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Abstract: In this paper, we investigate the nano-Hertz gravitational wave (GW) emission and massive primordial
black hole (PBH) formation from the light QCD axion scenario. We consider the axion domain wall formation from
the level crossing induced by the mass mixing between the light Zy, QCD axion and axion-like particle. A general
mixing case in which the heavy and light mass eigenvalues do not necessarily have to coincide with the axion masses
is considered. To form the domain walls, the axions should start to oscillate slightly before the level crossing. The
domain walls must annihilate before dominating the Universe to avoid cosmological catastrophe. Then, we focus our
attention on the GW emission from the domain wall annihilation and the PBH formation from the domain wall col-
lapse. We show the predicted GW spectra with a peak frequency ~ 0.2 nHz and peak amplitude ~ 5x 102, which
can be tested by future pulsar timing array projects. In addition, during the domain wall annihilation, the closed walls
could shrink to the Schwarzschild radius and collapse into the PBH. We find that PBHs in the mass range of
0(10° — 10%)My, could potentially form in this scenario and account for a small fraction (~ 107) of the cold dark

matter.
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I. INTRODUCTION

Gravitational waves (GWs) are among the most ef-
fective observational probes of the early Universe [1, 2].
The direct observations of GWs by LIGO [3—5] have
made significant advancements in astrophysics and cos-
mology. Very recently, the pulsar timing array (PTA)
projects (NANOGrav [6—8], EPTA [9—11], PPTA [12,
13], and CPTA [14]) released their latest data, which
provides strong evidence for the presence of nano-Hertz
stochastic GWs. There are various cosmological sources
of GWs, such as the primordial amplification of the vacu-
um fluctuations [15—17], cosmological phase transitions
[18, 19], cosmic strings [20—22], domain walls [23—-26],
and preheating after inflation [27-30]. See, e.g., Refs.
[31-33] for recent reviews of GWs.

After the observations of GWs, primordial black
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holes (PBHs) have recently gained significant interest as
attractive cold dark matter (DM) candidates. There are
several scenarios for PBH formation in the early Uni-
verse, such as the large density fluctuations produced dur-
ing inflation [34—37], cosmological phase transitions
[38—41], and collapse of the false vacuum bubbles
[42—44]; cosmic strings [45—47]; domain walls [48—51];
and the post-inflationary scalar field fragmentations
[52—54]. See also, e.g., Refs. [55—57] for recent reviews
of the PBHs.

Here, we consider the domain wall as a cosmological
source of GWs and PBHs. Domain walls are two-dimen-
sional topological defects that may arise in the early Uni-
verse, involving the spontaneous breakdown of a discrete
symmetry [58, 59]. For long-lived domain walls, their
evolution with cosmic expansion is slower than that of ra-
diation or matter, and they will eventually dominate the
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total energy density of the Universe, which conflicts with
the standard cosmology [60]. This is the so-called do-
main wall problem. To avoid such a cosmological cata-
strophe, one can make the domain walls disappear or pre-
vent their formation before dominating the Universe
[61-63].

The GWs emitted by domain wall annihilation can be
characterized by their peak frequency and peak amp-
litude, where the former is determined by the domain
wall annihilation time and the latter is determined by the
energy density of the domain walls [64—66]. Here, we fo-
cus our attention on the GW emission from domain wall
annihilation, especially axion domain walls [67—85]. In
addition, during the annihilation, the closed domain walls
could shrink to the Schwarzschild radius and then col-
lapse into the PBH. In this case, PBHs will form when
this Schwarzschild radius is comparable to the cosmic
time. See also, e.g., Refs. [83—94] for recent PBH mech-
anisms with the framework of the QCD axion or axion-
like particle (ALP).

