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Recently, pulsar timing array experiments reported the observation of a stochastic gravitational
wave background in the nanohertz range frequency band. We show that such a signal can be originated
from a cosmological first-order phase transition (PT) within a well-motivated heavy (visible) QCD axion
model. Considering the Peccei-Quinn symmetry breaking at the TeV scale in the scenario, we find a
supercooled PT, in the parameter space of the model, prolonging the PTwith the reheating temperature at
the GeV scale.
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I. INTRODUCTION

Gravitational wave (GW) experiments have provided new
paths to explore the Universe and examine models of
physics. Recently, pulsar timing array (PTA) experiments,
including the North American Nanohertz Observatory for
Gravitational Waves (NANOGrav) [1] and the European
Pulsar Timing Array (EPTA) [2] along with the Parkes
Pulsar Timing Array (PPTA) [3] and Chinese Pulsar Timing
Array [4] released their latest results observing significant
evidence of a GW following the Hellings-Downs pattern [5]
in the angular cross-correlation of pulsar timing residuals,
supporting a stochastic gravitational background (SGWB).
Various sources can be the origin of these signals,

for instance, supermassive black hole binary mergers,
have been proposed as astrophysical candidates [6–10].
However, such stochastic signals may come from a relic
cosmic background [11] similar to the cosmic microwave
background (CMB). In addition, cosmological sources
such as first-order phase transition (FOPT) around the
QCD scale [12–23], cosmic strings [24–29], domain
walls [30–37], primordial black holes [38–42], and

inflation [43–47] may fit the recent data better [1].
There have also been some recent discussions about the
lake of strong preferences for any specific SGWB sources
with the current data based on Bayesian analysis [48].
However, future PTA datasets have the potential to
distinguish between the cosmological and astrophysical
scenarios, for example, by anisotropies, circular polari-
zation, or individual sources [49].
An intriguing candidate that we propose in this paper is a

supercooling phase transition (PT) which ends around the
GeV scale; such a PT can naturally be accommodated in the
context of heavy QCD axion models [50,51]. A cosmic
FOPT may be accomplished due to a spontaneous broken
symmetry, and the process is accompanied by the nucle-
ation of bubbles separating true and false vacua. In a
supercooled PT, the vacuum energy is dominated, and the
Universe remains in the false vacuum for a long period and
supercools, increasing the PT duration [21,52–56].
In this work, we consider a scenario within heavy

axion models which are very appealing in that not only
can the strong CP problem [57] can be addressed but also
the models have richer phenomenology [58,59] relative to
the invisible QCD axion models [60–63]. Moreover, the
relation of the axion mass,ma, and its decay constant, fa, is
modified so that larger ma and lower fa are allowed. These
models are also motivated in connection with the Peccei-
Quinn (PQ) quality problem [64–66] (see Appendix A).
We explore a supercooled PT with a U(1) PQ symmetry

breaking at the TeV scale. Based on the nearly conformal
dynamics of the PQ scalar field, we analytically find
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important parameters encoding the GW spectrum and show
that the corresponding signals can be well fitted to the
PTA data.

II. PQ PHASE TRANSITION IN THE MODEL

The CP-violating θ̄ parameter in the strong interactions
is experimentally bounded θ̄ ≲ 10−10 [67], and the nature of
this smallness, known as the strong CP problem, is a big
puzzle in particle physics. One of the interesting solutions
to this problem is based on a Uð1Þ global symmetry,
Uð1ÞPQ, first proposed by Peccei and Quinn [57]. At
energies higher than the electroweak (EW) scale, the
symmetry is spontaneously broken, and the axion as the
pseudo-Nambu-Goldstone boson is generated. The inter-
action of the axion with gluons at the QCD scale,
ða=fa þ θ̄ÞGG̃, and as a result the vacuum expectation
value of the axion can cancel the θ̄ term [68]. Considering
the astrophysical constraints on the axion decay constant,
108 GeV≲ fa ≲ 1017 GeV [69–71], there are two classes
of models, known as invisible axion models [60–63].
However, as mentioned before, fa can be lowered, fa ∼
ð1–100Þ TeV in the so-called visible axion models, still
addressing the strong CP problem. In this sense, there are
diverse scenarios, e.g., enlarging the QCD color gauge
group SUð3þN Þ [72] or assuming some hidden sector
with a confining scale larger than the QCD cutoff ΛQCD

