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The QCD axion needs not be an exact pseudoscalar for solving the strong CP problem. Its imperfectness
can play a profound role cosmologically. We propose effective operators, where the Peccei-Quinn field
linearly couples to standard model particles, provide a dynamical solution to the domain wall problem that
prevails in postinflationary axion models with discrete symmetry. Such interactions generate a thermal
potential that drives the axion field to a universal value throughout the Universe at high temperatures thus
preventing the birth of domain walls when the QCD potential switches on. We discuss generic conditions for
this mechanism to work and several concrete examples. Combining with existing electric dipole moment and
fifth force constraints, a lower bound on the axion mass is obtained around 10−5 eV. Our findings make a
strong case for complementary axion searches with both quality preserving and violating interactions.
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The QCD axion [1–4] provides the leading solution to
the strong CP problem in the standard model and is subject
to a rich program of terrestrial and astrophysical probes
[5,6]. Embedding the spontaneous U(1) Peccei-Quinn
symmetry breaking theory in the context of the expanding
Universe brings about both opportunities and problems
[7,8]. For ultraviolet complete models with more than one
flavor of Peccei-Quinn changed quarks, a discrete sym-
metry often remains after the breaking of Peccei-Quinn
symmetry [9,10]. If it occurs after inflation, axion domain
walls separating different vacuum field values populate the
Universe [11]. Energy density of domain walls redshifts
slower than those of radiation and matter. If long-lived they
would be disastrous to the otherwise successful standard
big bang cosmology.
A common solution to the domain problem is to

introduce the explicit symmetry breaking effect through
the scalar potential of the Peccei-Quinn field [11–15].
The explicit breaking effect is usually expected to be highly
suppressed for the solution to a strong CP problem
to remain intact. Taking the operator L ¼ eiδϕn=Mn−4

pl

as an example, it contributes an axion potential V ∼
ðfna=Mn−4

pl Þ cosða=fa þ δÞ after the spontaneous symmetry

breaking. The phase δ has no reason to be close to Θ̄QCD

from the regular QCD axion potential. Neutron electric
dipole moment thus sets a limit n≳ 200= lnð ffiffiffi

2
p

Mpl=faÞ,
e.g., n≳ 12 for fa ¼ 1011 GeV [16,17]. Given the strong

Planck-scale suppression, such an explicit breaking term
has little cosmological impact at temperatures well above
the QCD scale. After domain walls appear, it can push the
walls toward each other which eventually annihilate away.
Products from the domain walls are littered around the
Universe. Excessive axion dark matter production and
stellar cooling restrict the axion mass within a rather
narrow window [18–21].
In this Letter, we aim for a more clean solution to the

axion domain wall problem by precluding their existence in
the first place. A key observation is that domain walls are
not born immediately after the spontaneous Peccei-Quinn
symmetry breaking but have to wait until temperature of the
Universe cools down to the QCD scale. This separation of
scales allows one to imagine the following scenario. At
temperatures well above the QCD scale, the explicit Peccei-
Quinn breaking effect generates a transient potential that
allows the axion field to settle down at a universal initial
value everywhere. At lower temperatures, this potential
weakens and eventually gives way to the QCD axion
potential. As a result, the whole Universe rolls toward
today’s vacuum (that solves the strong CP problem)
starting from the universal initial value set early on. No
domain wall is produced in this case even if the low-energy
axion potential still possesses an approximate discrete
symmetry. For such a mechanism to work, the necessary
conditions are (1) axion potential generated by explicit
Peccei-Quinn breaking term is temperature dependent and
more important at higher temperatures; (2) the high temper-
ature potential must not have any discrete symmetry;
(3) there should be enough time for the settling down of
axion field in the first step to complete. Clearly, the ϕn term
mentioned above cannot fulfill this role for more than one
reason. An earlier attempt [14] resorts to a high-scale
confining force to generate the axion potential above the
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QCD scale. However, additional model building acrobatics
is needed for switching off the potential at lower temper-
atures, otherwise the strong CP problem would strike back.
We point out a unique class of explicit Peccei-Quinn

breaking interactions that can provide a dynamical, less
harmful at low energy, and still predictive realization of the
above idea,

