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The QCD axion bubbles can form due to an explicit breaking of the Peccei—Quinn symmetry in
the early Universe. In this paper, we investigate the modified formation of a QCD axion bubble
in the presence of an axionlike particle (ALP), considering its resonant conversion to a QCD
axion. We consider a general scenario where the QCD axion mixes with ALP before the QCD
phase transition. In this scenario, the energy density of the ALP can be adiabatically transferred
to the QCD axion at a temperature Ty, resulting in the suppression of the cosmic background
temperature 7y at which the energy density of the QCD axion equals that of the radiation. The
QCD axion bubbles form when the QCD axions arise during the QCD phase transition. Finally,
we briefly discuss the impact of the formation of QCD axion bubbles on the formation of

primordial black holes.
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1. Introduction

The strong CP problem in the Standard Model (SM) is a long-
standing problem and can be solved by the Peccei-Quinn
(PQ) mechanism with a spontaneously broken U(1) PQ
symmetry [1, 2]. The PQ mechanism predicted a light pseudo
Nambu-Goldstone (NG) boson, axion (also called the QCD
axion) [3, 4], which acquires a tiny mass from the QCD non-
perturbative effects [5, 6]. When the potential of the QCD
axion is generated by the QCD instanton, the axion is stable at
the minimum value of CP conservation, which solves the
strong CP problem. The QCD axion is the potential cold dark
matter (DM) candidate if non-thermally produced in the early
Universe through the misalignment mechanism [7-9]. The
QCD axion is massless at high temperatures. As the cosmic
temperature decreases, it acquires a non-zero mass during the
QCD phase transition and starts to oscillate when its mass
becomes comparable to the Hubble parameter, which explains
the observed DM abundance. See e.g. [10-12] for recent
reviews.

0253-6102/25,/085404+7$33.00

The PQ symmetry is supposedly broken before or during
inflation. In this case, the QCD axion is massless during
inflation and acquires quantum fluctuations. To suppress the
isocurvature perturbations, a feasible method is considering
an explicit PQ symmetry breaking [13-16]. The PQ sym-
metry is an approximate global symmetry and can be strongly
broken in the early Universe with the multiple vacua [17-23].
The QCD axion bubbles [24] can form due to this explicit PQ
symmetry breaking. In this case, axion acquires a light mass
and oscillates when this mass is greater than the Hubble
parameter. Note that the explicit PQ symmetry breaking
potential for the axion will disappear before the QCD phase
transition. Therefore, the final QCD axion abundance can also
be calculated through the misalignment mechanism. How-
ever, the initial misalignment angle is determined by the
explicit PQ symmetry breaking, which can be split into dif-
ferent values. If the axion initial value is smaller than a critical
value, the axion is stabilized near the origin. On the contrary,
the axion will be stabilized at another minimum if the axion
initial value is larger than the critical value. During the QCD
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phase transition, the QCD axions start to oscillate near the
origin and another large value. The former case can account
for the cold DM abundance, while the latter can form the high
axion density region, which is called the QCD axion bubble.
The concept of QCD axion bubbles was first proposed in [24],
which is similar to the baryon bubbles in the inhomogeneous
Affleck-Dine baryogenesis [25, 26]. Additionally, they also
investigated the formations of the primordial black holes
(PBHs) and axion miniclusters from the QCD axion bubbles.

In this paper, we investigate the modified QCD axion
bubble formation in the presence of the axionlike particle
(ALP) to QCD axion resonant conversion. We introduce a
general case that the QCD axion mixes with ALP before the
QCD phase transition. In this case, the ALP to QCD axion
resonant conversion is considered to take place at the temp-
erature Tk, and the ALP energy density can be adiabatically
transferred to the QCD axion. We find that this will lead to the
suppression of the cosmic background temperature 7y in
which the QCD axion energy density is equal to the radiation
energy density. The QCD axion bubbles are formed when the
QCD axions arise during the QCD phase transition. Finally,
we briefly discuss this impact on the PBHs formation in the
QCD axion bubbles scenario, leading to the enhancement of
the minimum PBH mass.

The rest of this paper is organized as follows. In
section 2, we briefly review the QCD axion DM and the
misalignment mechanism. In section 3, we investigate the
effect on QCD axion bubble formation in the presence of the
ALP resonant conversion, and also the impact on PBHs for-
mation in the QCD axion bubbles scenario. Finally, the
conclusion is given in section 4.

