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Abstract: In this work, we extend the QCD axion mass mixing in the early Universe and

investigate the temperature effects in the mixing. We explore the scenario where two ZN
QCD axions undergo mass mixing during the QCD phase transition, yielding three distinct

mixing scenarios: mixing I, II, and III. These scenarios are realized through fine-tuning

of the axion decay constants, the temperature parameters, as well as the value of N . We

conduct a thorough analysis of the level crossing phenomena in these three mixing scenarios,

detailing the conditions under which they occur. Notably, in the mixing I and II, the

level crossing precedes the critical temperature of the QCD phase transition (TQCD), with

minimal non-essential discrepancies in the cosmological evolution of the mass eigenvalues

at TQCD. In contrast, the mixing III exhibits a unique double level crossings, occurring

both before and at TQCD. Despite superficial similarities in axion evolution between the

mixing II and III, we uncover fundamental differences between them. Additionally, we

briefly address the transition in energy density between the two axions within our mixing

scenarios. This work contributes to a deeper understanding of the role of the QCD axion

in the early Universe and its potential implications for dark matter.
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1 Introduction

The QCD axion holds the remarkable potential to address two fundamental issues simul-

taneously: the strong CP problem and the mystery of dark matter (DM). It was originally

proposed by the Peccei-Quinn (PQ) mechanism [1, 2] with a spontaneously broken global

U(1)PQ symmetry to solve the strong CP problem in the Standard Model (SM) [3–8]. It

acquires a minuscule mass from the QCD non-perturbative effects [9, 10]. When the QCD

instanton generates the axion potential, the axion can stabilize at the CP conservation

minimum, which dynamically solves the strong CP problem. See ref. [11] for a review.

On the other hand, the QCD axion is attractive candidate for the cold DM that

non-thermally produced through the misalignment mechanism [12–14]. The oscillation of

coherent axion state in the potential in the early Universe can contribute to the overall

DM. The equation of motion (EOM) for this state is that of a damped harmonic oscillator,

in which the friction term is proportional to the Hubble parameter H(T ) and the spring

constant is proportional to the axion mass ma(T ). As the temperature decreases, the

QCD axion gains a non-zero mass during the QCD phase transition and begins to oscillate

when ma(T ) is comparable to H(T ), the system thus changes from an overdamped to

an underdamped oscillator and the oscillation explains the observed cold DM abundance.

See also refs. [15–17] for recent reviews. By assuming the ∼ O(1) initial misalignment

angle, this mechanism gives the upper limit on the classical QCD axion window fa ≲
1011−1012GeV, where fa is the axion decay constant. While the lower limit fa ≳ 109GeV

is given by the SN1987A [18–20] and the neutron star cooling [21–23].

In recent years, there have been several attempts to broaden the above classical QCD

axion window, one of which is the lighter-than-usual axion model, the ZN QCD axion
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[24, 25]. In this scenario, the N mirror worlds that are nonlinearly realized by the axion

field under a discrete ZN symmetry can coexist in Nature. The zero-temperature ZN axion

mass is exponentially suppressed at the QCD phase transition critical temperature due to

the suppressed non-perturbative effects on the axion potential. The ZN axion can also

simultaneously solve the strong CP problem and account for the DM. In order to solve the

strong CP problem, here N should be an odd number and greater than or equal to 3. In

addition, this lighter QCD axion can account for the cold DM through the trapped+kinetic

misalignment mechanism [26, 27].