L ¼ ϕOSM þ H:c:; ð1Þ

where OSM is a gauge-invariant operator made of standard
model fields. An obvious choice for OSM would be a term
in the standard model Lagrangian which is automatically
neutral under the Peccei-Quinn symmetry. At high temper-
atures the standard model particle plasma contributes a
potential of the form δV ∼ T4 cosða=faÞ, whereas the zero-
temperature counterpart is more suppressed, with T
replaced by one of the known particle mass scales.
Crucially, the high-temperature potential has no discrete
symmetry as long as the above interaction is linear in the
Peccei-Quinn field ϕ.
For concreteness, we present several working examples

for realizing the above idea, where OSM is one of the
regular Yukawa interaction operators for fermion mass
generation. First consider the electron Yukawa case,

L ¼ eiδ

Λ

ffiffiffi
2

p
me

v
ϕL̄eHeR þ H:c:; ð2Þ

where v ¼ 246 GeV, Le is the SUð2ÞL lepton doublet, and
H is the Higgs doublet. For generality, we include a phase
factor δ that differs from Θ̄QCD by ≫ 10−10. Hereafter, we
focus on the physics after spontaneous Peccei-Quinn
symmetry breaking with the radial mode of ϕ integrated
out, such that ϕ ¼ ðfa=

ffiffiffi
2

p Þea=fa .
A thermal potential of axion can be generated by the

explicit breaking term Eq. (2), as shown by the diagrams
in Fig. 1. Because the standard model particles are in the
thermal plasma, the potential can be derived using the
imaginary time formalism [22]. At Λ−1 order,

Vða;TÞ¼
8<
:
− 5m2

efaT4

288
ffiffi
2

p
v2Λ

cos
�

a
fa
þδ

�
; T≫v;

−m2
efaT2

3
ffiffi
2

p
Λ
cos

�
a
fa
þδ

�
; ΛQCD≪T <v;

ð3Þ

where all loop particles are treated massless. This serves as
the only axion potential at temperatures well above the QCD
scale. The axion field’s evolution follows the equation

äþ 3Hȧþ ∂aVða; TÞ ¼ 0: ð4Þ

The high-temperature potential drives the axion field value
toward the minimum with a=fa þ δ ¼ 0, whereas the
Hubble parameter exerts the damping effect. We focus on
the zero mode evolution in each early patch of the Universe
that is causally disconnected from others and could start with
all possible initial axion field values. Effects due to inho-
mogeneities are discussed near the end of the Letter. To solve
the domain wall problem using the mechanism described
above, the axion field must roll sufficiently close to the
bottom of the above potential regardless of its initial
condition. The temperature (time) window for this to occur
is from the spontaneous Peccei-Quinn symmetry breaking
scale to the QCD scale.
We introduce ζ ¼ lnR where R is the scale factor of the

expanding Universe. This allows Eq. (4) to be written as

d2

dζ2
a
fa

þ d
dζ

a
fa

þ cM2
Pl

Λfa
sin

�
a
fa

þ δ

�
¼ 0; ð5Þ

where MPl is the Planck scale. The dimensionless para-
meter c is a constant 1.8 × 10−16 for T ≫ v, whereas for
ΛQCD ≪ T < v, c is temperature dependent and given by
≃2.1 × 10−10 GeV2e2ζ=f2a. We assume that the Peccei-
Quinn symmetry is spontaneously broken at T ¼ fa and
set the corresponding ζ to zero. Qualitatively, for the
axion field to quickly roll to the minimum of the above
potential it requires

cM2
Pl

Λfa
≳ 1; ð6Þ

leading to an upper bound on Λ for given fa. In practice,
we take a number of random initial values for a=fa
ranging between 0 and 2π and numerically evolve above
equation from ζ ¼ 0 to lnðfa=ΛQCDÞ. The bound on Λ is
then derived by requiring for all initial conditions,

