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We explore the phenomenology of QCD axion and axionlike particle (ALP) dark matter production via
misalignment during inflationary reheating. We investigate scenarios involving inflaton oscillating in a
generic potential ∼ϕn, considering inflaton decay and annihilation for reheating. For low reheating
temperatures, the parameter space leading to the correct relic abundance can be enlarged beyond the
standard case. Depending on the type of inflaton-matter couplings and the value of n, we find that certain
parts of the extended parameter space are already constrained by ADMX, CAPP, and MUSE experiments.
Future haloscope experiments are expected to impose more stringent constraints. We highlight the potential
to utilize axion experiments in constraining the dynamics of reheating.
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I. INTRODUCTION

QCD axions and axionlike particles (ALPs) are among the
well-motivated candidates for cold dark matter (DM) [1–4].
They are pseudo-Nambu-Goldstone bosons, arising from the
spontaneous breaking of some global Uð1Þ symmetry [5–8]
or low energy effective field theory emerging from string
theory [9–13]. See Refs. [14,15] for reviews on the recent
progress on axions and ALPs. In the early universe, cold
axion and ALP DM can be copiously sourced1 via the
vacuum misalignment mechanism [22–24].
In the standard scenario where oscillations begin during

the radiation-dominated epoch, the relic abundance of
QCD axions depends on both the mass ma and the initial
misalignment angle θi. For θi ∼Oð1Þ,2 a mass window in
the range ð10−6 eV; 10−5 eVÞ is necessary to match
observed DM relics. For ALPs, besides the mass and
initial misalignment angle, the relic abundance is also
dependent on the decay constant. Similarly, the parameter

space is limited unless the initial misalignment angle is not
Oð1Þ. In literature, it is demonstrated that for low-scale
inflation, axions could follow a Bunch-Davies distribution,
allowing for a smaller initial misalignment angle [26,27],
which in turn can widen the parameter space. Additionally,
models with nonzero initial velocity, namely θ̇i ≠ 0, could
also extend the axion window [28–30]. Here, we primarily
focus on the simplest and most traditional scenario with
θi ∼Oð1Þ and assume θ̇i ¼ 0 [25]. In this case, it has
been shown that deviations from standard cosmological
histories—such as the presence of early matter or kination
epochs—can significantly broaden the parameter space for
both axions and ALPs [17,19,31–43].
In this paper, we explore the generation of axion

and ALP DM via misalignment mechanism during infla-
tionary reheating.3 Reheating affects the parameter space
compatible with the observed relic abundance in two ways.
First, the entropy injection during reheating is expected
to enlarge the parameter space, possibly encompassing
regions accessible to current and future haloscope experi-
ments [62,63]. It is revealed that the degree of entropy
injection is intricately linked to the dynamics of reheating,
depending on factors such as the shape of the inflaton
potential and the nature of inflaton-matter couplings
[55,64]. Moreover, when assuming misalignment during
reheating, the oscillation temperature (another important
factor determining the parameter space) is controlled by
the underlying reheating scenarios. These connections
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1Alternatively, scatterings in the thermal plasma and the decay
of topological defects can also source axion [16]. Relativistic
axions can be sourced via evaporation of primordial black holes
[17–20]. In dense environments, such as red giants, white dwarfs
or neutron stars, axions can be produced abundantly via the
Bremsstrahlung processes [21].

2Assuming that θi follows a uniform distribution from −π to π,
the average is

ffiffiffiffiffiffiffiffiffi
hθ2i i

p
¼ π=

ffiffiffi
3

p
[25].

3This is complementary to recent investigations regarding
DM production during reheating via other mechanisms, such
as freeze-out or freeze-in [44–61].
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underscore the correlation between the augmented param-
eter space and the underlying reheating dynamics.
Here, our aim is to determine the parameter space for

axion and ALP DM resulting from misalignment during
reheating, while also exploring the corresponding exper-
imental constraints from haloscope and telescope experi-
ments. The primary objective of this study is to investigate
the impact of reheating dynamics, particularly the shape
of the inflaton potential and the type of inflaton-matter
couplings, on the parameter space. Furthermore, we aim
to analyze the associated experimental constraints.
Additionally, we explore the potential of utilizing axion
experiments to constrain reheating scenarios. To achieve
this, we focus on a scenario where the inflaton oscillates
around a general potential proportional to ϕn during
reheating.4 Additionally, we encompass a wide range of
possibilities by considering reheating scenarios arising
from both inflaton decays to scalars or fermions and
annihilations to scalars.
Note that the current scenario is more general compared

to what has been studied in the literature. To begin with, the
two special cases5 with n ¼ 2 and n → ∞ will recover the
aforementioned scenarios where misalignment occurred
during early matter and kination epochs. It is then expected
that our scenario with n ¼ 2 and n → ∞ can reproduce
the recent results in the literature, such as those in
Refs. [36,40,42] for axions and ALPs misalignment during
early matter and kination epochs. We will go beyond these
two special cases; in particular, we will provide analytical
expressions for any general n. Most importantly, we will
also investigate the effect of inflaton-matter couplings on
the axion and ALP DM parameter space, which has not
been explored in the literature. This is particularly interest-
ing since it offers a potential new avenue to probe reheating
using axion experiments.
The rest of the paper is organized as follows. In Sec. II,

we revisit reheating with a particular focus on the evolution
of energy densities and temperature. In Sec. III, we briefly
review misalignment in the radiation epoch after reheating.
In Sec. IV, we investigate the phenomenology and param-
eter space for misalignment occurring during reheating. In
Sec. V, we present the experimental constraints and com-
ment on how axion experiments can be used to constrain
reheating. Finally, we summarize our findings in Sec. VI.