The Universe with a large number of these axions, the QCD axions or axionlike particles

(ALPs), is called the axiverse [28–30]. In the axiverse, it is natural to take into account

the cosmological evolution of the multiple axions. In recent years the mass mixing in the

multiple axions model [31] has attracted extensive attention. If considering the non-zero

mass mixing between two axions, the nontrivial cosmological evolution process of the mass

eigenvalues called the level crossing can take place during the QCD phase transition, such

as the mixing between the QCD axion and ALP [32], between the QCD axion and sterile

axion [33], and between the ZN axion and ALP [34], etc. In general, the level crossing

can occur before the QCD phase transition critical temperature TQCD. But this is not

always the case, as pointed out in ref. [34], there may still be a second level crossing at

TQCD in the mixing with a ZN axion, which is called the double level crossings. The

level crossing can lead to the adiabatic transition of the axion energy density, which is

similar to the MSW effect [35–37] in the neutrino oscillations. It also has some intriguing

cosmological implications, including the modification of axion relic density and isocurvature

perturbations [38–41], the formation of domain walls [42], the effects on gravitational waves

and primordial black holes [43–45], and the composition of dark energy [46, 47], etc.

So far, above axion mass mixing can be summarized as a mixing between an axion

possessing a temperature-dependent mass and one with a constant mass, but what emerges

if considering two axions, both of which exhibit the temperature-dependent masses? In

ref. [48], they recently investigated this mixing case with two QCD axions, one canonical

QCD axion and one ZN axion, showing a novel level crossing in the mass mixing.

In this work, we extend this QCD axion mass mixing and investigate the temperature

effects in the mixing. We consider the mass mixing between two ZN axions during the QCD

phase transition, resulting in three mixing scenarios, the mixing I, II, and III. This can be

accomplished by fine-tuning the model parameters. The level crossing in these three mixing

scenarios and the conditions for them to occur are investigated in detail. In the mixing I

and II, the level crossing can take place before TQCD, while the cosmological evolution of

the mass eigenvalues at TQCD has a minor non-essential difference. In the mixing III, we

find that the double level crossings can take place before and at TQCD, respectively. Al-

though the axion evolution in the mixing II and III appears similar, they have fundamental

differences. Finally, we briefly discuss the axion energy density transition in the mixing.

Our mixing scenarios may also have some intriguing cosmological implications.

The rest of this paper is structured as follows. In section 2, we briefly review the QCD

axion. In section 3, we investigate the extended QCD axion mass mixing, focusing on the

three mixing scenarios. Finally, the conclusion is given in section 4.
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2 Brief review on QCD axion

In this section, we briefly review the QCD axion. We first introduce the canonical QCD

axion. The canonical QCD axion effective potential from the QCD non-perturbative effects

is given by

VQCD(ϕ) = m2
a(T )f

2
a

[
1− cos

(
ϕ

fa

)]
, (2.1)

where ϕ is the axion field, fa is the axion decay constant, and θ = ϕ/fa is the axion angle.

The ma(T ) is the temperature-dependent QCD axion mass

ma(T ) =


mπfπ
fa

√
z

1 + z
, T ≤ TQCD

mπfπ
fa

√
z

1 + z

(
T

TQCD

)−b

, T > TQCD

(2.2)

where TQCD ≃ 150MeV is the critical temperature of the QCD phase transition, mπ and fπ
are the mass and decay constant of the pion, respectively, z ≡ mu/md ≃ 0.48 is the ratio of

the up to down quark masses, and b ≃ 4.08 is an index taken from the dilute instanton gas

approximation [49]. The first term in eq. (2.2) corresponds to the zero-temperature QCD

axion mass mQCD
a,0 . The QCD axion can account for the DM through the misalignment

mechanism. As the cosmic temperature decreases, the axion starts to oscillate when its

mass ma(T ) becomes comparable to the Hubble parameter H(T ). If considering the pre-

inflationary scenario in which the PQ symmetry is spontaneously broken during inflation,

the current QCD axion DM abundance can be described by

Ωah
2 ≃ 0.14

(
g∗s(T0)

3.94

)(
g∗(Tosc)

61.75

)−0.42( fa
1012GeV

)1.16 〈
θ2i f(θi)

〉
, (2.3)

where h ≃ 0.68 is the reduced Hubble constant, T0 is the current cosmic microwave

background (CMB) temperature, Tosc is the axion oscillation temperature, and f(θi) is

the anharmonicity factor [50, 51]. In order to explain the observed cold DM abundance,