such that additional terms are supplemented to the axion
potential and change the axion mass [58,73]. In the case of
adding a hidden sector, one can consider a whole copy of
the standard model (SM), with the SM × SM0 gauge group,
and particles of the two sectors can interact gravitationally
or by some very feebly couplings. Furthermore, a Z2 mirror
symmetry between particles of the two sectors can be
imposed, and soft terms breaking the symmetry can induce
Λ0
QCD ≫ ΛQCD [58,73].
Here, we consider a Dine-Fischler-Srednicki-Zhitnitsky

(DFSZ) axion model [60,61], containing a gauge-singlet
PQ scalar field, Φ, and two Higgs doublets under SUð2ÞL,
Hu and Hd, which is supplemented with its hidden copy.
Indeed, we consider a theory with SM × SM0 gauge group
and each sector interacting with the PQ scalar (see
Appendix B) and has the same PQ symmetry.1

Therefore, the axion couples to both QCD sectors

a
fa

ðGG̃þ G0G̃0Þ; ð1Þ

and its mass would be ma ∼ Λ02
QCD=fa [58,73] with

fa ∼ TeV. In this work, we do not go through axion
interactions and focus on the UV theory and study the PQ
PT associated with the PQ symmetry breaking. We explore

a supercooled PQ PT along the direction of PQ scalar
dynamic, hΦi ¼ vϕ=

ffiffiffi
2

p
. We consider the case where mass

parameters are small, μ2d; μ
2
u; λϕf2a ≪ f2a (see Appendix B)

with the similar condition in the hidden sector, and main
contributions to the potential arises from the one-loop
Coleman-Weinberg (CW) quantum correction [74] and
the leading contribution from thermal corrections [75];
thereby, masses and the symmetry breaking scale are
generated radiatively [76].
At the zero-temperature limit, quantum corrections (see

Appendix C) contribute to the potential that is approx-
imately scale invariant as

V ¼
�
Aþ B ln

ϕ2

f2a

�
ϕ4 ≡ λðϕÞϕ4; ð2Þ

where

A ¼ 1

64π2

�
κ2u

�
lnðκuÞ −

3

2

�
þ κ02u

�
lnðκ0uÞ −

3

2

��
; ð3Þ

B ¼ 1

64π2
ðκ2u þ κ02u Þ: ð4Þ

For the sake of simplicity, we only considered κu and κ0u
couplings which are determined at the vacuum and are
then evolved to a scale ϕ through the beta function (see
Appendix C). Thus, at the nonzero vacuum, vϕðT ¼ 0Þ≡
fa, from ðdV=dϕÞjfa ¼ 0, we find

−4λ¼ dλ
d lnϕ

; ΔV≡Vð0Þ−VðfaÞ¼
Bf4a
2

¼ðκ̄2uþ κ̄0u2Þf4a
128π2

:

ð5Þ
Considering thermal corrections (see Appendix C) and
high temperatures, the origin point would be the minimal,
and the potential would be

V ¼ DT2ϕ2 þ λϕ4 þ � � � ; ð6Þ

where

D ¼ 1

24
ðκu þ κ0uÞ: ð7Þ

As temperature goes down, negative values of λ
can change the potential slope and induce a bump so
that at the critical temperature, Tc, two degenerate states,
ΔVðTÞ ¼ Vð0; TÞ − VðvϕðTÞ; TÞ ¼ 0, indicating a FOPT,
can be generated due to these values of λ (Fig. 1). At
temperatures below Tc, the vacuum vϕðTÞ is the favorable
one, and at some temperature Tn, bubbles of the new phase
are nucleated. In fact, bubble nucleation occurs when the
bubble formation probability per unit Hubble space-time
volume, which is proportional to exp ð−S3ðTÞ=TÞ where
S3ðTÞ is the bounce action quantifying the tunneling

1An analogous procedure can also be applied to a Kim-
Shifman-Vainshtein-Zakharov (KSVZ) axion model [62,63].
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process, would be of the order of 1. As a result, we can
find the nucleation temperature Tn via the relation [77,78]