II. REHEATING

After cosmic inflation ends, the inflaton starts to oscillate
around the minimum of its potential, transferring energy to
daughter particles that eventually thermalize and form a

thermal bath [66–68]. Here, we assume that the inflaton
potential during reheating takes the form ∼ϕn with n being
an even integer, which could originate from α attractor
inflation models [69], the Starobinsky inflation [70],
or polynomial inflation models [71–73]. During reheating,
the inflaton and radiation energy densities (denoted as ρϕ
and ρR, respectively) can be tracked using the following
Boltzmann equations [55,64]:

dρϕ
dt

þ 6n
nþ 2

Hρϕ ¼ −
2n

nþ 2
Γρϕ; ð2:1Þ

dρR
dt

þ 4HρR ¼ þ 2n
nþ 2

Γρϕ; ð2:2Þ

where H¼
ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
ðρϕþρRÞ=ð3M2

PÞ
q

corresponds to the Hubble

parameter with MP representing the reduced Planck mass,
and Γ denotes the inflaton decay or annihilation rates into
the radiation bath. In this work, we assume that the inflaton
is a gauge singlet scalar field and consider inflaton decays
into a pair of φ scalars (e.g., the Higgs field in the standard
model) or vectorlike fermions ψ (e.g., right-handed
neutrinos) or annihilation into scalars. For bosonic and
fermionic decays, they can proceed via trilinear interactions
∼μϕjφj2 and ∼yϕψ̄ψ ; for bosonic annihilation, the inter-
action can be described by ∼λϕ2jφj2. With these inter-
actions, we can then compute the inflaton energy transfer
rates, which are given by:

Γ ¼

8>>><
>>>:

μ2eff
8πmϕ

bosonic decay;

y2effmϕ

8π fermionic decay;

λ2effρϕ
16πm3

ϕ
bosonic annihilation;

ð2:3Þ

where μeff , yeff , and λeff correspond to effective couplings
after averaging over inflaton oscillations [64,74], and mϕ

denotes the inflaton mass parameter, which is given by the
second derivative of the potential ∝ ϕn−2 [55,64].
We define the end of reheating, or the onset of radiation

epoch to be the moment when ρϕðarhÞ ¼ ρRðarhÞ ¼
3HðarhÞ2M2

P, where arh is the corresponding scale factor
at that moment. In the regime with Γ ≪ H, the solution for
Eq. (2.1) during reheating can be approximated as [55,64]

ρϕðaÞ ≃ ρϕðarhÞ
�arh
a

� 6n
2þn: ð2:4Þ

The Hubble parameter can then be expressed as follows:

HðaÞ ≃HðarhÞ
8<
:
�arh
a

� 3n
nþ2 for aend ≤ a ≤ arh;�arh

a

�
2 for arh ≤ a;

ð2:5Þ

4We assume that n is an even number to ensure the existence of
a minimum.

5For a coherent scalar field oscillating around ∼ϕn, the
equation-of-state parameter is ω ¼ ðn − 2Þ=ðnþ 2Þ [65]. There-
fore, ω ¼ 0 for n ¼ 2 and ω ¼ 1 for n → ∞.
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where aend denotes the scale factor at the end of inflaton. The first piece of Eq. (2.5) is obtained by using Friedmann
equation with Eq. (2.4), and the second piece corresponds to the values during the radiation epoch. Using Eqs. (2.3)–(2.5),
one can solve Eq. (2.2) and obtain the solution for ρR during reheating [55,64]:

ρRðaÞ ≃

8>>>>><
>>>>>:

n
1þ2n ρϕðarhÞ

�arh
a

� 6
nþ2

h
1 −

�aend
a

�2þ4n
2þn

i
bosonic decay;

n
7−n ρϕðarhÞ

�arh
a

�
4
h�aend

a

�2ðn−7Þ
2þn − 1

i
fermionic decay;

n
2n−5 ρϕðarhÞ

�arh
a

� 18
nþ2

h
1 −

�aend
a

�2ð2n−5Þ
2þn

i
bosonic annihilation:

ð2:6Þ

From Eq. (2.6), we can further compute the thermal bath
temperature TðaÞ¼ ½ρRðaÞ30=ðπ2g⋆Þ�1=4, where g⋆ denotes
the degrees of freedom contributing the radiation energy
densities. We find that the thermal bath temperature can be
expressed as the following general expression [55,64]:

TðaÞ ≃ Trh

(�arh
a

�
α for aend ≤ a ≤ arh;�arh

a

�
1 for arh ≤ a;

ð2:7Þ

where the α parameters are given by

α ¼

8>>><
>>>:

3
2ðnþ2Þ bosonic decay;

3ðn−1Þ
2ðnþ2Þ fermionic decay;

9
2ðnþ2Þ bosonic annihilation:

ð2:8Þ

We can then write the Hubble parameter in Eq. (2.5) as
function of temperature:

HðTÞ ≃

8>><
>>:

HðTrhÞ
�

T
Trh

� 3n
2þn

1
α for Trh ≤ T;

HðTrhÞ
�

T
Trh

�
2

for T ≤ Trh:
ð2:9Þ

Several comments in order before closing this section.
First, for bosonic annihilation with n ¼ 2, it is not possible
for the radiation to surpass inflaton energy densities as
ρR ∝ ðarh=aÞ4 while ρϕ ∝ ðarh=aÞ3 during reheating.
Therefore, we need to consider n > 2 to achieve successful
reheating and allow the universe to transition into a
radiation-dominated epoch. Secondly, in the fermionic
decay scenario with for n > 7, one has α ¼ 1 because
ðaend=aÞ2ðn−7Þ=ð2þnÞ ≪ 1 [in the second line of Eq. (2.6)].
Furthermore, the analytical results, in particular Eqs. (2.7)
and (2.9), rely on the assumption that the dominant
contribution for estimating temperature arises from pertur-
bative inflaton decays. This assumption remains valid
under the condition that the impact of nonperturbative
phenomena [68,75], and gravitational effects during reheat-
ing [76] remain subordinate to perturbative decay. It is
important to note that even though the presence of

nonperturbative processes could lead to the equation-of-
state parameter ω approaching 1=3, perturbative decay
retains its significance in fully depleting inflaton energy
[77–79]. Moreover, for the bosonic decay scenario, inves-
tigations have highlighted the inefficacy of preheating due
to the backreaction stemming from the self-interaction of
the daughter field [77]. Similarly, fermionic preheating
could be impeded by Pauli blocking [80]. These conclu-
sions are expected to be more robust for weak couplings
between the inflaton and daughter particles, a regime
that aligns with low reheating temperatures. Finally, the
gravitational reheating mechanism demands ω ¼ ðn − 2Þ=
ðnþ 2Þ ≳ 0.65 to exert efficiency [57,76,81,82], which
effectively confines its significance to cases where n≲ 9.
In this study, we mainly focus on 2 ≤ n ≤ 8 with low

reheating temperatures characterized by weak couplings,
specifically Trh ≲ 1 GeV. In these situations, it is reason-
able to concentrate on perturbative processes and utilize the
elementary theory of reheating based on perturbative
decay [25].