In this paper, we investigate the nano-Hertz GW
emission and massive PBH formation from the light QCD
axion scenario discussed in Ref. [95]. The basic idea is to
consider the axion domain wall formation from the level
crossing induced by the light Zy QCD axion. In the Zy
axion scenario [96], the N mirror worlds are nonlinearly
realized by the axion field under a Zy symmetry, one of
which is the Standard Model (SM) world. The Zy axion
with reduced-mass can both solve the strong CP problem
with N >3 [97] and account for the DM through the
trapped+kinetic misalignment mechanism [98, 99]. Con-
sidering the interaction between the Zy axion and ALP,
the cosmological evolution of single/double level cross-
ings will occur if there is a non-zero mass mixing
between them [95, 100]. In this work, we consider a more
general case in the mixing, where the heavy and light
mass eigenvalues do not necessarily have to coincide
with the axion masses, and there is a hierarchy between
the two axion decay constants. To form the domain walls
in this scenario, the axions should start to oscillate
slightly before the level crossing, and the initial oscilla-
tion energy density should be large to climb over the bar-
rier of potential [101].

To avoid the unacceptable cosmological catastrophe,
the domain walls must annihilate before dominating the
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Universe. Then, we investigate the GWs emitted by the
domain wall annihilation and show the predicted GW
spectra, determined by their peak frequency and peak
amplitude. For model parameters with the benchmark
values, we have the predicted GW spectrum with the
peak frequency fuea ~0.2nHz and peak amplitude
Qowh?> ~5x107°, which will be observable in future
GWs detectors, such as the PTA projects. Finally, we in-
vestigate the PBH formation from the domain wall col-
lapse. We consider the domain wall collapse in an ap-
proximately spherically symmetrical manner. PBHs will
form when the ratio of Schwarzschild radius to cosmic
time is close to 1, leading to O(10°-10%)M, (in solar
mass M) massive PBHs as a small fraction fpgy ~ 107
of the cold DM. In this regard, we find that these PBHs
may also account for the seeds of supermassive black
holes (SMBHs) at high redshift. See Fig. 1 for the main
cosmic temperatures related to this work.

The remainder of this paper is organized as follows.
In Section II, we introduce the light QCD axion scenario
and discuss domain wall formation and annihilation. In
Section III, we investigate the GWs emitted by the do-
main wall annihilation and the PBH formation from the
domain walls collapse. Finally, conclusions are given in
Section IV.

II. DOMAIN WALLS FORM LIGHT QCD AXION

In this section, we first introduce the light QCD ax-
ion and resulting axion level crossing. Then, we discuss
the domain wall formation and annihilation.

A. Light QCD axion

In the light Zy QCD axion scenario [96], the N mir-
ror and degenerate worlds that are nonlinearly realized by
the axion field under a Zy symmetry can coexist with the
same coupling strengths as in the SM:

N-1

k=0

2+2;k)ckék}+---, ()

where Lsy, represents the copies of the SM total Lag-
rangian excluding the topological term G;G;, «; is the
strong fine structure constant, and ¢ and f, are the Zy ax-

Tann Tf

| | . T

~10GeV ~1.5GeV ~150MeV ~10MeV ~0.5MeV

Fig. 1.

Main cosmic temperatures related to this work, where Ty represents the level crossing temperature, Tgcp represents the QCD

phase transition critical temperature, Tan, represents the domain walls annihilation temperature, Ty represents the PBH formation tem-
perature, and y € (0, 1) is a temperature parameter. The temperature is decreasing from left to right. Note that the ticks are shown just for

illustrative purposes. See the text for more details.
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ion field and decay constant, respectively. In the large N
limit, the temperature-dependent Z,, axion mass is given
by [97, 98]

Mg, T <Tqcep
my(T) = { Max, ) Toco <T <Toeo/y  (2)
T\~
ma,n ( Y ) ) T > TQCD/y
Tqcp

The zero-temperature Zy axion mass m,, and defined
mass m,, are

- m;rf;ri . 1=z 3/4_NJ2

ma,() - fa % l + z

_ My fr <
eV pe “4)

where y€(0,1) is a temperature parameter, Toep = 150
MeV is the QCD phase transition critical temperature,
b=~4.08 is an index, m, and f, are the mass and decay
constant of the pion, respectively, and z = m, /m,; ~0.48 is
the ratio of up (m,) to down (m,) quark masses. The level
crossing can take place at the temperature 7y in the inter-
action between the Zy axion and ALP () with the poten-
tial [95]