S3ðTnÞ
Tn

∼ 4 ln

�
Tn

HðTnÞ
�
; ð8Þ

where the Hubble parameter H is given by

H2 ¼ 1

3M2
Pl

ðξT4 þ ΔVðTÞÞ; ð9Þ

where the reduced Planck mass isMpl ≃ 2.43 × 1018 GeV,
ξ ¼ π2g�=30, and g� ≃ 107 is the effective number of
relativistic degrees of freedom, assuming that it does not
change during the PT. At low temperatures, T ≪ Tc, it is
expected vϕðTÞ ¼ fa, and ΔVðTÞ is well approximated by
ΔV. Furthermore, in this limit, the bounce action can be
well approximated by [79]

S3
T

≃ −18.9
ffiffiffiffiffiffiffi
2D

p

λðTÞ ≃ −5.4
ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
κu þ κ0u

p
λðTÞ ; ð10Þ

and hence we can find the nucleation temperature as

4 ln

 ffiffiffi
3

p
MPlTnffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi

ξT4
n þ ΔV

p
!
≃ −5.4

ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
κu þ κ0u

p
λðTÞ : ð11Þ

At the time when the transition completes, from the
conservation of energy, one obtains ρRðT�Þ ¼ ρRðTpÞ þ
ΔV [52], where ρRðTÞ ¼ ξT4 is the radiation energy and
Tp is the percolation temperature. Assuming Tp ≃ Tn, the
reheating temperature can be computed by

T4� ¼
ΔV
ξ

þ T4
n: ð12Þ

For the case of fast reheating, H� ≡HðT�Þ ≃HðTnÞ.
Another important quantity in characterizing the gener-
ated GWs is the inverse of PT duration calculated by the
following relation

β

H�
¼ Tn

d
dT

�
S3ðTÞ
T

�����
Tn

≃ −
S3ðTnÞ
Tn

βλðTnÞ
λðTnÞ

; ð13Þ

where ðdλðTÞ=d lnTÞjTn
¼ βλðTnÞ. From Eq. (6) and

Vðϕ0; TÞ ¼ 0, for T ≪ Tc, and ϕ0 ∼ T, we obtain
λðTnÞ ∼ Aþ B lnðTn=faÞ. Therefore, expressing −λðTnÞ=
βλðTnÞ ∼ γ lnðfa=TnÞ, we find

β

H�
≃

4

γ lnðfa=TnÞ
ln

 ffiffiffi
3

p
MPlTnffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi

ξT4
n þ ΔV

p
!
: ð14Þ

Expecting β=H� ∼Oð1 − 10Þ for the case of supercooling,
we fix the parameter γ with the data.
The strength of the supercooled PT is also obtained by

α ¼ ΔV
ρRðTnÞ

: ð15Þ

In the next section, calculating the aforementioned quan-
tities, we obtain the GW energy density spectrum.

III. SGWB SIGNAL

In this section, based on the obtained PT quantities, we
calculate the GW spectrum of the supercooled PT. In this
sense, sources contributing to the GW production are
bubble wall collisions and fluid motions. Relying on the
recent numerical computation [80], the present-day GW
energy density spectrum is obtained by

h2ΩGWðfÞ ¼ 1.67 × 10−5
�
H�
β

�
2
�

κα

1þ α

�
2
�
100

g�

�1
3

SðfÞ;

ð16Þ

where the spectral shape of the GW is obtained by

SðfÞ ¼ Āðaþ bÞc�
b
�

f
fp;0

�
−a
c þ a

�
f

fp;0

�b
c

	
c ð17Þ

and κ is the fraction of the vacuum energy converted to the
kinetic energy of bubble walls, κvac ≃ 1=ð1þ 5=ðβReqÞÞ,
and fluid motions κf ¼ 1 − κvac [80]. As for the spectral
shape, Eq. (17), the spectrum’s low- and high-frequency
power-law tails are controlled by a and b, its transition