III. MISALIGNMENT AFTER
REHEATING: Trh ≥ Tosc

In this section we revisit the standard case where
axion and ALPmisalignment occurs during radiation epoch
after reheating.

A. QCD axion

The axion mass ma at zero temperature is given by [83]

ma ≃ 5.7 × 10−6
�
1012 GeV

fa

�
eV; ð3:1Þ

where fa denotes the decay constant. The temperature-
dependent axion mass m̃a was numerically calculated
in Ref. [84], which can be analytically approximated
as [42,43]

m̃aðTÞ ≃ma

	 ðTQCD=TÞ4 for T ≥ TQCD;

1 for T ≤ TQCD;
ð3:2Þ

where TQCD ≃ 150 MeV.
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The Lagrangian density for axion field is

La ⊃
1

2
∂
μa∂νa − m̃2

aðTÞf2a


1 −

�
cos

a
fa

��
; ð3:3Þ

with which one can derive the equation of motion of the
axion field:

θ̈ þ 3Hθ̇ þ m̃2
aðTÞ sin θ ¼ 0; ð3:4Þ

where H denotes the Hubble expansion rate and
θ≡ aðtÞ=fa. At high temperature with T ≫ TQCD, the
Hubble parameter is much larger than the axion mass so
that the axion field is frozen to be constant. Axions begin
to oscillate at the temperature T ¼ Tosc defined by
3HðToscÞ≡ m̃aðToscÞ [25]. In the radiation epoch, the
corresponding oscillation temperature is

Tosc ≃

8>>><
>>>:

�
1
π

ffiffiffiffi
10
g⋆

q
maMP

�
1=2

Tosc ≤ TQCD;�
1
π

ffiffiffiffi
10
g⋆

q
maMPT4

QCD

�
1=6

Tosc ≥ TQCD;

ð3:5Þ

where we have used the second line of Eq. (2.9) for the
Hubble parameter. Under the assumption that the entropy is
conserved after reheating, we can relate the axion energy
density at present with that at oscillation:

ρaðT0Þ ¼ ρaðToscÞ
ma

m̃aðToscÞ
sðT0Þ
sðToscÞ

; ð3:6Þ

where T0 ≃ 2.73K denotes the temperature at present,
and ρaðToscÞ ≃ 1

2
m̃2

aðToscÞf2aθ2i with θi being the initial
misalignment angle. The entropy density is defined as

sðTÞ ¼ 2π2

45
g⋆sðTÞT3; ð3:7Þ

where g⋆s denotes the degrees of freedom contributing
to the SM entropy. Using Eqs. (3.2) and (3.6), we can
compute the axion relic abundance, which is

Ωah2 ≡ ρaðT0Þ
ρc=h2

≃ 0.12

�
θi
1.0

�
2

8>><
>>:
�

ma
5.2×10−7 eV

�
−3
2 for ma ≤ mQCD

a ;�
ma

8.5×10−6 eV

�
−7
6 for ma ≥ mQCD

a ;

ð3:8Þ

with ρc¼1.05×10−5h2 GeV3=cm3 being the critical
energy density, sðT0Þ ≃ 2.69 × 103 cm−3 [85], andmQCD

a ≡
maðTosc ¼ TQCDÞ ¼ 3HðTQCDÞ ≃ 4.8 × 10−11 eV. By
assuming an initial misalignment angle θi ≃ 1.0, we see
from Eq. (3.8) that a axion mass aroundma ∼Oð10−5Þ eV,
and correspondingly a decay constant fa ∼Oð1012Þ GeV
is required in order to match the observed relic abundance.

B. ALP

For ALP, we remain model agnostic about the origin of
its mass. We consider ALP mass to be time independent,
and the oscillation temperature is then given by the first line
of Eq. (3.5). The energy density at present takes a form:

ρaðT0Þ ¼ ρaðToscÞ
sðT0Þ
sðToscÞ

; ð3:9Þ

where ρaðToscÞ ≃ 1
2
f2am2

aθ
2
i . Similar as before, we can

further compute the relic abundance for ALPs, which is

Ωah2 ≃ 0.12
�
θi
1.0

�
2
�

fa
1.0 × 1014 GeV

�
2

×

�
ma

7.4 × 10−11 eV

�
1=2

: ð3:10Þ

Note that in general fa and ma are independent parameters
for ALP, however it is required that fa ∝ m−1=4

a in order to
match the observed DM relic abundance. Besides, as a
way of cross checking, we notice that once replacing fa to
be ma via Eqs. (3.1) and (3.10) reproduces the first line
of Eq. (3.8).
In the next section, we will explore the phenomenologi-

cal consequence of misalignment occurring during reheat-
ing. Depending on the dynamics of reheating, we will show
that both the axion and ALP DM parameter space can be
enlarged and show distinct behaviors.

IV. MISALIGNMENT DURING
REHEATING: Trh < Tosc

In the previous section we have assumed that the
oscillation temperature is Tosc < Trh so that misalignment
occurs in radiation epoch after reheating. In this section we
assume axion or ALP oscillation during reheating with
Tosc > Trh. In such case, the density at present is

ρaðT0Þ ¼ ρaðToscÞ
ma

m̃aðToscÞ
sðT0Þ
sðToscÞ

SðToscÞ
SðTrhÞ

; ð4:1Þ

where the entropy dilution factor is given by
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SðTÞ
SðTrhÞ

¼
�

g⋆sðTÞ
g⋆sðTrhÞ

��
T
Trh

�
3
�
aðTÞ
arh

�
3

¼
�

g⋆sðTÞ
g⋆sðTrhÞ

��
T
Trh

�3α−3
α

¼
�

g⋆sðTÞ
g⋆sðTrhÞ

�
8>>>>>><
>>>>>>:

�
Trh
T

�
2nþ1

bosonic decay;�
Trh
T

�7−n
n−1 fermionic decay;�

Trh
T

�2n−5
3 bosonic annihilation:

ð4:2Þ

The remaining task is to work out the oscillation
temperature Tosc for a given α parameter, or a type of
reheating scenario. Note that for fermionic decay with
n > 7, one has α ¼ 1 as argued earlier, leading
to SðTÞ=SðTrhÞ ¼ g⋆sðTÞ=g⋆sðTrhÞ.