2. QCD axion and misalignment mechanism

Here we briefly review the QCD axion DM and the mis-
alignment mechanism. The QCD axion is a pseudo NG boson
with a spontaneously broken U(1) PQ symmetry. It couples to
gluons with the following effective Lagrangian
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where o is the strong fine structure constant, ¢ is the QCD
axion field, f;, = v,/Npw is the axion decay constant, v, is the
spontaneous breaking scale of the PQ symmetry, Npw is the
number of the domain wall, G* """ and G;l, are the gluon field
strength tensor and dual tensor, respectively. The resulting
effective potential of the QCD axion is given by
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where m,(T) is the temperature-dependent QCD axion mass
for T 2 Tocp (~ 150 MeV) [27]
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with the zero-temperature axion mass [28]
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In the misalignment mechanism [7-9], as the cosmic
temperature decreases the QCD axion starts to oscillate when
its mass m,(T) becomes comparable to the Hubble parameter

H(T)
3H(Ty) = ma(To), &)

then we have the oscillation temperature
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T, ~ 0.96 GeV( (6)
where g..(7) is the number of effective degrees of freedom of
the energy density. The QCD axion number density at T, is
given by

na(Ty) = %ma(Ta)ff (02 6)) . %

where 6; is the initial misalignment angle, xy ~ 1.44 is a
numerical factor [29], and f(6;) is the anharmonic factor

1.16
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which is taken as f(8,) ~ 1 for |6,| < 7 [30, 31]. The present
axion energy density p,(Ty) = m, on.(Tp) is
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where s(T) = 2772g*S(T)T3 /45 is the entropy density, g4,(T) is
the number of effective degrees of freedom of the entropy
density, and Tj is the present CMB temperature. Then we
have the current QCD axion abundance Q4> = pdTo)/ pch2
as

p.(To) =

Q,h2 ~ 0. 14( g*A(To)) (g*(ra) )70.42
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where p. = 3H02Mé,21 is the critical energy density,
1

Mp >~ 2.44 x 10°°GeV is the reduced Planck mass, and
h >~ 0.68 is the reduced Hubble constant. In order to explain
the observed cold DM abundance, QDMh2 ~ 0.12 [32], we
derive the initial misalignment angle
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which is valid for £, < 107 GeV.
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3. QCD axion bubbles in the presence of ALP
resonant conversion

In this section, we investigate the effect on QCD axion bubble
formation in the presence of the ALP to QCD axion resonant
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conversion, and also the impact on PBHs formation from the
QCD axion bubbles.

3.1. QCD axion bubbles

The QCD axion bubbles can form due to an explicit PQ
symmetry breaking in the early Universe and are formed
during the QCD phase transition. There are many scenarios
for this explicit PQ symmetry breaking, such as the Witten
effect of monopoles in hidden sectors [33-35], a larger scale
of the spontaneous PQ symmetry breaking with the higher
dimensional term [36-39], the hidden non-Abelian gauge
interactions [15], and a stronger QCD with the large Higgs
field expectation value [14, 40]. In [24], they considered the
Witten effect as an example of the explicit PQ symmetry
breaking to form the QCD axion bubbles. Considering a large
axion decay constant f, ~ O(10'® — 10'7) GeV and the
axion is stabilized at the potential minima with

0 1~
¢min - ¢min - ﬂ-fL‘l’ "

which corresponds to the effective initial misalignment angle
0,;,, with

12)

0io=0—10;, 0i1=m—0, (13)
When the QCD axion Voep(¢) arises during the QCD phase
transition, the state q&?nin with the effective initial angle 6; ¢
explains the cold DM abundance, corresponding to a small
initial misalignment angle
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On the other hand, if the initial value of axion is larger than a
critical value ¢, the axion will settle down into the mini-
mum q’):mn with the initial angle 6;;. In this case, since the
large initial misalignment angle 7, the local axion density at
the minimum qblmn becomes much higher than that at ¢?nm,
which forms the high-density QCD axion bubbles. When the
axion dominates the radiation in the bubbles, i. e., the axion
energy density is equal to the radiation energy density, we can
define the cosmic background temperature, 7. The local
axion energy density in the bubbles at T is given by

MaoMa(T)s(Tp) 2 /2 oo
2S(Ta) fa <91,1f(91,1)> X

(14)
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and the radiation energy density is defined as

7TZ 4
PrRB = —8«(Tp)T5. (16)
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Considering p,5 = prp and the effective initial angle
0;1 = m — 6, we have the temperature
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Substituting equation (14) into equation (17), we can derive
T ~ 2.84MeV for f, ~ O(10'°) GeV.
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Figure 1. Illustration of the ALP to QCD axion resonant conversion
at the temperature Tg. The solid lines distinctly represent the
normalized temperature-dependent mass eigenvalues, where m,(T)
and my(T) denote the heavy and light mass eigenvalues, respectively,
as they evolve with temperature. Notice that the cosmic temperature
decreases from right to left in the plot. This graphical representation
provides insight into the dynamic interplay between the ALP and
QCD axion masses during the resonant conversion. Here we set

fa = 10" GeV, £,/fx = 20, and m,o/ms = 2.