FIG. 1. For three different values of temperature as labeled and
representative values of A ¼ −0.0053, B ¼ 0038, and D ¼ 0.09,
the radiatively induced potential is illustrated. Above Tc, the
origin is the only minimum. At Tc, two degenerate states appear,
and at lower temperatures, the nonzero minimum is favored. The
Universe remains in the false vacuum until the tunneling process
is well developed at low temperatures due to λðTÞ.
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width from one power law to another is determined by c,
and its amplitude depends on Ā.
In our case with α ≫ 1, bubbles collide in the vacuum,

and the bubble wall velocity can reach the speed of light;
thus, we consider κvac ≃ 1 corresponding to βReq ≫ 1.
Therefore, according to Table I of Ref. [80], corresponding
fit parameters of the spectral function appropriate for a
global broken symmetry, Trr ∝ R−2 (where Trr is the
maximum of the stress-energy tensor and R is the bubble
radius), would be as Ā ≃ 5.93 × 10−2, a ≃ 1.03, b ≃ 1.84,
and c ≃ 1.45, whereas for the envelope approximation,
Ā ≃ 3.78 × 10−2, a ≃ 3.08, b ≃ 0.98, and c ≃ 1.91.
The present redshifted peak frequency is given by

fp;0 ¼ 16.5× 10−6 ½Hz�
�
fp
β

��
β

H�

��
T�

100 GeV

��
g�
100

�1
6

;

ð18Þ

where for the case of Trr ∝ R−2, fp=β ≃ 0.64=ð2πÞ and for
the envelope approximation fp=β ≃ 1.33=ð2πÞ [80].
As can be seen from Fig. 2, using datasets of NANOGrav

15 yr, EPTA release 2, and PPTA Data release 3 (DR3),
for fa ¼ 1 TeV, and some representative values of param-
eters, κ̄u ¼ κ̄0u ¼ 0.0001, κu ¼ κ0u ¼ 0.001, and λðTÞ ¼
−0.0015, which correspond to Tn ¼ 100 MeV,
T� ¼ 1 GeV, α ¼ 8995, and β=H� ¼ 17, 3.4, 1.7 with
the corresponding parameters γ ¼ 1, 5, 10, respectively,
the GW signals can be very consistent with the PTA
data from the bubble collision spectra for both the spectral
shape of Trr ∝ R−2 (solid line) and for the envelope (dashed
line). Remarkably, we see that the high-frequency range of
the GW signals with the envelope approximation falls

within the sensitivity range of future space-based GW
experiments such as Laser Interferometer Space Antenna
(LISA), Deci-hertz Interferometer Gravitational Wave
Observatory (DECIGO), and Big Bang Observer (BBO)
and can be probed by these detectors.
Furthermore, using the PTA data, we perform a best-fit

analysis over a range of γ parameter (β=H�) through the χ2

test based on the relation

χ2 ¼
XN
i¼1

ðlog10Ωthh2 − log10Ωexph2Þ2
2Si

2
; ð19Þ

where Ωthh2 denotes the GW predicted by the model,
Ωexph2 represents the observed GW signal by PTA experi-
ments, and Si is the deviation from the midpoint value of
each data point in log10Ωexph2 within the uncertainty
range. As shown in Figs. 3 and 4, the best-fit point of
the GW energy spectrum taking into account all datasets
derived from the Trr ∝ R−2 case for the aggregated dataset
is γ ¼ 3.28 (β=H� ¼ 5.1), and for the envelope case, the
best-fit point would be γ ¼ 13.3 (β=H� ¼ 1.3).

IV. DISCUSSION

Another PQ PT consequence of the model is that the
symmetry breaking may induce a similar or different EW
symmetry breaking scale in the ordinary and hidden sectors.
For instance, as for v0EW, this can be realized by these terms
of the Lagrangian κ0uh2uf2a þ λ0uh4u, expressed in terms of the
electrically neutral component of the fields, and hence
v02EW ≃ κ0uf2a=λ0u. Setting κ0u ¼ 0.0001 and λ0u ¼ 0.1, we

FIG. 2. GW spectra with the spectral shape for the case Trr ∝
R−2 (solid line) and for envelope approximation (dashed line) are
displayed. Three different values γ ¼ 1, 5, 10 correspond to the
inverse duration of the PT β=H� ¼ 17, 3.4, 1.7, respectively. The
recent results of PTA experiments are also shown. The shaded
regions represent the sensitivity range of ongoing GW experi-
ments: LISA [81], DECIGO [82], BBO [83], Einstein Telescope
(ET) [84], and Cosmic Explorer (CE) [85].