A. QCD axion

For QCD axion, there are two possibilities: Case 1:
TQCD < Tosc and Case 2: TQCD > Tosc. In the following,
we investigate these cases separately.

1. Case 1: TQCD < Tosc

In the case with TQCD < Tosc, axion mass features a
temperature dependence: m̃a ¼ maðT=T4

QCDÞ. Using the

first line of Eq. (2.9), we work out the oscillation temper-
ature, which is given by

Tosc ¼ Trh

 
1

π

ffiffiffiffiffi
10

g⋆

s
maMPT4

QCD

T6
rh

! αð2þnÞ
3nþ4αð2þnÞ

: ð4:3Þ

Depending on the hierarchy of the QCD scale and the
reheating temperature, there are further two possibilities:
Trh < TQCD < Tosc and TQCD < Trh < Tosc, which lead to
constraints on reheating temperature; for the former, we
have:

T
3n

3n−2αðnþ2Þ
QCD

 
1

π

ffiffiffiffiffi
10

g⋆

s
maMP

! −αðnþ2Þ
3n−2αðnþ2Þ

< Trh < TQCD; ð4:4Þ

while the latter requires

TQCD < Trh <

 
1

π

ffiffiffiffiffi
10

g⋆

s
maMPT4

QCD

!1
6

: ð4:5Þ

With the oscillation temperature Eq. (4.3) and entropy
dilution factor Eq. (4.2), we can further proceed to compute
the axion density Eq. (4.1), and finally the relic abundance
at present.
For bosonic decay, we find a general expression in the

following form6:

Ωah2 ≃ 0.12

�
θi
1.0

�
2
�

Trh

0.1 GeV

�10−n
nþ2

"
ma

2.59 × 10−6 · exp
�
−20.19þ3.68n

nþ4

�
eV

#−4þn
nþ2

; ð4:6Þ

or with specific values of n

Ωah2 ≃ 0.12

�
θi
1.0

�
2

8>>>>>>>>><
>>>>>>>>>:

�
Trh

0.1 GeV

�
2
�

ma
3.1×10−7 eV

�
−3
2 bosonic decayn ¼ 2;�

Trh
0.1 GeV

�
1
�

ma

1.3×10−6 eV

�
−4
3 bosonic decayn ¼ 4;�

Trh
0.1 GeV

�1
2

�
ma

3.1×10−6 eV

�
−5
4 bosonic decayn ¼ 6;�

Trh
0.1 GeV

�1
5

�
ma

5.6×10−6 eV

�
−6
5 bosonic decayn ¼ 8:

ð4:7Þ

Similarly, for fermionic decay, we find

Ωah2 ≃ 0.12

�
θi
1.0

�
2

8>>><
>>>:

�
Trh

0.1 GeV

�14−3n
3n−2



ma

1.03×10−6·exp
�
−11.64þ4.61n

nþ2

�
eV

� 3n
2−3n

n < 7;

�
Trh

0.1 GeV

�7ð4−nÞ
8þ7n



ma

1.03×10−6·exp
�
−5.76þ4.61n

nþ2

�
eV

�−7ð2þnÞ
8þ7n

n > 7;

ð4:8Þ

6The exponential function “exp” has been introduced to make the result more compact.
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and

Ωah2 ≃ 0.12

�
θi
1.0

�
2

8>>>>>>>>><
>>>>>>>>>:

�
Trh

0.1 GeV

�
2
�

ma
3.1×10−7 eV

�
−3
2 fermionic decayn ¼ 2;�

Trh
0.1 GeV

�1
5

�
ma

5.6×10−6 eV

�
−6
5 fermionic decayn ¼ 4;�

Trh
0.1 GeV

�
−1
4

�
ma

1.5×10−5 eV

�
−9
8 fermionic decayn ¼ 6;�

Trh
0.1 GeV

�
− 7
16

�
ma

2.3×10−5 eV

�
−35
32 fermionic decayn ¼ 8:

ð4:9Þ

For bosonic annihilation, we have

Ωah2 ≃ 0.12

�
θi
1.0

�
2
�

Trh

0.1 GeV

�6−n
6þn

"
ma

1.0 × 10−6 · exp
�
2.14þ4.63n

nþ8

�
eV

#−ð8þnÞ
6þn

ð4:10Þ

and

Ωah2 ≃ 0.12

�
θi
1.0

�
2

8>>>>><
>>>>>:

�
Trh

0.1 GeV

�1
5

�
ma

5.6×10−6 eV

�
−6
5 bosonic annihilation n ¼ 4;�

Trh
0.1 GeV

�
0
�

ma

8.5×10−6 eV

�
−7
6 bosonic annihilation n ¼ 6;�

Trh
0.1 GeV

�
−1
7

�
ma

1.2×10−5 eV

�
−8
7 bosonic annihilation n ¼ 8:

ð4:11Þ

For the scenario with n ¼ 2, we observe that the
expression for Ωah2 remains the same for both the bosonic
and fermionic decay reheating scenarios. This similarity
arises because, in this case, the inflaton decay rate Γ does
not exhibit time dependence due to the constant inflaton
mass. Consequently, both the dilution factor Eq. (4.2) and
the oscillation temperature Eq. (4.3) are identical for both
bosonic and fermionic decay reheating scenarios with
n ¼ 2. Additionally, we notice that in the case of bosonic
annihilation with n ¼ 6, the relic abundance becomes
independent of the reheating temperature Trh, remaining
the same as in the case of oscillations occurring during the
radiation-dominated epoch, as shown in the second line
of Eq. (3.8).