; 3)

V(y,p) = mi f? {1 —cos (n% +N?)}
ma(T)f2 ¢
+T {I_COS(Nﬁ)} . (5)
with the overall scales
A= Nmufa, A= Vm(T)fo/N, (6)

where m, and f, are the ALP mass and decay constant,
respectively, n is a positive integer, and n and N are do-
main wall numbers. Through the mass mixing matrix de-
rived from Eq. (5), we can obtain the heavy (#) and light
(/) mass eigenvalues my,;, which are temperature-depend-
ent. See Fig. 2 for an illustration of the level crossing; in
the following, we will consider this case.

Note however that in this work, the heavy and light
mass eigenvalues do not necessarily have to coincide
with the axion masses, which is somewhat different from
the case in Ref. [95]. In general, there is a hierarchy
between the two axion decay constants [102, 103]. Con-
sidering two physical fields ¢ and £, in which the first one
is the linear combination in the first term of Eq. (5) and
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Fig. 2.  (color online) Temperature-dependent mass eigen-

values my,; as functions of the cosmic temperature 7. The red
and blue solid lines represent my;, and my, respectively. The
black dashed line represents the Hubble parameter H(T).

second one is the orthogonal combination, with

_ fAfa E f
ey e (”ffoa)’ @

_ fAfa _ W ¢
= e )

then the potential in terms of the physical fields can be
written as

V(u,é) = A‘l‘ {1 —cos (\Wﬂ)}

®)

Jfata
szA
fo /N

) ®

with the effective axion decay constants f, and f;
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B. Domain wall formation

In this subsection, we briefly discuss the axion do-
main wall formation in this scenario. The domain wall
formation from the canonical level crossing case was
studied in Ref. [101]. It was shown that the formation of
domain walls from the level crossing in the axiverse is a
common phenomenon. The onset of axion oscillations is
considered slightly before the level crossing temperature
T}. In the case the initial axion oscillation energy density
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is sufficiently large to climb over the barrier of potential,
the axion dynamics therefore show a chaotic run-away
behavior (also called the axion roulette), which is con-
sidered to be accompanied by the domain wall formation.

In our scenario, we have a similar consideration that
the axions start to oscillate slightly before the level cross-
ing

Ty 2 Tx, (11)

where T, is the axion oscillation temperature given by
my,(T) = 3H(T), with the Hubble parameter

7e.(T) T*
90 nip; ’

H(T) = (12)

where g. is the number of effective degrees of freedom of
the energy density, and mp ~2.44x 108 GeV is the re-
duced Planck mass. Note that here the level crossing oc-
curs earlier than the canonical case with

TXZT;/V. (13)

Then, another condition for axion domain wall formation
is that the oscillation energy density in the light mass ei-
genvalue m; should be larger than the barrier of potential

pLi~mi ff 2 A ~mp f7 (14)

where the subscript "1" corresponds to 7. Because no
cosmic strings are formed, the domain walls without cos-
mic strings are stable in a cosmological time scale.

C. Domain walls annihilation

Then, we discuss the domain wall annihilation. After
formation, we consider that the dynamics of domain walls
is dominated by the tension force. In the scaling regime,
the evolution of walls can be described by the scaling
solution [104—107]. In this case, the energy density of do-
main walls evolves as

Pwan(t) = AR, (15)

where A =~0.8+0.1 is a scaling parameter obtained from
the numerical simulations, and o is the tension of do-
main walls

O wall = 8n/[h,lf#2 = Sgnzma,nﬁz 5 (16)

where we have defined the parameters

{ = mh,l/ma,ﬂ < 1’ (17)

n=falfo= filfa< 1. (18)