ΩDMh2 ≃ 0.12 [52], we have the ∼ O(1) initial misalignment angle

θi ≃ 0.87

(
g∗s(T0)

3.94

)−1/2(g∗(Tosc)

61.75

)0.21( fa
1012GeV

)−0.58

. (2.4)

In the ZN axion scenario [24–26], the N copies of the SM worlds that are nonlinearly

realized by the axion field under a ZN symmetry (0 ⩽ k ⩽ N − 1)

SMk → SMk+1 , (2.5)

ϕ → ϕ+
2πk

N
fa , (2.6)

can coexist with the same coupling strengths as that in the SM

L =

N−1∑
k=0

[
LSMk

+
αs

8π

(
ϕ

fa
+

2πk

N

)
GkG̃k

]
+ · · · , (2.7)
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Figure 1. The temperature-dependent ZN axion mass ma(T ) as functions of the cosmic tempera-

ture T . The different colored lines represent the different values of N , which are degenerated into

the red line at T ≥ TQCD. The vertical gray lines represent the temperatures TQCD and TQCD/γ,

respectively. Notice also that the case N = 1 (gray solid line) corresponds to the canonical QCD

axion [eq. (2.2)]. Here we set fa = 1012 GeV and γ = 0.1.

where LSMk
corresponds to the copies of the SM Lagrangian, GkG̃k is the topological term,

and αs is the strong fine structure constant. The ZN axion has a nontrivial temperature-

dependent potential. In the large N limit, the total axion potential can be given in all

generality by

VN (ϕ) ≃ −m2
a(T )f

2
a

N 2
cos

(
N ϕ

fa

)
, (2.8)

and the temperature-dependent ZN axion mass can be described by

ma(T ) ≃



mπfπ
4
√
πfa

4

√
1− z

1 + z
N 3/4zN/2 , T ≤ TQCD

mπfπ
fa

√
z

1− z2
, TQCD < T ≤

TQCD

γ

mπfπ
fa

√
z

1− z2

(
γT

TQCD

)−b

, T >
TQCD

γ

(2.9)

where γ ∈ (0, 1) is a temperature parameter. The first and second terms in eq. (2.9)

can also be defined as ma,0 and ma,π, respectively. In figure 1, we show the ZN axion

mass ma(T ) as functions of the temperature T . The different colored lines correspond

to the different values of N , which are degenerated into the red line at the temperature

T ≥ TQCD. Compared with the canonical QCD axion [eq. (2.2)], we have a relation between

their zero-temperature axion masses

ma,0

mQCD
a,0

=
1
4
√
π

4

√
(1− z) (1 + z)3

z2
N 3/4zN/2 , (2.10)

– 4 –



which is suddenly exponentially suppressed at TQCD due to the ZN symmetry. The ZN
axion can also account for the DM through the trapped+kinetic misalignment mechanism,

see refs. [26, 27] for more details.

3 Extended QCD axion mass mixing

In this section, we extend the QCD axion mass mixing and investigate the temperature

effects in the mixing.

3.1 The model

For our purpose, we consider a minimal multiple QCD axions model, two ZN axions ϕi

(i = 1, 2), with the low-energy effective Lagrangian

L ⊃ 1

2

∑
i=1,2

∂µϕi∂
µϕi −

m2
1(T )f

2
1

N 2
1

[
1− cos

(
N1

ϕ1

f1

)]

− m2
2(T )f

2
2

N 2
2

[
1− cos

(
N1

ϕ1

f1
+N2

ϕ2

f2

)]
,

(3.1)

where mi(T ) is the temperature-dependent axion mass corresponding to ϕi, and fi is the

axion decay constant. Here the axion mass mi(T ) can be described by

mi(T ) =



mπfπ
4
√
πfi

4

√
1− z

1 + z
N 3/4

i zNi/2 , T ≤ TQCD

mπfπ
fi

√
z

1− z2
, TQCD < T ≤

TQCD

γi
mπfπ
fi

√
z

1− z2

(
γiT

TQCD

)−b

, T >
TQCD

γi

(3.2)

where γi ∈ (0, 1) is the temperature parameter, and we focus our attention on a case that1