���� afa þ δ − Θ̄QCD

����≲ π

N
; ð7Þ

at ζ ¼ lnðfa=ΛQCDÞ. On the right-hand side, the factor N
comes about assuming the low energy axion potential
from QCD has a ZN discrete symmetry (N > 1). The
value π=N represents the typical distance of phase δ from
the closest maximum of the QCD axion potential. It gives

FIG. 1. Feynman diagrams that generate an axion field potential
at high temperatures before (left) and after (right) electroweak
symmetry breaking. The diamond vertex is given by the operator
in Eqs. (2) or (10) whereas the dot vertex is the regular fermion
Yukawa coupling. In the right diagram, the diamond contains the
Higgs condensate.
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a good estimate except that the high temperature minimum is
located in the vicinity of one of the zero temperature
maxima. We disregard such fine-tuned arrangements of
parameters because they go against the spirit of naturalness
for solving the strong CP problem. Numerically, our result
stays robust against order one variations of π=N.
Equation (7) guarantees that all early patches of the
Universe end up in the same vacuum, thus avoiding the
production of any walls. The resulting upper bound onΛ as a
function of fa is shown by the orange curves in the left panel
of Fig. 2, for N ¼ 2 and 6 cases.
The explicit Peccei-Quinn symmetry breaking term

Eq. (2) can affect a number of low-energy probes. At zero
temperature, it shifts the electron mass and in turn sources a
Coleman-Weinberg potential for the axion,

Vða; T ¼ 0Þ ¼ −
jMeðaÞj4
64π2

�
ln
jMeðaÞj2

μ2
−
3

2

�
; ð8Þ

which adds to the regular QCD axion potential and can lower
the axion quality. Here, MeðaÞ ¼ me½1þ faeiða=faþδÞ=
ð ffiffiffi

2
p

ΛÞ� and μ is the renormalization scale. An order one
difference between the δ and Θ̄QCD phases will result in a
nonzero contribution to the neutron electric dipole moment
and requires Λ > 5.3 × 1010 GeVð10−5 eV=maÞ [23].
In the presence of the explicit Peccei-Quinn breaking,

the axion is no longer a pure pseudoscalar boson. It induces
a scalar coupling to electron, allowing the axion to mediate
a “fifth force” between macroscopic objects. Parameters
that control the violation of equivalence principle and the
inverse square law of gravity are [23]

α̃¼m2
esin2ðδ− Θ̄QCDÞ
8πGu2Λ2

; α¼Z1Z2

A1A2

m2
esin2ðδ− Θ̄QCDÞ
8πGu2Λ2

; ð9Þ

whereG is the gravitational constant, u ¼ 931.5 MeV, Z1;2

and A1;2 denote the atomic charge and weight of the
gravitating objects. Existing torsion balance experimental
constraints on α̃ and α are presented in [24]. In addition,
heavier axions with scalar coupling to electrons are con-
strained by stellar cooling [25]. In Fig. 2, experimental
lower limits on Λ are depicted, along with the upper bound
for addressing the domain wall problem. In this case, fifth
force constraint dominates and we obtain a lower bound on
the axion mass ma ≳ 10−4 eV.
Next, we move on to the coupling of the Peccei-Quinn

field directly to quarks as the source of explicit breaking,

L ¼ eiδ

Λ

ffiffiffi
2

p
mq

v
ϕQ̄HqR þ H:c: ð10Þ

For up-type quark, H is replaced by iσ2H�. At high
temperatures above the QCD scale, thermal loops similar
to Fig. 1 can generate an axion potential that allows it to roll
toward the universal value a=fa þ δ ¼ 0 throughout the
Universe. It is useful to note that parametrically the thermal
potential is enhanced compared to Eq. (3) by a factor of
ðmq=meÞ2Nc, where Nc ¼ 3 is the color factor. The larger
coupling makes it relatively easier for the axion to settle
down to the above minimum to avoid domain walls.
For the low-energy axion potential, naively one may

expect it to be generated at tree level once the quark
condensate turns on. However, note the tree-level