Due to the slower evolution of domain walls with the cos-
mic expansion compared to radiation or matter, the walls
will eventually dominate the Universe, which conflicts
with the standard cosmology. Therefore, to avoid the do-
main wall problem, they must annihilate before dominat-
ing the Universe. In general, one can introduce an addi-
tional small energy difference — "bias" — between the dif-
ferent vacua to drive the domain walls towards their anni-
hilation. In our scenario, the domain walls will become
unstable and annihilate due to the natural bias term

Viias = A} [1—cos (n + N L +6)] (19)

where we have defined a bias parameter A,, and J is a CP
phase, which should not spoil the Peccei-Quinn (PQ)
solution to the strong CP problem. Note that the scale A,
should be several orders of magnitude smaller than the
QCD scale, but too small a A, may lead to the long-lived
domain walls that overclose the Universe.

Then, the resulting volume pressure py =~ A} acceler-
ates the domain walls towards the higher energy adjacent
vacuum, converting the higher energy vacuum into the
lower energy vacuum. The wall annihilation becomes sig-
nificant when the pressure produced by the tension
Pr = pwan 1 comparable to the volume pressure. By tak-
ing pr = py, we have

A = AL 20)

Tann

where the domain wall annihilation time f,,, is given by
H(T ) = 1/(2t,n,), corresponding to the domain walls an-
nihilation temperature

N ¢ )'”2( n )‘1
Tum = 1.4MeV <0.1 o

(o) () @
1076 GeV Mev/ -

Here, we take the benchmark values as £=0.1, p=0.1,
f.=10'%GeV, and A, =1MeV. In Fig. 3, we show the
annihilation temperature T,,, as a function of the Z, ax-
ion decay constant f,. The red and blue lines correspond
to the parameters A, = 1 MeV and 0.5 MeV, respectively.
The other parameters are taken as the benchmark values.
We note that T,,, is below the QCD phase transition crit-
ical temperature. Additionally, the domain wall annihila-
tion should be before the Big Bang Nucleosynthesis
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Fig. 3.
T.n as a function of the Zy axion decay constant f,. The red
1 MeV and 0.5 MeV, respectively.
Here, we take the benchmark values as £ =0.1 and =0.1.

(color online) Domain wall annihilation temperature

and blue lines represent A, =

(BBN) epoch to avoid strong constraints, i.e.,
Tomn > Tpny =~ 0.1 MeV. Then, we have
é, ) 1/4 n 172 ( f;l ) 1/4
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Fig. 4 shows the bias parameter A, constrained by BBN
in the {f,, A} plane with the red shadow region.
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Fig. 4. (color online) Constraints of BBN and NANOGrav

15-year dataset in the {f,, Ay} plane. The red shadow region
represents the constraint set by BBN. The blue shadow region
represents that the predicted GW spectra cannot explain the
NANOGrav 15-year dataset, as detailed in the text. Here, we
set £=0.1 and 7=0.1.

1. COSMOLOGICAL IMPLICATIONS

In this section, we investigate the GW emission from
the domain wall annihilation and PBH formation from the
domain wall collapse.

A. Gravitational wave emission

The GWs emitted by the domain wall annihilation can
be characterized by their peak frequency and peak amp-
litude. The GW peak frequency corresponds to the

Hubble parameter at the domain wall annihilation time:

fiaeak(tann) = H(tynn), (23)

where f = «/(2n)R(¢) is the frequency with the comoving
wavenumber x, and R(r) is the scale factor of the Uni-
verse. Considering the redshift of the peak frequency due
to the subsequent cosmic expansion, we can obtain the
peak frequency at the present time ¢, as

12

(&)

X < 10‘6faGeV>_1/2 ( 1 MeV) (24)

The GW spectrum at the cosmic time ¢ can be described
by

fpeako—ISXIO 1OHZ(OI)

1 dpgw(?)
pe(t) dinf ’

Quu(t, f) = (25)

where p.(¢) is the critical energy density. Then, the GW
peak amplitude at the domain wall annihilation time is
given by [108]