2. Case 2: TQCD ≥ Tosc

For oscillation temperature below QCD scale, we have
m̃a ¼ ma. Using the first line of Eq. (2.9), we find the
oscillation temperature

Tosc ¼ Trh

 
1

π

ffiffiffiffiffi
10

g⋆

s
maMP

T2
rh

!αð2þnÞ
3n

: ð4:12Þ

Similar as before, the self-consistency condition Trh ≤
Tosc ≤ TQCD yields bounds on reheating temperature,
which in this case lead to

Trh ≤ T
3n

3n−2αð2þnÞ
QCD

 
1

π

ffiffiffiffiffi
10

g⋆

s
maMP

! −αð2þnÞ
3n−2αð2þnÞ

; ð4:13Þ

Trh ≤

 
1

π

ffiffiffiffiffi
10

g⋆

s
maMP

!1
2

: ð4:14Þ

With the oscillation temperature, we find the relic
abundance reads

Ωah2≃0.12

�
θi
1.0

�
2
�

Trh

4MeV

�4−n
n

×

"
ma

1.0×10−6 · exp
�
−35.29þ7.85n

nþ2

�
eV

#−2þn
n

; ð4:15Þ

or with specific value of n:

Ωah2 ≃ 0.12

�
θi
1.0

�
2

8>>>>>>>>><
>>>>>>>>>:

�
Trh

4 MeV

�
1
�

ma
7.5×10−9 eV

�
−2

n ¼ 2;�
Trh

4 MeV

�
0
�

ma
5.2×10−7 eV

�
−3
2 n ¼ 4;�

Trh
4 MeV

�
−1
3

�
ma

4.4×10−6 eV

�
−4
3 n ¼ 6;�

Trh
4 MeV

�
−1
2

�
ma

1.6×10−5 eV

�
−5
4 n ¼ 8:

ð4:16Þ
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It is interesting to note that the relic abundance is
independent of the α parameter or the form of inflaton-
matter couplings, even though the oscillation temperature
still depends on them. This becomes clear to recall from
Eq. (4.1) that

ρaðT0Þ∝
1

T3
osc

�
Tosc

Trh

�3α−3
α ¼T

3−3α
α

rh T
−3
α

osc∝T
4−n
n
rh m

−nþ2
n

a ; ð4:17Þ

where we have utilized Eq. (4.12) to rewrite Tosc with ma
and Trh in the last step. We also notice that for n ¼ 4, the
relic abundance is independent from the reheating Trh,
being the same as the first line of Eq. (3.8).
In Fig. 1, we illustrate the parameter space ðTrh; maÞ

or ðTrh; faÞ that gives rise to the observed DM relic
abundance. The blue lines, depicted as solid, dashed,

dash-dotted, and dotted, correspond to different values of
n, specifically n ¼ 2, 4, 6, and 8, respectively. The red
dotted line corresponds to Trh ¼ Tosc, which divides the
parameter space into regions of Trh > Tosc and Trh < Tosc,
above and below it, respectively. The vertical black dotted
line represents the scenario with Trh > Tosc, where oscil-
lations occur after reheating, specifically during the radi-
ation epoch, with ma ≃ 8.6 × 10−6 eV. The horizontal gray
dotted line denotes Trh ¼ TQCD. The gray dashed line
symbolizes Tosc ¼ TQCD, marking the boundary between
regions of Tosc < TQCD and Tosc > TQCD. Note that Tosc

depends on both n and α (or the type of inflaton-matter
couplings). For a fixed n, the proximity of Tosc to TQCD

leads to a change in slope for the blue lines, an effect
attributed to the temperature-dependent nature of the
axion mass. In the plot, we only depict Tosc ¼ TQCD

FIG. 1. Blue lines correspond to Trh as function ofma (or fa) generating the observed axion DM relic density for bosonic (upper left),
fermionic (upper right) inflaton decay and bosonic inflaton annihilation (lower panel) with different n and θi ¼ 1.
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(gray dashed line) with n ¼ 2 for bosonic decay (upper left
panel) and fermionic decay (upper right panel), and with
n ¼ 6 for bosonic annihilation (lower panel). For the
fermionic decay with n > 2 and bosonic annihilation with
n ¼ 4, the blue lines change slopes at regimes with much
smaller Trh, which are not visible in the figure. Lastly, the
shaded gray band characterizes Trh ≲ 4 MeV, a range
contradictory to the requirements of big bang nucleosyn-
thesis (BBN) [86,87], and therefore disfavored.
In the scenario where n ¼ 2, we observe that the

parameter space remains identical for both bosonic and
fermionic decay modes, as explained before. In this
context, the axion mass can reach remarkably small values,
approximately ma≃7.5×10−9 eV, assuming Trh ≃ 4 MeV
and θi ¼ 1.0. By further reducing θi, the lower limit of ma
can be pushed even lower. For example, with θi ¼ 0.5, the
axion mass can be as small as ma ≃ 3.7 × 10−9 eV while
maintaining Trh ≃ 4 MeV. Conversely, if we explore
larger misalignment angles, such as θi ¼ π=

ffiffiffi
3

p
, and higher

reheating temperatures, around Trh ≃ 1 GeV, we find
that the axion mass increases, reaching approximately
ma ≃ 2.4 × 10−5 eV. These results for n ¼ 2 align with
the early matter case discussed in Ref. [42].
As we examine larger values of n (while keeping Trh

constant), an intriguing trend emerges. The dilution factor,
as presented in Eq. (4.2), tends to grow, leading to an
increased demand for a larger axion mass to satisfy the
condition that the axion density at present is fixed. This
elucidates the ordering of the blue curves (from left to right)
within the parameter space. Although we are focusing on
the regimewith n ≤ 8, it is still interesting to note that in the
limit n → ∞, axion mass can be as large as Oð10−2Þ eV
[cf. Eq. (4.15)]. This upper bound on axion mass is in
agreement with scenarios where oscillations occur during
the kination epoch [42].
With the increase of the reheating temperature Trh, we

notice that the blue lines tend to merge to the black dotted
line. The physical reason is that for larger Trh, misalign-
ment tends to occur after reheating so that the effect of
details of reheating dynamics do not play a role. Using
Eq. (4.14), and ma ≃ 8.6 × 10−6 eV, we find an upper
bound on reheating temperature:

Trh ≲ 1 GeV; ð4:18Þ

which guarantees that misalignment happens during
reheating.
An intriguing feature of Fig. 1 is that the distinctions

among different reheating scenarios as well as their effects
on the extended parameter space become pronounced for
n > 2, which contribute to the distinct shapes of the curves
as depicted in the three figures. As a result, we have different
ranges of axion mass for a given reheating temperature
Trh≲1GeV in the different reheating scenarios.
So far, we have only focused on θi ¼ 1.0. In Table I, we

explore the parameter space concerning the axion mass ma
for various reheating scenarios and specific values of n
by allowing wider range of initial misalignment angle:
θi ∈ ½0.5; π= ffiffiffi

3
p �. In the bosonic annihilation scenario, we

leave it empty for n ¼ 2 since it is not possible to have
successful reheating with inflaton annihilation alone.
Again, one can see that the parameter space can vary for
different reheating scenarios. In particular, the bosonic
annihilation scenarios do not allow axion mass in the
regime: 3.7 × 10−9 eV≲ma ≲ 5.1 × 10−7 eV, which is
nevertheless supported in the decay scenarios. It is also
interesting to note that only fermionic decay scenarios can
give rise to 4.9 × 10−5 eV≲ma ≲ 2.5 × 10−4 eV. These
distinctions in the parameter space have very important
experimental implications, as will be explored in Sec. V.