FIG. 2. Parameter space of explicit Peccei-Quinn symmetry breaking effect from the operators Eq. (2) (left) and (10) (right, strange
quark case). The axion domain wall problem is avoided below the orange shaded region using the mechanism suggested in this
Letter. The solid (dashed) orange curve corresponds to a low energy axion potential with ZN discrete symmetry with N ¼ 2ð6Þ.
Lower bounds on the cutoff scale Λ come from the tests of equivalence principle (green) and inverse square law of gravity (blue), red
giant cooling (purple), and the neutron electric dipole moment measurements (gray) which exclude the shaded regions with various
colors. The electric dipole moment constraint becomes increasingly stronger for heavier fermions. For the strange quark case, we
find the lightest possible axion for solving the axion domain wall problem and staying consistent with existing experimental
constraints, with mass ∼10−5 eV.
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CP-violating effect of (10) is to modify the phase of quark
masses, which are part of Θ̄QCD. After minimizing the axion
potential, they make no net contribution to the neutron
electric dipole moment [23]. Instead, the leading axion
potential is again of the Coleman-Weinberg form, i.e.,
Eq. (8) but with the mass of electron replaced by the
corresponding quark mass along with a color factor. It is
worth noting that such a potential is proportional to fourth
power of the fermion mass. The high power of mass
dependence implies that the electric dipole moment con-
straint will stand out further for heavier quarks.
Through the ϕ-quark operator, axion also mediates a

fifth force by coupling to the nuclei. In this case, the
parameters ã and a are given by

α̃ ¼ α ≃
f2qm2

Nsin
2ðδ − Θ̄QCDÞ

8πGu2Λ2
; ð11Þ

where mN ≃ 938 MeV is the nucleon mass, N represents
proton or neutron, and fq is defined through the hadronic
matrix element, hNjmqq̄qjNi ¼ fqmNūNuN . We work in
the isospin conserving limit and use values of fq given
in [26]. Compared to Eq. (9), ã and a are enhanced by the
square of nucleon to electron mass ratio, but as a constraint
on Λ the mass effect is linear.
Figure 2 (right panel) shows the results of Eq. (10) where

the Peccei-Quinn field couples to a the strange quark
Yukawa term. The color schemes are the same as before,
with lower limit on Λ set by various experimental results
and upper bound for solving the axion domain wall
problem. Stellar cooling only constrains Λ up to
1010 eV in these cases [25] and lies well below the range
of Λ shown in the figure. Compared to the electron case
(left panel), we find that the viable window for Λ is pushed
to higher values because the axion coupling is enhanced by
the larger fermion Yukawa coupling. The neutron electric
dipole moment constraint becomes significantly more
important than equivalence principle and inverse square
law tests of gravity, due to the m4

s versus m2
s dependences

discussed above. In the strange quark coupling case, we
derive the widest axion mass window with a lower bound

ma ≳ 10−5 eV: ð12Þ

We explore the couplings of the Peccei-Quinn field to
other quark and lepton flavors as well, by turning on one
coupling in each case. We find that fifth force constraints
are more important for light fermions (u, d, e) whereas
the electric dipole moment (EDM) dominates for heavier
fermions. The strange quark case is roughly where the
transition occurs. We explore other dimension-5 operators
where the Peccei-Quinn field couples to the Higgs and
gauge boson fields. We also consider μeiδϕH†H which is a
renormalizable operator. For the axion solution to the
strong CP problem to work, the μ parameter needs to be

very small. To prevent domain walls, μ is also bounded
from below. Combining the two requirements, we identify a
window for μ as a function of axion mass. Similar to Λ for
dimension-5 operators, the window closes at a lower bound
on the axion mass. All the results are listed in Table I.
More calculation details are provided in Supplemental
Material [27]. Among all operators considered, the lowest
possible axion mass is found for Peccei-Quinn field
coupling to the strange or muon Yukawa operator, or the
gluonic operator.
By precluding the birth of axion domain walls, explicit