8y G2 A2

Q w(Zann)pea = - vl 5 26
e = S ) 20

where &, =~0.7+0.4 is an efficiency parameter, and G is

Newton’s gravitational constant. We also have the peak

amplitude at present

4/3
g*s /g*
gzgw(l‘O)pea.kh2 = del’lz ( g(i/3 0) ng(tann)peak
*ann

s () (5

X(IO'{z}eV>4(ll\l/\IZV)_8’ @7

where Qqh* ~4.15x 107 is the density parameter of ra-
diation at present, i ~0.68 is the reduced Hubble para-
meter, and g,, is the number of effective degrees of free-
dom of the entropy density. Using Eqgs. (24) and (27), the
present GW spectrum is finally given by

3
gzgw(t())peakh2 <ff ) > f < fpeak,O
Qu* = ff’eak” (28)
ng(t())peakhz (pe;k,()) s f > fpea.k,o

which can be described by a piecewise function that
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evolves as Q,,h*« f° for the low frequencies and
Qqwh* o f7! for the high frequencies [66].

The predicted GW spectra emitted by the axion do-
main wall annihilation in our scenario are shown in Fig.
5. There are four parameters ({, 7, f,, and A;) that signi-
ficantly determine the GW peak frequency and peak amp-
litude. As discussed before, we take these benchmark val-
ues as £=0.1, p=0.1, f,=10'°GeV, and A, =1MeV,
corresponding to the red solid line in the panels. The blue
and green solid lines are produced by changing only one
parameter each time with ¢=0.02, n=0.02, f,=
2%x10" GeV, and A,=5MeV. We find that # and A,
have a significantly greater impact on the GW spectra
than { and f,. Note that the lines corresponding to the
changes of the parameters ¢ and f, have the same distri-
bution; this is because they are degenerate in the calcula-
tions of the domain wall annihilation temperature and the
GW spectrum. The results of the recently published
NANOGrav 15-year dataset [6, 7] and other experiment-
al sensitivities (SKA [109], TianQin [110], Taiji [111],
and LISA [112]) in the plot region are also shown for
comparisons. We find that the predicted nano-Hertz GW
spectra in this scenario can be tested by the current and
future PTA projects.

Meanwhile, according to the BBN bound and NANO-
Grav 15-year dataset, we find a roughly allowed region
for the bias parameter, 0.3 MeV 5 A, <5 MeV. Note that
this is obtained when other parameters ({, #, and f,) are
taken as the corresponding benchmark values. See also
Fig. 4 with the blue shadow region in the {f,, A} plane.
The blue line is estimated using the two points where f,
equals 10'> GeV and 10'° GeV, at which the predicted
GW spectra barely reach the NANOGrav 15-year dataset.
Then, the shadow region, within the parameter space
characterized by a larger A,, indicates that the corres-

1077}

10%¢ TianQin ]|

RS 10,11 | Taiji ,*|
&
=]
1071¢
10—15 L
107 10 105 0.001
S [Hz]
Fig. 5.

ponding peak frequency and amplitude of GWs cannot be
used to explain the observational data. Moreover, due to
the large parameter degrees of freedom in the model, and
because there may be constraints on {"and # from the con-
ditions for the level crossing to occur [95], we do not
show the concrete QCD axion (or ALP) properties (m,,
f2) from the GWs measurement in this work.

B. Primordial black hole formation

In this subsection, we investigate the PBH formation
from the domain wall collapse. During the annihilation,
the closed domain walls could shrink to the Schwarz-
schild radius and collapse into the PBHs [86]. Here, we
consider the domain wall collapse in an approximately
spherically symmetric manner [84, 85].

