is nonzero for a rotating P and reduces to Eq. (1)
when |P| is relaxed to f,/V/2.
At the onset of the rotation, the asymmetry is

ng =€ , e<1, (12)

where €, defined by this equation, parametrizes how close
the trajectory is to a circular motion, which maximizes the
asymmetry for a fixed energy. The size of € is determined
by the potential gradient of the angular direction relative to
that of the radial direction.

Soon after the onset of the rotation, nyR> becomes a
conserved quantity, implying that  « R3|P|~2 redshifts
slower for |P| > f, than if |P| is fixed at f¢/\/§. This
slower redshift plays an important role and may explain
why a 0 sufficiently large to affect the axion dynamics
around the QCD phase transition has been neglected.

In what follows, we explicitly demonstrate the kinetic
misalignment mechanism using a quartic and a quadratic
potential.

Model with quartic potential—We first demonstrate
kinetic misalignment with the quartic potential for the
global symmetry breaking field P,

f2 2 1m2
V:/12<|P2—7¢> : ,12:§f_$, (13)
s

where mg is the vacuum mass of the radial degree of
freedom S. Simply following the terminology in super-
symmetric theories, we call S the saxion. For small 4, the
saxion has a flat potential and may obtain a large field value
during inflation. At an initial field value |P;| = S;/+/2, the
saxion mass is v/34S;. The saxion begins to oscillate when
the mass exceeds 3H. Assuming radiation domination, the
temperature at which this occurs is

TNTAVIRY:
Tose =2 x 1012 GeV(lO17 GeV) (10_10) . (14)

When the oscillation starts, the asymmetry given in
Eq. (12) is ng = €AS?/(4+/3), corresponding to the yield

g S; 3710710\ 2
Y":?‘40€<1017 Gev> < R

which remains constant unless entropy is later injected.
When §> f,, the quartic term dominates and the
energy density of the rotation redshifts as R™, S o« R,
and 6 x R~'. When S ~ f¢» the quadratic term dominates
and the radial mode’s energy density begins to redshift as

R~ and 6 follows the usual scaling R™3. Hence, a large
initial S slows down the redshift of 6.

We assume that P is thermalized to avoid overclosure
from the radial mode. As shown in Ref. [55], even after
thermalization, P continues to rotate because it is ener-
getically favorable to keep the charge asymmetry in the
rotation rather than particle excitations. At thermalization,
an elliptical trajectory becomes circular and the charge
density n, stays conserved up to cosmic expansion. From
charge conservation and the scaling of P, one finds that the
angular mode’s energy density pg = né/ §? decreases as
R™ (R™%) for § > f, (S ~ f,). The angular mode does not
dominate the energy density since p, never redshifts slower
than radiation.

The radius S eventually settles to f,, and the axion
rapidly moves along the bottom of the potential in Eq. (13).
The kinetic misalignment mechanism determines the axion
abundance if Yy > Y 5.

The available parameter space for QCD axion dark
matter is summarized in Fig. 2, where various constraints
are discussed in this and the next sections. The red region
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FIG. 2. The parameter space of the QCD axion decay constant
fa (or mass m,) and the saxion vacuum mass mg compatible with
the observed dark matter abundance. The blue line excludes high
mg for the quartic potential. Applicable to both quartic and
quadratic potentials, the gray region is ruled out for a maximal
thermalization rate, while the constraint is the gray dashed line for
thermalization via gluons only.

violates unitarity of the saxion self-interaction, while the
purple region is excluded since the duration of the neutrino
emission in a supernova core is altered by the emission of
axions [8—14] or saxions [67]. In the orange region, the
conventional misalignment mechanism instead is operative
since Yy < Y. from Egs. (9) and (10). The axion
abundance is enhanced for larger §;, but S; cannot exceed
the Planck scale, giving an upper bound on f, based on
Egs. (10) and (15)

fa <10° GeVe? (E>, (16)

mg
corresponding to the blue line in Fig. 2 for € = 1 and gets
stronger if dilution due to entropy production is present.

The energy density of the saxion must be depleted to
avoid cosmological disaster, e.g., excessive dark radiation
from the decay to axions. The saxion can be thermalized by
scattering with gluons and with fermions y via a Yukawa
coupling yPyy. The interaction rate with the gluons and
fermions is suppressed for larger f,. The scattering with
gluons (fermions) can successfully deplete the saxion in the
region below the positively sloped segment of the gray
dashed line (gray boundary) in Fig. 2. We present the
rigorous examination of the thermalization constraints in
the Supplemental Material [56]. A wide range of f, <
10'" GeV is possible between such gray lines and the blue
line from Eq. (16).

A sufficient amount of QCD axion dark matter requires
that mg and hence the quartic coupling are small; namely
the potential of P is flat. This is because a late start of the
oscillation of P enhances the charge to entropy ratio.

Supersymmetric models.—The kinetic misalignment
mechanism benefits from supersymmetry, where symmetry
breaking fields naturally have flat potentials.

We consider the case where the saxion has a nearly
quadratic potential with a typical mass mg. This is the case
for (1) a model with global symmetry breaking by dimen-
sional transmutation due to the renormalization group
running of the soft mass [68],

2

2|P|?
V:m§|P|2<ln%—1>, (17)
¢

(2) a two-field model with soft masses,

W=X(PP=V3),  Vig=m3lPP+m3|PP,  (18)
where X is a chiral multiplet whose F term fixes the global
symmetry breaking fields P and P along the moduli space
PP = V2, and (3) global symmetry breaking by quantum
corrections in gauge mediation [69-71].