FIG. 3. Based on the GWs with the spectral shape of Trr ∝ R−2,
we the find best-fit point in terms of γ parameter, which is 2.52 for
EPTA (solid purple), 2.17 for NANOGrav (dashed green), and
1.81 for PPTA (dotted orange). The best-fit value for the
aggregated dataset is given by 3.28 (solid blue) corresponding
to β=H� ¼ 5.1. The insert shows GW spectra for the best-fit
values of γ in addition to observed signals.
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obtain v0EW ¼ 1 GeV. Even for these values of v0EW, its
QCD scale could be Λ0

QCD ≳ v0EW [73]. Consequently, in
this case, we obtain the axion mass ma ≳ 1 MeV, while
considering vEW ≲ v0EW < fa and assuming Λ0

QCD ≲ vEW,
one finds ma ≲ 10 GeV.
Heavy axions may interact with visible and hidden

(dark) photons

a
fa

ðFF̃ þ F0F̃0Þ; ð20Þ

so the axion decay rate would be

Γaγγ ¼
g2aγm3

a

64π
; Γaγ0γ0 ¼

g02aγm3
a

64π
; ð21Þ

where

gaγ ≃
α

2π

E
Nfa

2z
1þ z

; g0aγ ≃
α0

2π

E
Nfa

2z0

1þ z0
; ð22Þ

ᾱ ¼ 1=137 is the fine structure constant; z ¼ mu=md; and
E and N are the electromagnetic and QCD anomaly
coefficients, respectively [51]. The heavy QCD axions
can also couple to SM fermions

cf
2fa

∂μaf̄γμγ5f þ c0f
2fa

∂μaf0γμγ5f0: ð23Þ

Decaying the heavy axions to these photons contributes to
the effective number of relativistic species which is strongly
constrained by CMB measurements, Neff ¼ 2.96þ0.34

−0.33 [86],

putting the most stringent constraints on the heavy QCD
axion mass. According to the analysis of Ref. [87], for
E=N ¼ 8=3, which may be the case of a DFSZ model [88],
ma < 100 MeV would be excluded. However, lower
masses, 1 MeV < ma < 100 MeV where the dark photon
contribution to Neff compensates neutrino dilution from
axion decays to photons, are allowed for E=N ¼ 1=3.
We assume a baryon asymmetric dark sector. Thus,

considering vEW ≲ v0EW < fa, the mass range and relic
abundance of stable particles in the hidden sector are
approximately the same as those of the ordinary sector.
As a result, the relic abundance of these particles cannot
give rise to cosmological problems. Moreover, we assume
that in the hidden sector there is no seesaw mechanism,
which allows the Dirac neutrino mass in this sector as [73]

mv0 ∼
v0EW
vEW

ffiffiffiffiffiffiffiffiffiffiffiffiffi
MRmv

p
; ð24Þ

where MR is the right-handed neutrino mass in the
ordinary sector. For MR ≳ 107 GeV and ma ≳ 1 MeV
(Λ0

QCD ≳ 1 GeV), the hidden neutrinos decay to the
hidden electron and pion, v0 → e0 þ π0, and thereby these
neutrinos do not contribute to Neff .
Concerning astrophysical bounds, the model parameters

can be constrained from SN 1987A [89], with the super-
nova core cooling rate due to axion emission. According to
Eq. (21), one can obtain the axion mean free path as