Peccei-Quinn breaking effects introduced through the
direct coupling with standard model particles [Eqs. (10)
and (2)] can open up a much wider window of axion mass
compared to the Peccei-Quinn field self-interaction. In the
latter case, domain walls still occur and viable axion masses
are constrained within a very narrow range around tens of
meV by the dark matter relic abundance and supernova
cooling [18–20].
The viable axion mass range found above is consistent

with the parameter space where the axion comprises all
cold dark matter in the Universe via the misalignment
mechanism [28–30]. The initial axion field misalignment
value is now set as a by-product of the suggested domain
wall problem solution, a=fa ¼ δ − Θ̄QCD. Moreover, the
lower part of the axion mass range can be probed by
the major axion haloscope and helioscope experiments
[31–39]. In complementarity, the parameter space along the
Λ direction governs the axion quality and will continue
to be tested by the future electric dipole moment [40–42],
fifth force experiments [24], and monopole-dipole inter-
actions [43,44].
To summarize, whether the QCD axion is an exact

pseudoscalar has been asked as a phenomenological ques-
tion in various contexts [45–52]. This Letter explores the

TABLE I. The lowest possible axion mass and corresponding
cutoff scale Λ from precluding axion domain walls using the
mechanism suggested in this Letter. Results are presented for
effective operators where the Peccei-Quinn field linearly couples
to various standard model gauge invariant operators OSM. In the
last column, the ϕH†H operator has dimension 3 and Λ is
replaced by a dimensionful coupling μ.

Yukawa

OSM u d s c b t

mmin
a (eV) 10−4.3 10−4.4 10−5.2 10−4.0 10−3.5 10−2.0

Λ (GeV) 1017.5 1018.1 1020.0 1023.4 1025.0 1029.9

Yukawa Other operators

OSM e μ τ GμνGμν ðH†HÞ2 H†H

mmin
a (eV) 10−4.3 10−4.9 10−3.7 10−5.3 10−2.8 10−2.8

ΛðμÞ (GeV) 1015.6 1019.9 1023.6 1025.3 1033.1 10−28.6
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cosmological significance of a new class of explicit PQ
symmetry breaking effective operators of the form ϕOSM
which extends previous solutions to the axion domain wall
problem. Such an operator generates a thermal potential for
the axion at temperatures well above the QCD scale, thus
allowing the axion to roll and settle down at a universal
field value in all patches of the early Universe. After the
Universe cools further, the QCD axion potential takes over
but no domain walls are created even if there remains a
discrete symmetry, thanks to the above early focusing
effect. The proposed mechanism makes a prediction in
the axion quality and can be tested by a number of ways,
including the neutron electric dipole moment and fifth force
experiments. Existing limits set a lower bound on axion
mass around 10−5 eV for this mechanism to work. Our
solution to domain problem opens up a broad window for
cosmological viable axion models and strongly motivates a
complementary search of both the axion quality preserving
and violating interactions with known particles. The above
mass bound does not apply if the axion model is free from
discrete symmetries [53–56], or the Peccei-Quinn sym-
metry is already broken before or during inflation [57–61].
We end by commenting on possible topological defects at

very high temperatures, around the spontaneous Peccei-
Quinn symmetry breaking scale. The axion string network
could arise because the axion field initial values are random
among various early patches of the Universe. The explicit
Peccei-Quinn breaking effect discussed in this Letter cannot
only generate the high-temperature potential for setting a
common axion field value but also render the axion strings
unstable. Because the early potential features no discrete
global symmetry, any domain walls if ever formed along
with the strings are unzipped and destroyed right away [62].
All these would happen at temperatures shortly after the
spontaneous symmetry breaking. The Universe afterwards is
filled with a common axion field value prior to the QCD-
scale temperatures, i.e., the possible existence of these
topological effects at early times does not affect the success
of the suggested mechanism. Their potential roles in the
production of axion relic density and the extra clustering of
axion dark matter in structure formation are interesting open
questions but beyond the scope of this Letter.
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