TQCD

γ1
>

TQCD

γ2
=⇒ γ1 < γ2 . (3.3)

The first term in Eq. (3.2) corresponds to the zero-temperature axion mass

mi,0 =
mπfπ
4
√
πfi

4

√
1− z

1 + z
N 3/4

i zNi/2 , (3.4)

which is exponentially suppressed due to the ZN symmetry. The second term in Eq. (3.2)

corresponds to the mass

mi,π =
mπfπ
fi

√
z

1− z2
. (3.5)

It is necessary to first illustrate the distribution of axion mass mi in the no mixing case,

see figure 2. We choose two typical distributions for m1 and m2 with the red and blue

lines, respectively. See table 1 for the model parameters.

1Notice that one can also assume γ1 > γ2, which will not affect our main results.
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Figure 2. The illustration of the no mixing case. The red and blue solid lines represent the

temperature-dependent axion masses m1(T ) and m2(T ), respectively. The three vertical gray lines

represent the temperatures TQCD, TQCD/γ2, and TQCD/γ1, respectively. The black dashed line rep-

resents the Hubble parameter H(T ). Notice that we have assumed γ1 < γ2. The model parameters

can be found in table 1.

Then plugging the whole mixing potential of eq. (3.1) into the EOM

ϕ̈i + 3Hϕ̇i +
∂Vmix(ϕi)

∂ϕi
= 0 , (3.6)

we derive the EOM of ϕi

ϕ̈2 + 3Hϕ̇2 +
m2

2(T )f2
N2

sin

(
N1

ϕ1

f1
+N2

ϕ2

f2

)
= 0 , (3.7)

ϕ̈1 + 3Hϕ̇1 +
m2

1(T )f1
N1

sin

(
N1

ϕ1

f1

)
+

N1m
2
2(T )f

2
2

N 2
2 f1

sin

(
N1

ϕ1

f1
+N2

ϕ2

f2

)
= 0 , (3.8)

where one dot represents a derivative with respect to the physical time t, two dots represent

two derivatives with respect to the time, ∂ϕi
Vmix represents the derivative of Vmix with

respect to ϕi, and H(T ) is the Hubble parameter. If considering the oscillation amplitudes

of ϕi are much smaller than the corresponding decay constants fi, we can obtain the mass

mixing matrix in our model

M2 =

 m2
2(T )

N1m
2
2(T )f2

N2f1
N1m

2
2(T )f2

N2f1
m2

1(T ) +
N 2

1m
2
2(T )f

2
2

N 2
2 f

2
1

 . (3.9)

Diagonalizing the mass mixing matrix, we derive the heavy and light mass eigenstates ah
and al, respectively, (

al
ah

)
=

(
cosα sinα

− sinα cosα

)(
ϕ2

ϕ1

)
, (3.10)
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Scenarios f1 (GeV) γ1 N1 f2 (GeV) γ2 N2 T× (MeV)

No mixing 1012.5 0.2 9 1011.5 0.7 5 —

Mixing I 1012.5 0.2 9 1011.5 0.7 5 381.28

Mixing II 1012.5 0.2 9 1011.5 0.7 13 377.45

Mixing III 1012.5 0.2 9 1011.5 0.7 21 377.04

Table 1. The typical model parameters for fi, γi, and Ni used in this work. In order to make clear

comparisons, we try to minimize alteration to the model parameters and keep other parameters

unchanged. Therefore, in the simplest case, we only need to fine-tune N2 to achieve our illustrative

purpose. Here we also show the values of T× in the mixing scenarios.

with the mass mixing angle α

cos2 α(T ) =
1

2

1 +

m2
1(T )−m2

2(T ) +
N 2

1m
2
2(T )f

2
2

N 2
2 f

2
1

m2
h(T )−m2

l (T )

 , (3.11)

where mh(T ) and ml(T ) (assuming mh > ml) are the corresponding mass eigenvalues

m2
h,l(T ) =

1

2

[
m2

1(T ) +m2
2(T ) +

N 2
1m

2
2(T )f

2
2

N 2
2 f

2
1

]
± 1

2N 2
2 f

2
1

[
− 4N 4

2m
2
1(T )m

2
2(T )f

4
1

+

(
N 2

1m
2
2(T )f

2
2 +N 2

2 f
2
1

(
m2

1(T ) +m2
2(T )

))2]1/2
.