B. ALP

So far, we have only focused on the QCD axions. In this
section, we shift our focus to the axionlike particles
(ALPs). When oscillations happen during reheating, the
oscillation temperature is the same as the expression given
in Eq. (4.3). The allowed reheating temperature in this
case reads

4 MeV ≤ Trh ≤ Tosc ≃

 
1

π

ffiffiffiffiffi
10

g⋆

s
maMP

!1
2

; ð4:19Þ

which leads to a lower bound on ALP mass:

TABLE I. Summary of parameter space of ma for QCD axion DM in a different reheating scenario with
θi ∈ ½0.5; π= ffiffiffi

3
p � and 4 MeV ≲ Trh ≲ 1 GeV.

Scenario

ma=eV

n Ferminonic decay Bosonic decay Bosonic annihilation

n ¼ 2 ½3.7 × 10−9; 2.4 × 10−5� ½3.7 × 10−9; 2.4 × 10−5�
n ¼ 4 ½5.1 × 10−7; 2.4 × 10−5� ½2.1 × 10−7; 2.4 × 10−5� ½5.1 × 10−7; 2.4 × 10−5�
n ¼ 6 ½2.6 × 10−6; 8.7 × 10−5� ½1.6 × 10−6; 2.4 × 10−5� ½2.6 × 10−6; 2.4 × 10−5�
n ¼ 8 ½2.6 × 10−6; 2.5 × 10−4� ½2.6 × 10−6; 4.1 × 10−5� ½2.6 × 10−6; 4.9 × 10−5�
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ma ≳ 2.2 × 10−14 eV: ð4:20Þ

Here we assume that ALP mass to be a constant in time, and the ALP energy density is then given by

ρaðT0Þ ¼ ρaðToscÞ
sðT0Þ
sðToscÞ

SðToscÞ
SðTrhÞ

≃
1

2
m2

af2aθ2i
sðT0Þ
sðToscÞ

SðToscÞ
SðTrhÞ

; ð4:21Þ

where the entropy dilution factor SðToscÞ=SðTrhÞ can be computed using Eq. (4.2). This leads to:

Ωah2 ≃
�
θi
1.0

�
2
�

fa
1.3 × 1013 · expð8.1=nÞ GeV

�
2
�

Trh

4 MeV

�4−n
n
�

ma

7.4 × 10−11 eV

�n−2
n

; ð4:22Þ

or in specific value of n:

Ωah2 ≃
�
θi
1.0

�
2

8>>>>>>>>><
>>>>>>>>>:

�
fa

7.6×1014 GeV

�
2
�

Trh
4 MeV

�
1
�

ma

7.4×10−11 eV

�
0

n ¼ 2;�
fa

1.0×1014 GeV

�
2
�

Trh
4 MeV

�
0
�

ma

7.4×10−11 eV

�1
2 n ¼ 4;�

fa
5.1×1013 GeV

�
2
�

Trh
4 MeV

�
−1
3

�
ma

7.4×10−11 eV

�2
3 n ¼ 6;�

fa
3.6×1013 GeV

�
2
�

Trh
4 MeV

�
−1
2

�
ma

7.4×10−11 eV

�3
4 n ¼ 8:

ð4:23Þ

As a means of cross checking and to ensure the
consistency of our analysis, we note that Eqs. (4.22) and
(4.23) reproduce Eqs. (4.15) and (4.16) once replacing fa
to ma by using Eq. (3.1). Similar to the case with Tosc <
TQCD for QCD axion, we find that the parameter space
remains unaffected by the type of inflaton-matter couplings
under consideration.
Our results in this section become particularly interesting

when examining different values of n within the context of
ALPs. Starting with the case where n ¼ 2, our analysis
aligns with the results presented in Ref. [40], where the
authors study ALPs misalignment during early matter
domination. We confirm that Ωah2 remains independent
of ma, thereby resulting in the relationship fa ∝ T−1=2

rh as a
prerequisite for achieving the observed DM relic abun-
dance. Another scenario, outlined in Ref. [40], corresponds
to the limit of n → ∞, where we find that fa ∝ m−1

a holds
true. Our results for n ¼ 2 and n → ∞ thus stand as a
validation of the earlier work.
Being complementary to Ref. [40], we explore additional

values of n, revealing the trends as follows.
(i) For n ¼ 4, Ωah2 becomes independent of Trh,

mirroring the scenario where ALP oscillates during
the radiation epoch [cf. Eq. (3.10)]. Consequently, to
account for the observed DM relic abundance, the
requirement shifts to fa ∝ m−1=4

a .
(ii) When considering n > 4, we delve into a domain

where fa can be significantly smaller than what
would be necessary under radiationlike oscillation
conditions. For instance, for n ¼ 6, we ascertain that

fa ∝ m−1=3
a , while for n ¼ 8, the relationship shifts

to fa ∝ m−3=8
a .

This intriguing range of n values leads to interesting
experimental implications that will be explored in the
forthcoming section.