3.2. ALP to QCD axion resonant conversion

In the following, we investigate the effect in the presence of
the ALP to QCD axion resonant conversion. We consider a
general case that the QCD axion mixes with ALP with the
mixing potential [41, 42]

Vinix (@, w)zmﬁfj[l — cos(? + ? + 5)]

+ maz(T)fa2 [1 — cos (?)]

a

(18)

where ¢ is the ALP field, m, and f, are the ALP mass and the
decay constant, respectively, and 6 is the CP phase. For
simplicity, in this context, we assume a temperature-inde-
pendent ALP mass' and take the CP phase 6 to be zero.” The
mass mixing matrix is given by

2f2 2f
maz(T) + m;.zA mAf A
M? = o T (19)
mAfA mi
Ja

then we can derive the heavy and light mass eigenvalues
my, (T). See figure 1 for the illustration of the normalized mass
eigenvalues as functions of the cosmic temperature 7. Here
we consider the conditions under which the ALP to QCD

! Given that ALP does not have a specific model detailing its mass variation
with temperature, unlike the QCD axion, we have chosen, for the sake of
simplicity and in accordance with prevalent practices in the literature, to
adopt a constant-temperature mass model for ALP in our analysis.

2 This can be regarded as equivalent to requiring an independent solution to
the strong CP problem. Since this assignment has no bearing on the evolution
of the two axion fields during their mixing, it consequently leaves the axion
energy density in our scenario unaltered.
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axion resonant conversion can take place:
= >1,
fa my

m
L’O>1.

(20)
In this case, the resonant conversion occurs at the temperature
Tx, which is given by

mq (Tg) =~ my. 2D

At the temperature 7 > T, the light mass eigenstate m; is
associated with the QCD axion, whereas below Tk, it is the
heavy mass eigenstate my that comprises the QCD axion.
Conversely, at the temperature above Tk, the heavy mass
eigenstate my, pertains to the ALP, whereas at the temperature
below Tk, it is the light mass eigenstate m; that forms the
ALP. The axion energy transition at Tk is considered to be
adiabatic, which can be roughly satisfied when

T, > Tx, (22)

where T, is the QCD axion oscillation temperature.

To obtain the energy density of the QCD axion at the
temperature T,;, we should begin with the ALP field at high
temperatures. Its initial energy density at the oscillation
temperature 7; 4 is given by

Pai = lmffj 91‘2,,4’
2
where 6, 4 is the initial misalignment angle of the ALP. At
Tr < T < T;4, the ALP energy density is adiabatic invariant.
Using Ny = pAa3 /ma, where a is the scale factor, we have the
ALP energy density at the temperature Ty as

3
L 5 0pm [Gia

= —m Qi : .
Pa.R ) 1S4 0ia ix

(23)

(24)

where a; 4 and ag correspond to the scale factors at 7; 4 and
Tg, respectively. At Tk, the ALP energy density psg is
adiabatically transferred to the QCD axion p,g. Then at
Tl; < T < T, the adiabatic approximation is valid again with
N, = pa’ /mg, and we have the QCD axion energy density at
T;g as
3
Py = oo f] 0,-2,,4(“"—7‘) : (25)
. 2 ap
where al; is the scale factor at TI;. Note that Tl; is given by
,0;‘ 5= p/R, 5~ Now compared with the no ALP resonant con-
version case

3
1 292 | Qi
Pap = —Mg,0Ma,if, 0i > (26)
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we find that the temperature T can be suppressed as
/ 292 3
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where m,,; = m,(T,). Note that a(T) & /f o< 1/T o< 1/JH,
a;(T) < 1/\H o 1/ Jm;, and m; corresponds to the axion
mass at the oscillation temperature that given by 3H = m;. In

figure 2, we show the distributions of this factor across the
{log(f, /f1), log(m, ;/ma)} plane with 6,4 = 7 and 7/2,
respectively. We find that within the defined range of the
parameter space we are examining, the temperature 7Ty
undergoes a notable suppression. One can further calculate
the present QCD axion energy density in this manner to
explain the abundance of cold DM, but this is not the focus of
the current context and therefore is not presented here. For
further details, please refer to [41, 42].

3.3. Primordial black holes

In this subsection, we provide a concise overview of the
formation of PBHs from the QCD axion bubbles. PBHs,
which can arise from significant density perturbations in the
early Universe, are also compelling candidates for DM
[43-47]. At the time of their formation #; the initial mass of a
PBH is described by the formula Mpgy = 4mypg/ (3H;) [48],
where v =~ 0.2 is the gravitational collapse factor [49], pg
represents the radiation energy density, and Hyis the Hubble
parameter at .. Subsequently, we derive the PBH mass at the
formation time as follows:

MpH ~ v\ (&) -1/2
Mo 0.03 x (().2)(10.75

x (2 -
1 GeV ?

where T corresponds to the temperature at 5 and M, denotes
the solar mass. This equation allows us to estimate the PBH
mass based on the relevant physical parameters.