(3.12)

3.2 Level crossing in the mass mixing

In this subsection, we investigate the level crossing in the above extended QCD axion mass

mixing. Since we have set γ1 < γ2 before, the following results and discussions are based

on this assumption.

3.2.1 The mixing I

We first consider a mixing scenario that the zero-temperature axion mass m2,0 of ϕ2 is

larger than the mass m1,π of ϕ1

mπfπ
4
√
πf2

4

√
1− z

1 + z
N 3/4

2 zN2/2 >
mπfπ
f1

√
z

1− z2
, (3.13)

then we have

f2
f1

<
1
4
√
π

4

√
(1 + z) (1− z)3

z2
N 3/4

2 zN2/2 ≃ 0.73× 0.48N2/2N 3/4
2 . (3.14)

See figure 3 for the illustration of this mixing scenario. The red and blue lines correspond to

the temperature-dependent mass eigenvalues mh(T ) and ml(T ) as functions of the cosmic
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Figure 3. The illustration of the mixing I. The red and blue solid lines represent the temperature-

dependent mass eigenvalues mh(T ) and ml(T ), respectively. The third vertical gray line represents

the level crossing temperature T×. The model parameters can be found in table 1.

temperature T , respectively. To compare with the no mixing situation, here we use the

same model parameters as in figure 2.

In this case, the level crossing can take place when the difference of m2
h(T ) − m2

l (T )

gets a minimum value. By solving

d
(
m2

h(T )−m2
l (T )

)
dT

= 0 , (3.15)

we have the level crossing temperature in the mixing

T× =
TQCD

γ2

( (
N 2

1 f
2
2 +N 2

2 f
2
1

)2
N 4

2 f
2
1 f

2
2 −N 2

1N 2
2 f

4
2

) 1
2b

, (3.16)

which will last for a parametric duration

∆T× =

∣∣∣∣ 1

cosα(T )

d cosα(T )

dT

∣∣∣∣−1

T=T×

, (3.17)

corresponding to the time ∆t×. Notice also that from eq. (3.16) we can obtain the following

relation

N 4
2 f

2
1 f

2
2 −N 2

1N 2
2 f

4
2 > 0 =⇒ f2

f1
<

N2

N1
. (3.18)

Since we have assumed γ1 < γ2, the level crossing temperature T× is not related to γ1.

See figure 3 with the third vertical gray line T× ≃ 381.28MeV. Here we discuss the

temperature-dependent behavior of the axions in the mixing. At high temperatures, the

heavy mass eigenstate ah comprises the axion ϕ1, while the light mass eigenstate al com-

prises the ϕ2. With the cosmic temperature decreasing, the masse eigenvalues mh(T ) and
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Figure 4. The mass mixing angle cosα as functions of the cosmic temperature T . The red,

blue, and purple solid lines correspond to the mixing I, II, and III, respectively. The vertical lines

represent the corresponding level crossing temperatures T×.

ml(T ) will approach to each other at T× and then move away from each other. This asymp-

totic behavior is called the level crossing. After that, the ah comprises the ϕ2, and the al
comprises the ϕ1. The level crossing can lead to the adiabatic energy density transition

between the ϕ1 and ϕ2. We also show the mass mixing angle cosα in figure 4 with the red

solid line. At high temperatures, the mixing angle is constant with cosα = 1 (α = 0) until

the level crossing occurs at T×, then it drops rapidly and stabilizes at a small value.