V. EXPERIMENTAL CONSTRAINTS

In previous sections, we have worked out the parameter
space for QCD axion and ALP misalignment during
reheating. We have shown that the parameter space can
be enlarged and show distinct features for different reheat-
ing scenarios. In this section, we are devoted to investigat-
ing the experimental constraints and implications.
As a benchmark scenario, we consider axions and ALPs

couple to two photons via an effective dimension-5
operator [22–24,88]:

Laγ ¼ −
1

4
gaγaFμνF̃μν ¼ gaγaE⃗ · B⃗; ð5:1Þ

where gaγ corresponds to the coupling constant. It is related
to the decay constant as [88]

gaγ ≃ 10−13 GeV−1
�
1010 GeV

fa

�
: ð5:2Þ

In the landscape of experimental constraints, numerous
developments have emerged to shed light on the axion and
ALP parameter space [62,63,88]. Within this context, our
primary focus centers on specific experimental endeavors,
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particularly haloscope and telescope experiments, which
are relevant to the parameter space of interest in this article.
Here we briefly mention several relevant experiments,
including some ongoing haloscope experiments, e.g.,
ADMX [89–93] and CAPP [94–98] and telescope experi-
ments, e.g., MUSE [99]. The sensitivity regimes are
depicted in dark gray color. We also consider some future
projection limits in gray dashed lines from from several
haloscope experiments aimed for different mass regimes.
These include DM-Radio for ma in 20–800 neV [100],
FLASH for ma in 0.2–1 μeV [101,102], Baby-IAIXO for
ma in 1–2 μeV [103], ADMX forma in 1.9–3.7 μeV [104],
QUAX for ma in 35–45 μeV, DALI for ma in 20–250 μeV
[105], ALPHA for ma in 35–400 μeV [106], MADMAX
for ma in 40–400 μeV [107], ORGAN for ma in
60–210 μeV [108], CADEx for ma in 330–460 μeV [109],

BRASS for ma in 10–104 meV, BREAD for ma in
10−3–1 eV [110], LAMPOST for ma in 0.1–10 eV [111].
These constraints and projection curves have been gen-
erated by using the AxionLimits code in [112].

A. Results

In Fig. 2, we present the parameter space ðgaγ; maÞ that
leads to the correct relic abundance. The black dotted
line represents the prediction for the QCD axion using
Eqs. (3.1) and (5.2). It is important to note that not all points
along this line fulfill the condition for axions to produce the
correct relic abundance. For the scenario where oscillations
occur during the radiation epoch after reheating, we find
specific values that match this requirement: ma ≃ 2.4 ×
10−5 eV and gaγ ≃ 4.1 × 10−15 GeV−1 with θi ¼ π=

ffiffiffi
3

p
.

FIG. 2. The blue lines correspond to the parameter space with gaγ as function of ma to yield correct DM relic abundance for QCD
axion by assuming misalignment occurs during reheating. The red dot corresponds to the standard case where oscillation occurs in
radiation epoch after reheating with θi ¼ π=

ffiffiffi
3

p
. The segments between red and black, red and blue, red and green, red and magenta dots

correspond to the parameter space with n ¼ 2, n ¼ 4, n ¼ 6, and n ¼ 8, respectively. For bosonic annihilation, n ¼ 6 overlaps with the
standard case (red dot). The constraints (dark gray region) and future projection limits (gray dashed lines) are generated by using the
AxionLimits code [112].
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This specific point is illustrated as the red dot on the plot.
It is worth mentioning that the parameter space can be
expanded further if the misalignment takes place during the
reheating phase, as thoroughly investigated in the previous
section.
The upper left, upper right, and lower panels of the figure

correspond to distinct reheating scenarios achieved via
inflaton fermionic decay, inflaton bosonic decay, and
bosonic annihilation, respectively. In each panel, the blue
lines delineate the parameter space where the QCD axion
can account for dark matter, specifically when oscillations
occur during the reheating phase. The segments between
red dot and other dots of various colors, namely black,
blue, green, and magenta, delineate the regions where the
conditions for the observed relic abundance are satisfied for
different values of n (n ¼ 2, n ¼ 4, n ¼ 6, and n ¼ 8). The
gray vertical dotted lines in all panels correspond to the
lower and upper limits on ma as outlined in Table I.
We have considered the initial misalignment angle as

θi ∈ ½0.5; π= ffiffiffi
3

p � in all panels. It is interesting to notice that
a portion of the extended parameter space are already
constrained by the haloscope experiments, for example
ADMX [89–93] and CAPP [94–98]. Depending on the
underlying reheating scenarios, the conclusions differ as
will be explained in the following.

(i) Fermionic decay scenario.
For the reheating scenario through inflaton fer-

mionic decay, we observe that the parameter space
corresponding to n ¼ 2 and n ¼ 4 is susceptible to
sensitivity by ADMX and CAPP experiments.
Notably, regions within the axion mass range
of 2 × 10−6 eV to 5 × 10−6 eV are already ruled
out by these experiments, as depicted in the upper
left panel of Fig. 2. However, for n > 4, the current
haloscope experiments are less likely to probe the
parameter space associated with the reheating sce-
nario via fermionic decay.

(ii) Bosonic decay scenario.
Within the context of the bosonic decay scenario,

the results are different compared to previous fer-
mionic decay scenarios. Specifically, the current
ADMX and CAPP experiments are sensitive to
the scenarios with n ≤ 6.

(iii) Bosonic annihilation scenario.
In the context of the bosonic annihilation scenario

with n ¼ 6, the parameter space overlaps with the
case of oscillations during the radiation epoch. The
parameter space for n ¼ 4 is identical to that in
the fermionic decay scenario and is slightly larger
than that in the bosonic decay scenario for n ¼ 8,
which is also shown in Table I. It is evident that only
the scenario with n ¼ 4 is constrained with the
current ADMX and CAPP experiments.

In Fig. 3, we illustrate the relationship between ðgaγ; maÞ
that results in the correct relic abundance for ALPs, with a

focus on its dependence on the parameter n. We have fixed
θi ∈ ½0.5; π= ffiffiffi

3
p � and Trh ¼ 4 MeV, and considered the

ALP mass bound presented in Eq. (4.20), as we are mainly
focusing on misalignment during reheating.
The magenta, blue, green, and red shaded bands corre-

spond to different values of n, specifically n ¼ 2, n ¼ 4,
n ¼ 6, and n ¼ 8, respectively. For fixed ma and reheating
temperature Trh, with increasing values of n, a smaller
decay constant fa is required [cf. Eq. (4.23)], which in turn
leads to a larger value of the axion-photon coupling
constant gaγ. Consequently, the parameter space corre-
sponding to higher values of n becomes more accessible for
probing. For larger reheating temperature, the red band
with n ¼ 8 and green band with n ¼ 6 move downward,
while the magenta band with n ¼ 2 moves upward. Note
that the case with n ¼ 4 is identical to the scenario where
oscillations occur during the radiation epoch, being inde-
pendent of Trh.
An intriguing observation emerges when considering

the impact of ongoing experiments. For n ¼ 8, current
haloscope experiments, such as ADMX and CAPP,
have already constrained the parameter space within
the axion mass range of 2 × 10−6 eV to 5 × 10−6 eV.
Additionally, telescope experiments, like MUSE [99],
are capable of constraining the parameter space with
2.7 eV≲ma ≲ 5.3 eV for this case. As n decreases, for

FIG. 3. Colored bands correspond to the parameter space for gaγ
as function of ma to yield correct ALP DM relic abundance by
assuming misalignment occurs during reheating with different
valuesofn.Wehave considered θi∈ ½0.5;π= ffiffiffi

3
p � andTrh ¼ 4 MeV.