In the context of the QCD axion bubbles scenario [24],
PBHs form when axions dominate the radiation inside the
bubbles, i. e. , when the temperature Tis less than or equal to
the cosmic background temperature Tp, and the bubble size
exceeds the horizon size.® When these bubbles enter the
horizon, the local energy density within them significantly
surpasses the background radiation density. Given that the
mass of a PBH resulting from bubble collapse cannot exceed
the background horizon mass by much [50, 51], it is assumed
that the PBH mass in the axion bubbles scenario is equivalent
to the horizon mass of the background radiation, even when
T; < Tg. By substituting equation (17) into equation (28), we
derive the minimum PBH mass

(28)

10.75

y (T 0.84 1, —2.33
61.75 1016 GeV

x (07, £ 6:,0) )%

Mz TERY 2L -1/2
M o 6.58 x 10 (02)(—)

(29)

For f, ~ O(10'%) GeV, the minimum PBH mass is approxi-
mately M ~ 3.71 x 10°M.. When considering the impact
of resonant conversion from ALP to QCD axion, we find that

3 Note that the fluctuation of ALPs may also have an impact on the
production of PBHs in the early Universe. However, since our focus here is
on PBHs generated by modified QCD axion bubbles, we have not considered
this effect separately. Further discussion on this effect may be included in
future work.
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Figure 2. Variations in the temperature ratio 7} z;/ Tg, defined by equation (27), across the {log(f, /f,), log(m, ;/ms)} parameter space. Left
panel: displays the distribution when a specific set of parameters §; , = 7 is applied. Right panel: shows the distribution for an alternative set
of parameters 6; 4 = 7/2. These panels not only illustrate how the temperature ratio distribution varies within the given parameter range but
also highlight the potential for significant suppression of the temperature ratio under different parameter conditions.

M' min
log(—

Mpgh

log(mg,i/ma)

0.6 0.8 1.0

04
log(fa/ fa)

0.0F;
MpER
0.2 o8,
6.0
T 04 55
£ 50
T
B 06 !
= 35
3.0
~038 %g
15
-10
00 02 04 06 08 10
log(fa/fa)

Figure 3. Variations in the minimum PBH mass ratio Ml;'gi'{ /Mn | defined by equation (30), across the {log(f, /f,), log(m,.;/my)} parameter
space. Left panel: we set 6; 4 = 7. Right panel: we set §; 4 = /2. These panels not only demonstrate the variability in the minimum PBH
mass ratio but also emphasize the potential for substantial mass enhancement under specific parameter configurations.

the minimum PBH mass can be enhanced by a factor

. . 4

MP‘E;’I’ ~ 7'(' mAfa (30)
= o~ T

MlgnBl{-lI ma.ifA ei,A

Figure 3 illustrates the distributions of this enhancement
factor across the {log(f, /f,), log(m,;/ms)} plane, with 6;
fixed at m and 7/2. Notably, these mass-enhanced PBHs
could potentially serve as the seeds for supermassive black
holes (SMBHs) at high redshifts [52].

Additionally, another intriguing phenomenon associated
with the formation of QCD axion bubbles is the creation of
axion miniclusters [24]. These miniclusters are gravitationally
bound aggregations of axion DM [53-58]. The mass and size
of these miniclusters are contingent upon the Hubble volume

at the time when the QCD axion begins to oscillate. It is
noteworthy that axion miniclusters can form when the bub-
bles enter the horizon prior to the axions becoming the
dominant component of radiation within the bubbles. This
condition sets the stage for the gravitational binding of
axions, leading to the emergence of these miniclusters.

4. Conclusion

In summary, our investigation has focused on the modified
formation of QCD axion bubbles in the context of resonant
conversion between ALP and QCD axion. The formation of
these bubbles can be attributed to an explicit breaking of the



Commun. Theor. Phys. 77 (2025) 085404

H Li

PQ symmetry in the early Universe. We have introduced a
generalized scenario where the QCD axion can mix with ALP
prior to the QCD phase transition. Within this framework,
resonant conversion from ALP to QCD axion is considered to
occur at a temperature Tg, with the ALP energy density being
adiabatic transferred to the QCD axion under specific condi-
tions. Our findings reveal that this resonant conversion pro-
cess leads to a suppression of the cosmic background
temperature 7 at which the QCD axion energy density equals
the radiation energy density. Subsequently, during the QCD
phase transition, the emergence of QCD axions triggers the
formation of axion bubbles. Furthermore, we have discussed
the implications of this scenario for the formation of PBHs.
Our analysis suggests that the minimum PBH mass can be
increased to a certain extent, and these PBHs may potentially
serve as the seeds for SMBHs.
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