3.2.2 The mixing II

Based on the mixing I, it is natural to consider a situation where N2 is large enough, so

that m2,0 is smaller than m1,π. Therefore, here we consider another scenario that the zero-

temperature axion mass m2,0 of ϕ2 is smaller than the mass m1,π of ϕ1, but larger than

the zero-temperature axion mass m1,0 of ϕ1

mπfπ
4
√
πf1

4

√
1− z

1 + z
N 3/4

1 zN1/2 <
mπfπ
4
√
πf2

4

√
1− z

1 + z
N 3/4

2 zN2/2 <
mπfπ
f1

√
z

1− z2
, (3.19)

then we have

0.73× 0.48N2/2N 3/4
2 <

f2
f1

< 0.48(N2−N1)/2

(
N2

N1

)3/4

. (3.20)

Notice that there is an additional relation that should be saturated first2, the mass m1,π

of ϕ1 should be smaller than the mass m2,π of ϕ2

mπfπ
f1

√
z

1− z2
<

mπfπ
f2

√
z

1− z2
=⇒ f2

f1
< 1 . (3.21)

2This relation can be naturally saturated in the mixing I since in that scenario the zero-temperature

axion mass m2,0 of ϕ2 is larger than the mass m1,π of ϕ1.
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Figure 5. Same as figure 3 but for the mixing II.

See also figure 5 for the illustration of this mixing scenario. The model parameters can be

found in table 1. The axion evolution in this scenario is basically similar to the mixing I,

but at TQCD it has a minor non-essential difference. Notice that the axion evolution at

TQCD is not the double level crossings case proposed in ref. [34], here the level crossing only

occurs at T×. We also show in figure 4 the mass mixing angle cosα in this case. Compared

with the mixing I, the mixing angle will change more dramatically and eventually stabilize

at a smaller value of cosα.

In fact, there is no fundamental distinction between the mixing I and II, and their

axion evolution is similar. Nonetheless, in order to compare with another scenario discussed

below, we feel that it is still necessary to list this scenario separately here.

3.2.3 The mixing III

Then we further consider the third mixing scenario that the zero-temperature axion mass

m2,0 of ϕ2 is smaller than the zero-temperature axion mass m1,0 of ϕ1

f2
f1

> 0.48(N2−N1)/2

(
N2

N1

)3/4

. (3.22)

Notice that eq. (3.21) should also be saturated here. We show in figure 6 the illustration

of this mixing scenario. The model parameters are also listed in table 1.

Comparing figures 5 with 6, we find that they appear similar, but in fact they have

fundamental differences. It is necessary to clarify the axion evolution in this scenario. At

high temperatures, the heavy mass eigenstate ah comprises the axion ϕ1, while the light

mass eigenstate al comprises the ϕ2. With the cosmic temperature decreasing, the first

level crossing occurs at T×, the masse eigenvalues mh(T ) and ml(T ) will approach to each

other and then move away from each other. After that, the ah comprises the ϕ2 and the al
comprises the ϕ1 until TQCD. So far, the axion evolution is the same as the above scenarios
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Mixing III
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Figure 6. Same as figure 3 but for the mixing III. Notice that the first and second level crossings

can take place at T× and TQCD, respectively.

mixing I and II. However, this will change at the temperature TQCD. The second level

crossing will take place at TQCD, then the heavy ah will comprise the ϕ1 and the light one

al will comprise the ϕ2 again. This behavior is called the double level crossings, which

is also the main difference between the mixing II and III. The transition of axion energy

density in this scenario will also be drastically altered. The mass mixing angle cosα in this

scenario can be found in figure 4 with the purple line.

We close this subsection by discussing the conditions for above three mixing scenarios to

occur. For comparison, we plot them in the {N2, f2/f1} plane, see figure 7 with the shadow

regions. The red, blue, and purple shadow regions correspond to the mixing I, II, and III,

respectively. The red line is given by eq. (3.18), the blue line is given by eq. (3.14), the

purple line is given by eq. (3.20), and the gray solid line is given by eq. (3.21), respectively.