λmfp ¼
vEa

maΓaγγ
≈ 10m

�
fa
TeV

�
2
�

Ea

200MeV

��
100MeV

ma

�
4

ð25Þ

where Ea stands for typical energies of the axions. Hence,
for Ea ≳ 200MeV, fa ¼ 1TeV, and ma ≳ 100MeV, we
find that λmfp is very smaller than the approximate radius
of the supernova core R ∼ 10km. Thus, because of the
scattering and reabsorption, the axions are trapped within
the supernova and cannot take away any energy [90,91].
In addition, the emission of dark photons can

lead to a very fast core cooling rate of the supernova
and the associated energy loss rate, which is bounded
Lγ0 < 1052 erg=s, and can be obtained as Lγ0 ≃ Γaγ0γ0ma×
ð4πR3=3Þð1.2T3=π2Þ [58]. Thus, taking into account a
core temperature T≃10MeV, fa ¼ 1 TeV, ma ¼ 1 MeV,
and z0 ¼ z ≃ 0.5, the bound can be satisfied, while for
ma ≳ 100 MeV, it may require z0 ≲ 10−4.
Considering the axion-electron interactions, the

astrophysical bounds on helium burning lifetime of the
horizontal branch stars imply gae ∼me=fa < ð2.5 − 6Þ ×
10−13 [51,58] and hence restrict fa to its invisible values.
However, this bound does not apply to the heavy axions
with ma > 300 keV. In fact, in the stellar cores whose

FIG. 4. Based on the GWs with the envelope approximation,
we find the best-fit point in terms of γ parameter, which is 13.55
for EPTA (solid purple), 9.49 for NANOGrav (dashed green), and
7.93 for PPTA (dotted orange). The best-fit value for the
aggregated dataset is given by 13.30 (solid blue) corresponding
to β=H� ¼ 1.3. The insert shows GW spectra for the best-fit
values of γ in addition to observed signals.
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typical temperatures reach 10 keV, the axion production
rate is suppressed by the exponential factor expð−ma=TÞ.
Therefore, astrophysical bounds allow heavy axions with
masses above 100 MeV for fa ¼ 1 TeV.
The viable parameter space of the model can also

be probed via other experiments such as proton beam
dump [92,93], kaon decays [94,95], and colliders [96]. For
ma ≳ 3mπ , the heavy axions may be produced via B → Ka,
where B and K denote B mesons and kaons, respectively,
and then mainly decay into three pions. For ma ≲ 3mπ, the
dominant decay channels are the axion decay into two
photons, electrons, and muons, for ma > 2me and
ma > 2mμ, respectively. In this sense, ma ≲ 400 MeV
for fa at the TeV scale is excluded by experiments such
as kaon decays and the proton beam dump, while for
ma ≳ 400 MeV, the search is challenging due to the
dominance of the hadronic decay mode [97].
It is noteworthy that the heavy axion cannot be a dark

matter candidate in this context. However, some stable
particles in the hidden sector may contribute to the dark
matter relic abundance.2 We leave detailed calculations in
connection with axion interactions and possible dark matter
candidates in the presented scenario to a future work.

V. CONCLUSION

With regard to the recently detected GW signals by PTA
experiments, we have proposed a heavy QCD axion
scenario, with a PQ symmetry breaking scale around the
TeV scale, based on a (DFSZ) axion model which is
supplemented with its hidden copy. We investigated a
supercooled PQ FOPT which is derived by CW quantum
corrections and analytically found important PT quantities,
including the reheating temperature, the inverse duration of
the PT, and the strength of the PT. We have shown that
within the parameter space of the model the generated GWs
from the bubble wall collisions can be consistently fitted
with the recently observed PTA data. Furthermore, it is
shown that the high-frequency range of such GW signals
can be probed by future space-based GW detectors.
In addition, Heavy axion models are well-motivated

scenarios allowing the ðma; faÞ relation to be relaxed, still
addressing the strong CP problem. It is shown that
considering the EW symmetry breaking scale in the
ordinary and hidden sectors induced after the PQ symmetry
breaking a range of axion masses, 1 MeV≲ma ≲ 10 GeV,
can be obtained. Nevertheless, viable regions of the mass
space are limited via CMB observation due to the dark
photon contribution to Neff , and also other experimental
setups such as the proton beam dump.