For a nearly quadratic potential, the rotation of P can
occur in the same manner as the rotation of scalars in
Aftleck-Dine baryogenesis [18,19]. In the early Universe P
may obtain a negative mass term by a Planck scale-
suppressed coupling to the total energy density,

V = —cyH?|P)?, (19)

where H is the Hubble scale and ¢y is an O(1) constant.
For H > myg, the saxion is driven to a large field value.

We consider explicit global symmetry breaking by a
higher dimensional superpotential,

Pn+1

W=

(20)

The F-term potential from Eq. (20) stabilizes the saxion

S = \/2|P| against the negative Hubble induced mass. The
saxion tracks the minimum of the potential [19,72]

S(H) ~ (H2M?~*)z2., (21)

Once H drops below myg, the saxion begins to oscillate.
Meanwhile, the supersymmetry breaking A-term potential
associated with Eq. (20)

n+1

breaks the global symmetry explicitly, inducing the rotation
of P. Here A is of order the gravitino mass in gravity
mediation. According to Eq. (12), the asymmetry at the
onset of the rotation is

ng ~ AS(mg)?, (23)

if the initial phase is not accidentally aligned with the
minimum. At a large field value, the saxion mass tends to be
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dominated by the gravity mediated one, so mg = O(A) and
ny is of order pp/mg. The charge density normalized by the
saxion energy density remains constant despite the cosmic
expansion. [For M = O(Mp) and A = O(TeV), a shift to
the CP violating phase of the strong interaction from the
explicit PQ symmetry breaking is smaller than the exper-
imental upper bound if n > 7 — 9 for f, = 10°-10'? GeV].

Because of the large initial field value, the saxion tends
to dominate the energy density of the Universe, which we
assume hereafter. Regardless, P has to be thermalized
eventually. After thermalization completes at the temper-
ature Ty, P rotates with a vanishing ellipticity and with the
total charge nyR3 = S?0R3 conserved. The charge con-
servation implies that 0 stays constant for |P| > f, before
following the usual R~ scaling when |P| ~ f,. Therma-
lization transfers the energy of the radial motion of P into
radiation. The remaining energy is associated with a
circular motion, py. The final yield is

Yp="0— Tt A (o
s 4mg
and ¢ < 1 measures the amount of angular rotations relative
to radial oscillations.

After thermalization, the equation of motion fixes
0=m s, with which one can easily show by conservation
of energy and U(1) charge that |P| does not immediately
drop to f 4 as usual thermalization does for a scalar without
a U(1) charge. Instead, |P| redshifts by the cosmic
expansion. The energy density of the circular rotation
decreases as R~ (R™°) for |P|> f, (|P|~f,). Right
after thermalization, the Universe is still dominated by the
circular rotation, but after the R7® scaling begins, the
Universe is eventually dominated by the thermal bath
created by the aforementioned thermalization process.

We focus on the QCD axion and discuss whether
sufficient axion dark matter can be produced. From
Egs. (10) and (24), the thermalization temperature needed
to obtain the observed dark matter abundance is

mg fu
T, ~50—2(—2a ). 25
th € (109 GeV) (25)

Since Ty, > myg, thermal dissipation is necessary. To obtain
the dark matter abundance, this thermalization temperature
must be above or equal to that in Eq. (25). (In the former
case, the correct abundance can be obtained without matter
domination by P or extra dilution.) This leads to an upper
bound on f,, as shown by the negatively sloped gray
dashed line in Fig. 2 for ¢ =1 for thermalization by
scattering with gluons. A wider range of f, < 10! GeV
becomes possible for fermion y scatterings (shown by the
negatively sloped gray boundary) compared to gluon
scatterings. A detailed discussion is provided in the

Supplemental Material [56]. In supersymmetric models,
larger values of mg become viable compared to the case of
the quartic potential (blue line).

Discussion.—We presented the kinetic misalignment
mechanism, where the dark matter abundance of a generic
axionlike particle is determined by the initial field velocity,
as opposed to the conventionally assumed initial misalign-
ment. We then showed that this can yield QCD axion dark
matter for any f, below 1.5 x 10'! GeV, down to the
minimum value allowed by supernovae constraints,
fa~10% GeV. We studied in detail the full cosmological
evolution of the PQ field in both quartic and quadratic
potentials, with the results in Fig. 2 showing that kinetic
misalignment is successful over a wide range of parame-
ters. Besides signals in axion searches in the mass range
0(0.1-100) meV, kinetic misalignment can provide a
unified origin of dark matter and the cosmological excess
of matter over antimatter [55].

Throughout the Letter, we assumed the field rotation
remains coherent. If the radial direction of the global
symmetry breaking field has a potential flatter than
quadratic, an instability develops and the coherent rotation
fragments into inhomogeneous configurations [73-76]. In
this case, it is important to investigate how the inhomo-
geneity impacts the axion abundance.
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No. DE-AC02-05CH11231 (L.H.) and No. DE-
SC0009988 (K.H.), the NSF Grant No. NSF-1638509
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Foundation Fund (K. H.).
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