The Schwarzschild radius Ry (¢) at the cosmic time ¢ is
given by Rg(f) =2M(t)/Mp,, where Mp =1.22%x10" GeV
is the Planck mass, and M(z) is the mass of the closed do-
main walls at the time ¢

4
M(t) ~ gﬂ'vbiasl‘3 +47T0'W311[2 . (29)

The condition for PBHs to form is that the ratio of Ry(¢)
totis closeto 1, ie.,

Rs() _ 2M(1)

t MR
At the domain wall annihilation time f,,,, the wall ten-
sion pressure is comparable to the volume pressure. Be-
cause Viias = Ao yan/fam given by pr =~ py, we obtain the
mass M(f) and ratio p(T) at fug : M(tan) = 16/37Viiasts
and  p(Tum) = 30Viias /(7?8 (Tann) T2, respectively. After
the time t,,,, because the tension pressure decreases with
time while the volume pressure remains constant, the

() = 1. (30)

1077t
10—9.

(o]

107!

Qg

1075t

10—]5 L

105 0.001

1070

S [Hz]

(color online) Predicted GW spectra Q4% as a function of frequency f, with parameter uncertainties of {; #, f,, and Aj. The

red solid lines represent the result with the benchmark values £ =0.1, n=0.1, f, = 10'°GeV, and A, = 1MeV. Left: The blue and green
solid lines represent the results with £ =0.02 and 7 = 0.02, respectively. Right: The blue and green solid lines represent the results with
fa=2x10GeV and A, = 5MeV, respectively. The result of the NANOGrav 15-year dataset [6, 7] and other experimental sensitivities
(SKA [109], TianQin [110], Taiji [111], and LISA [112]) in this plot region are also shown.
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volume contribution to the density will rapidly become
dominated. Then, the mass M(¢r) and ratio p(T) can be
given by M) = 4/3nViut? (1 +3tun/t) and  p(T) =
P(Tann) /4t [ tan)*(1 + 3ta0n /1), Tespectively. Here, the term
t.an/t can be neglected for ¢ > t,,,. As mentioned before,
the PBH formation will occur when the ratio p(T;) ~ 1.
Thus, we have

p(Tann) g*(Tann) <THIIH )4 ~ 1

31
4 8Ty \ Ty ey

p(Ty) =

where T, is the PBH formation temperature. Then, the
corresponding PBH mass is given by

3
— M3, (32)

4
Mppy = =7 ViiaslS =
PBH biast f 3271'Vbias

3

and the temperature T, can also be characterized as

4—5M§1
647m38.(T )My

o~ 4 15Vbias o 4

F= 2m2g.(Ty) - 33)

We show the temperature 7, as a function of the bias
parameter A, in Fig. 6. For the benchmark value A, = 1
MeV, we have T;=~0.5MeV. Note that T, is only de-
termined by the term Vi, (A;), or the PBH mass Mppy.

Then, we estimate the PBH fraction of the total DM
energy density in this scenario. The PBH energy density
at the formation temperature is given by pppu(7Ty) =
PP(T)pwa(Ty), where f is a positive factor representing
the small deviations from the spherically symmetric col-
lapse. Because we have p(T;)~1=p?(T;)~1 and the
domain wall energy density after annihilation evolves as
Owatl(T)/ owait (Tann) = (T [ Tann)®, the PBH fraction can be
described by fPBH :(Tf/Tann)apwall(Tann)/pDM(Tf)9 Where a
is a positive parameter between approximately 5 and 20
[113]. Finally, the PBH fraction is given by

45M6 (a+1)/4
fesn 6473

8us(T0) 8u(T )4 MoV pr(Ty)
g.(To)  g.(Ty) T To pom(To)’

(34)

where T, is the present cosmic microwave background
(CMB) temperature, py is the radiation energy density,
and ppy is the DM energy density. We show the estim-
ated PBH fraction fppy as a function of the PBH mass
Mppy in Fig. 7. The other limits in this plot region from
the CMB [114], X-ray binaries (XB) [115], dynamical
friction (DF) [55], and large-scale structure (LSS) [116]
are also shown. Because in our model there are four para-
meters ({, 7, Ay, and f,) that determine the domain wall
annihilation temperature T,,,, here, we only show the

0.5

04

0.1 02 05 1
Ap [MeV]

Fig. 6.

a function of the bias parameter A,.