As a result, interpreting the recent GW data, the model
provides a setup which can be probed by future GW
detectors, CMB telescopes, and collider experiments.
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APPENDIX A: THE PQ QUALITY PROBLEM

Invisible axion models with fa ≳ 108 GeV suffer from
the axion quality problem. Indeed, it is expected that the PQ
symmetry is explicitly broken by higher-dimensional
Planck-suppressed operators which can spoil the axion
solution. In our model, the PQ symmetry may be explicitly
broken by the following five-dimensional operator

λa
5!MP

ϕ5
a ðA1Þ

where MP denotes the Planck mass and ϕa is the radial
component of the PQ scalar. Such an explicit PQ symmetry
breaking term induces a mass term in the axion field,
m2� ∼ 10−2λaðf3a=MPÞ, and moves the axion potential
minimum away from the CP-conserving minimum, Δθ̄ ∼
m2�=m2

a [51]. Therefore, assuming λa ¼ Oð1Þ, for fa ¼
1 TeV and ma ≳ 100 MeV, the model satisfies the current
bound Δθ̄ ≲ 10−10.

APPENDIX B: THE SCALAR POTENTIAL

The tree-level scalar potential with the PQ symmetry is
given by [88]

VðΦ; Hu;HdÞ ¼ λϕðjΦj2 − f2Þ2 þ jHdj2ðκdjΦj2 − μ2dÞ
þ jHuj2ðκujΦj2 − μ2uÞ
− ðκudΦH†

uHd þ H:c:Þ
þ λdjHdj4 þ λujHuj4
þ λudðjHuj2jHdj2 − jH†

uHdj2Þ: ðB1Þ

We also assume an analogous potential with H0
d and H0

u

from the hidden sector.

APPENDIX C: QUANTUM AND THERMAL
CORRECTIONS

The one-loop Coleman-Weinberg quantum correction is
given by

2Moreover, according to Eq. (B1), the interaction of the
Higgs boson with the heavy axions can contribute to its invisible
decays [98,99], and since the heavy axions are unstable, they can
decay to stable particles in the hidden sector.
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VCWðϕÞ ¼
X
i

ð−1ÞFb=fgi
m4

i ðϕÞ
64π2

�
ln

�
m2

i ðϕÞ
Λ2

�
− ci

	
; ðC1Þ

where Fb=f ¼ 1ð0Þ for fermions (bosons), gi is the number
of degrees of freedom for a given field, and ci ¼ 3=2ð5=2Þ
for scalars and fermions (vectors).
For our model, considering only κu and κ0u couplings,

m2ðϕÞ ¼ κuϕ
2 (and the same with κ0u), one can write

VCW ¼
�
Aþ B ln

ϕ2

Λ2

�
ϕ4 ≡ λðϕÞϕ4; ðC2Þ

where

A ¼ 1

64π2

�
κ2u

�
lnðκuÞ −

3

2

�
þ κ02u

�
lnðκ0uÞ −

3

2

��
; ðC3Þ

B ¼ 1

64π2
ðκ2u þ κ02u Þ: ðC4Þ

The running couplings at the scale ϕ are also obtained by
the leading-order beta function

dκu
d lnϕ

≃
κ2u

16π2
þ κuκ

0
u

8π2
ðC5Þ

dκ0u
d lnϕ

≃
κ02u
16π2

þ κuκ
0
u

8π2
: ðC6Þ

The one-loop thermal correction is expressed as

VTðϕ; TÞ ¼
X
i

ð−1ÞFb=fgi
T4

2π2
Jb=f

�
m2

i ðϕÞ
T2

	
; ðC7Þ

where

Jb=fðy2Þ ¼
Z

∞

0

dxx2 ln ½1 ∓ e−
ffiffiffiffiffiffiffiffiffi
x2þy2

p
� ðC8Þ

and these thermal functions in the high-temperature limit
are given by

Jb

�
m2

T2

�
¼ −

π4

45
þ π2

12

�
m
T

�
2

−
π

6

�
m2

T2

�
3=2

−
1

32

�
m
T

�
4

ln

�
m2

abT2

�
þ � � � ðC9Þ

Jf

�
m2

T2

�
¼ 7π4

360
−
π2

24

�
m
T

�
2

−
1

32

�
m
T

�
4

ln

�
m2

afT2

�
þ � � � ;

ðC10Þ

where lnðabÞ ¼ 5.4076 and lnðafÞ ¼ 2.6351. Thus, in the
high-temperature limit, one has

VTðϕ; TÞ ¼
1

24
ðκu þ κ0uÞT2ϕ2 þ � � � : ðC11Þ
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