The scenario with n ¼ 4 is identical to the standard case where
oscillations occur during the radiation epoch. The current con-
straints (dark gray regimes) and future projection limits (gray
dashed lines) are generated by using the AxionLimits code [112].
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instance in the case of n ¼ 6, the parameter space moves
beyond the sensitivity of MUSE but can still be probed
through ADMX and CAPP experiments. For n ¼ 4
and n ¼ 2, the parameter space extends beyond the
reach of current ADMX and CAPP experiments, resulting
in a different conclusion compared to the scenario of
QCD axions.

B. Probing reheating via axion experiments

Given the distinct behaviors of the parameter space
and the resultant constraints arising from different
reheating scenarios, it is possible that future axion
experiments hold considerable potential for constraining
the reheating process. Here, we offer insights into how
these experiments could play a role in constraining the
reheating dynamics.
For the QCD axion, it is evident from Fig. 2 that future

haloscope experiments have the potential to constrain the
extended parameter space associated with the considered
reheating scenarios. If these experiments detect positive
signals, they would provide valuable constraints on the
reheating mechanisms. For instance, if a signal is observed
in the lower mass regime: 3.7 × 10−9 eV≲ma ≲ 5.1 ×
10−7 eV (cf. Table I), this would suggest that the reheating
scenario via bosonic annihilation becomes less likely.
Similarly, if a signal emerges in a larger mass range:
4.9 × 10−5 eV≲ma ≲ 2.5 × 10−4 eV (cf. Table I), the
reheating scenarios involving bosonic decay and annihila-
tion with n≲ 8 could be ruled out. This exclusion could be
achieved without necessitating a fine-tuning of the mis-
alignment angle.
For ALPs, a portion of the parameter space can be

probed by future haloscope experiments, as indicated in
Fig. 3. However, it is important to note that the larger
mass region remains outside the sensitivity of these
experiments. Due to the distinct ordering of parameter
space for different n values, future experiments are
particularly sensitive to scenarios with higher values of
n. Consequently, if a signal is detected in the larger mass
region, it could lead to the exclusion of scenarios with
smaller values of n. Unlike the QCD axion case, the
underlying type of inflaton-matter couplings cannot be
readily deduced from these observations in the context
of ALPs.

VI. CONCLUSIONS

In this work, we investigated the production of QCD
axions and axionlike particles (ALPs) as candidates for
dark matter (DM) via the vacuummisalignment mechanism
during inflationary reheating. By assuming that the inflaton
oscillates around a generic monomial potential ∼ϕn, we
derived the parameter space that gives rise to the correct
relic abundance for reheating scenarios involving inflaton
decay and annihilation. Additionally, we explored the

experimental constraints by comparing the parameter space
with current and future axion experiments.
For QCD axions with Tosc > TQCD, our analysis in

Sec. IVA 1 revealed a dependence of relic abundance
on both the value of n and the type of inflaton-matter
couplings. In the contrasting scenario of Tosc < TQCD, as
elucidated in Sec. IVA 2, the relic abundance was shown
to hinge solely on the value of n. Notably, we demon-
strated that for reheating temperatures 4 MeV≲
Trh ≲ 1 GeV, the parameter space capable of yielding
the correct relic abundance can be significantly expanded
compared to the conventional case where misalignment
transpires in the radiation-dominated epoch after reheat-
ing. This augmentation is depicted in Fig. 1 and sum-
marized in Table I. For ALPs, we found that the parameter
space can also be extended and is influenced only by
the value of n. We derived several general analytical
expressions, such as Eqs. (4.15) and (4.22), which can
reproduce the earlier results [40,42] concerning misalign-
ment during early matter (n ¼ 2) and kination epochs
ðn → ∞Þ.
By further considering axion and ALP couplings to

photons, we examined the constraints imposed by current
and future experiments. Due to the dependence of the
enlarged parameter space on the underlying reheating
dynamics, the constraints differ for different reheating
scenarios. For QCD axions, we found that current
ADMX and CAPP experiments are already capable of
ruling out certain parts of the expanded parameter space
with 2 × 10−6 eV≲ma ≲ 5 × 10−6 eV, particularly when
n ≤ 4 for both the decay and annihilation scenarios. For
n ¼ 6, we found that ADMX and CAPP experiments
exhibit the potential to probe ma ∼ 5 × 10−6 eV solely in
the context of bosonic decay scenario. These results are
shown in Fig. 2. For ALPs, our analysis identified telescope
experiments like MUSE are already capable of constraining
scenarios involving n ¼ 8 in the mass range of 2.7–5.3 eV,
as depicted in Fig. 3.
By mapping the extended parameter space with future

experimental projections, we found that forthcoming halo-
scope experiments hold significant potential to constrain
the parameter space associated with different reheating
scenarios for both QCD axions and ALPs. We also high-
lighted that positive detections at certain mass regimes
could lead to exclusion of specific reheating scenarios. In
particular, by assuming QCD axions as DM, we found that
the bosonic annihilation reheating scenarios become less
likely if a signal is observed in the lower mass regime:
3.7 × 10−9 eV≲ma ≲ 5.1 × 10−7 eV. On the other hand,
if a signal were to appear within a range with larger mass:
4.9 × 10−5 eV≲ma ≲ 2.5 × 10−4 eV, the reheating sce-
narios involving bosonic decay and annihilation with n≲ 8
could be ruled out, unless the initial misalignment angle is
not Oð1Þ.
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