Notice that the vertical gray line represents N2 = N1 = 9. The parameter N1 will affect

the conditions for all three mixing scenarios, which can be seen as shifting this vertical line

laterally to different values of N1 in the plot.

3.3 Transition of axion energy density

In this subsection, we briefly discuss the energy density transition between the two axions

in our mixing scenarios.

In the mass mixing, the adiabatic transition can take place if both the comoving

axion numbers of the eigenstates ah and al are separately conserved at the level crossing

temperature [39, 53]. The condition for adiabatic transition can be described by

∆t× ≫ max

[
2π

ml(T )

∣∣∣∣
T=T×

,
2π

mh(T )−ml(T )

∣∣∣∣
T=T×

]
, (3.23)

corresponding to the temperature in eq. (3.17). One can also numerically check this in-

equality to determine whether the adiabatic condition is met at T×.
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Figure 7. The conditions for the mixing I, II, and III to occur in the {N2, f2/f1} plane. The red,

blue, and purple shadow regions correspond to the mixing I, II, and III, respectively. The gray solid

line represents f2/f1 = 1. The vertical gray line represents N2 = 9. Here we set N1 = 9. Note also

that N1, N2 = 2k + 1, k ∈ N+.

Here we only illustrate how the axion energy density is transferred in the mixing, with-

out intending to discuss the further details. Since the axion evolution in the mixing I and

II is similar, their energy density transitions are similar as well. Hence, we will only discuss

the mixing II. In this scenario, at high temperatures the axion fields ϕ1 and ϕ2 are frozen

at the arbitrary initial misalignment angles, and start to oscillate at the corresponding

oscillation temperatures Tosc. Then during the period from Tosc to T×, the axion energy

density is adiabatic invariant with a comoving number. If the condition for adiabatic tran-

sition is saturated at T×, the energy density of ϕ1 will be transferred to ϕ2 and vice versa.

Then the final axion energy density can be further calculated through the trapped+kinetic

misalignment mechanism.

In the mixing III, the axion energy transition before the QCD phase transition critical

temperature TQCD is similar to that discussed above, but it begins to diverge at TQCD.

Since the second level crossing can occur at TQCD, then the ah will comprise the ϕ1 and

the al will comprise the ϕ2 again, so the final axion energy density will differ based on the

corresponding zero-temperature axion masses. Notice that the axion energy density at the

second level crossing is non-adiabatic.

4 Conclusion

In summary, we have extended the QCD axion mass mixing in the early Universe and

investigated the temperature effects in the mixing. We first review the canonical QCD

axion and the lighter ZN QCD axion. Then we extend the QCD axion mass mixing and

investigate the temperature effects. Finally, we briefly discuss the energy density transition

between the two axions in the mixing.
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For our purpose, we consider the mass mixing between two ZN axions during the QCD

phase transition, resulting in three mixing scenarios, the mixing I, II, and III. This can

be accomplished by fine-tuning the model parameters, such as the axion decay constants

fi, the temperature parameters γi, and also the number of Ni. The level crossing in these

three mixing scenarios and the conditions for them to occur in the {N2, f2/f1} plane are

studied and illustrated in detail.

In the mixing I and II, the level crossing can take place before the QCD phase transition

critical temperature TQCD, while the cosmological evolution of the mass eigenvalues at TQCD

has a minor non-essential difference. In order to compare with the mixing III, we list the

mixing II separately. In the mixing III, we find that the double level crossings can take

place before and at TQCD, respectively. Although the axion evolution in the mixing II and

III appears similar, they have fundamental differences. In the mixing II (or I), the axion

evolution from high temperatures to low temperatures can be approximately described

by ϕ1 → ϕ2 and ϕ2 → ϕ1, while in the mixing III this is described by ϕ1 → ϕ2 → ϕ1

and ϕ2 → ϕ1 → ϕ2. Therefore, the final axion energy density will differ based on the

corresponding zero-temperature axion masses.

Beyond its potential role as cold DM, the extended QCD axion mass mixing frame-

work presented in our scenarios may also yield other intriguing cosmological implications,

warranting further investigation.
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