(color online) The PBH formation temperature 7, as

PBH fraction with the parameters T,,, and « in the figure.
We take these typical values as T,,= 10 MeV and
1 MeV, corresponding to the left and right panels, re-
spectively, and take @ =5, 10, and 20, corresponding to
the red, blue, and black dashed lines, respectively. Be-
cause we only take several typical values of the paramet-
er a, more accurate discussions about o from the simula-
tions are required [113]. We find that the PBHs in the
mass range of 10° M, < Mpgy < 108 M, could potentially
form in our scenario and account for a small fraction
fosu ~ 1073 of the cold DM.

Furthermore, we also find that these PBHs may ac-
count for the seeds of SMBHs at high redshift. The
SMBHs with a mass range of O(10°-10%)M,, are com-
monly found in the center of galaxies [117—119].
However, their origin is not yet clear. One may consider
their formation from the stellar black holes through accre-
tion and mergers, but it is difficult to account for the
SMBHs at high redshift z ~ 7. Another scenario is consid-
ering the PBHs as their primordial origin [120, 121]. Due
to the efficient accretion of matter on the massive seeds
and mergings, those O(10*-10°)M, PBHs could sub-
sequently grow up to O(10°) M, SMBHs. Therefore, the
massive PBHs produced in our scenario are natural can-
didates for the seeds of SMBHs.

IV. CONCLUSION

In summary, in this work, we investigated the GW
emission and PBH formation from the light QCD axion
scenario. We first introduced the light QCD axion and
resulting axion level crossing. Then, we discussed the do-
main wall formation from the level crossing and their an-
nihilation. Finally, we investigated the cosmological im-
plications, including the nano-Hertz GW emission from
the domain wall annihilation and the massive PBH form-
ation from the domain wall collapse.

We consider the axion domain wall formation from
the level crossing induced by the mass mixing between
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(color online) Estimated PBH fraction fpgy as a function of the PBH mass Mppy (in the solar mass My). Left: we set

Tann = 10 MeV. Right: we set Tuy, =1 MeV. The red, blue, and black dashed lines represent the PBH fraction with the typical values
=5, 10, and 20, respectively. The other limits (shadow regions) are taken from the accretion limits from the CMB anisotropies meas-
ured by Planck (CMB, with two bounds) [114], the accretion limits from the X-ray binaries (XB) [115], dynamical limits from the in-

falling of halo objects due to the dynamical friction (DF) [55], and large-scale structure (LSS) limits from the various cosmic struc-
tures [116].

the light Zy QCD axion and ALP, leading to the wall
formation before the QCD phase transition. A more gen-
eral mixing case in which the heavy and light mass eigen-
values do not necessarily have to coincide with the axion
masses is considered, and there is a hierarchy between the
two axion decay constants. The conditions for domain
wall formation are that the axions should start to oscillate
slightly before the level crossing, and the initial axion os-

cillation energy density should be large to climb over the

barrier of potential. To avoid cosmological catastrophe,
the domain walls must annihilate before dominating the
Universe. Then, we focus our attention on the GW emis-
sion and PBH formation. The GWs emitted by the do-

main wall annihilation are determined by their peak fre-
quency and peak amplitude. We present the predicted
GW spectra with the peak frequency fyeu ~ 0.2 nHz and
peak amplitude Qgwh® ~5x 107, which can be tested by
current and future PTA projects. During the domain wall
annihilation, the closed walls could shrink to the Schwar-
zschild radius and collapse into the PBHs when this radi-
us is comparable to the cosmic time. Finally, we show the
estimated PBH fraction and find that the PBHs in the

mass range of 10° M, < Mpgy < 108 M, could potentially
form in this scenario and account for a small fraction
fosn ~ 107 of the cold DM. Furthermore, it is natural to

consider the SMBH formation from these PBHs.
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