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Axion dark matter in the post-inflationary Peccei-Quinn symmetry breaking scenario
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We consider extensions of the Standard Model in which a spontaneously broken global chiral
Peccei-Quinn (PQ) symmetry arises as an accidental symmetry of an exact ZN symmetry. For
N = 9 or 10, this symmetry can protect the accion – the Nambu-Goldstone boson arising from
the spontaneous breaking of the accidental PQ symmetry – against semi-classical gravity effects,
thus suppressing gravitational corrections to the effective potential, while it can at the same time
provide for the small explicit symmetry breaking term needed to make models with domain wall
number NDW > 1, such as the popular Dine-Fischler-Srednicki-Zhitnitsky (DFSZ) model (NDW =
6), cosmologically viable even in the case where spontaneous PQ symmetry breaking occurred after
inflation. We find thatN = 10 DFSZ accions with mass mA ≈ 3.5–4.2 meV can account for cold dark
matter and simultaneously explain the hints for anomalous cooling of white dwarfs. The proposed
helioscope International Axion Observatory – being sensitive to solar DFSZ accions with mass above
a few meV – will decisively test this scenario.

PACS numbers: 11.27.+d, 12.60.-i, 14.80.Va, 98.80.Cq

I. INTRODUCTION

The nature of dark matter is one of the greatest puz-
zles in particle physics and cosmology. One of the best
motivated candidates is the axion A [1, 2]. It arises as
a pseudo Nambu-Goldstone (NG) boson from the spon-
taneous breaking of a hypothetical global chiral U(1)PQ

extension of the Standard Model (SM) which is intro-
duced to provide a solution to the strong CP prob-
lem [3]. Soon after its introduction, it was realized that
for large U(1)PQ Peccei-Quinn (PQ) symmetry breaking
scale, vPQ ≫ 109GeV, the axion is also a cold dark mat-
ter candidate [4–6].
The prediction of the axion dark matter abundance

depends strongly on the early history of the Universe, in
particular on the fate of the U(1)PQ symmetry during and
after inflation (for recent reviews, see Refs. [7–10]). In
this paper, we concentrate on the case that the reheating
temperature of the Universe was high enough, TR > Tc,
such that the U(1)PQ symmetry was restored during re-
heating and spontaneously broken only later, when the
temperature fell below the critical temperature of the
PQ phase transition, Tc ∼ vPQ. In this case, axion dark
matter is produced not only by the re-alignment mech-
anism [4–6] but also by the decay of topological defects
which has to be quantitatively taken into account [11, 12].
In fact, vortex-like defects – strings – are formed at the

PQ phase transition. Later, when the temperature of the
Universe becomes comparable to the QCD phase transi-
tion, these strings are attached by surface-like defects –
domain walls. The structure of the domain walls is de-
termined by an integer number NDW – the domain wall
number – which is related to the chiral U(1)PQ-SU(3)c-
SU(3)c anomaly.

The evolution of these hybrid networks of strings and
domain walls – string-wall systems – crucially depends on
NDW. It is known that they are short-lived for NDW = 1,

while they are long-lived for NDW > 1. In fact, strictly
speaking, for NDW > 1, domain walls are stable, as long
as the U(1)PQ is an exact global symmetry. In this case,
they constitute a cosmological problem – the domain wall
problem – since they would overclose the Universe, in
conflict with standard cosmology [13, 14].

One of the solutions to this problem is to introduce
a small explicit U(1)PQ symmetry breaking parameter
in the Lagrangian, which makes the walls unstable and
leads to their annihilation at late times [15, 16]. In fact, it
is generically expected that the PQ symmetry – like any
global symmetry – is not protected from explicit symme-
try breaking effects by Planck-scale suppressed operators
appearing in the low-energy effective Lagrangian [17–25].
However, these operators modify also the axion potential,
eventually shifting its minimum away from zero, thereby
destroying the solution of the strong CP problem.

Crucially, this drawback is absent in the models where
the Peccei-Quinn symmetry is not ad hoc but instead an
automatic or accidental symmetry of an exact discrete
ZN symmetry [17]. In fact, for N ≥ 9, the discrete sym-
metry can protect the axion against semi-classical grav-
ity effects [26–31], while it can at the same time provide
for the small explicit symmetry breaking term needed to
make the NDW > 1 models cosmologically viable. In this
case there still exists a pseudo NG boson arising from the
spontaneous breaking of the accidental U(1)PQ symme-
try, and we call it the accion [32].

The organization of this paper is as follows. In
Sec. II we are considering Kim-Shifman-Vainshtein-
Zakharov (KSVZ) like [33, 34] and Dine-Fischler-
Srednicki-Zhitnitsky (DFSZ) like [35, 36] extensions of
the SM which feature exact ZN symmetries. We deter-
mine the lowest dimensional Planck-suppressed operators
explicitly violating the PQ symmetry and discuss the pa-
rameter space available for the solution of the strong CP
problem. In Sec. III we apply the results of Refs. [37–
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40] on the prediction of axion dark matter in the post-
inflationary PQ symmetry breaking scenario and trans-
late them in the parameter space of our accion models.
The prospects of the detection of accion dark matter are
discussed in Sec. IV. Finally, our conclusions and discus-
sion are in Sec. V.

II. AXION FROM ACCIDENTAL

PECCEI-QUINN SYMMETRY

Although the PQ mechanism with global U(1)PQ sym-
metry dynamically solves the strong CP problem, such
a global symmetry might not exist in nature since it is
likely to be violated by gravitational effects. Instead of
introducing such ad hoc global symmetry, we consider
the case where the PQ symmetry emerges as an acciden-
tal symmetry from an exact discrete symmetry. Various
explicit examples have been considered in Ref. [31].
In this section, we consider two benchmark models

with accidental PQ symmetry. We construct KSVZ-type
models in Sec. II A and DFSZ-type models in Sec. II B.
We also discuss the constraint on the Planck-suppressed
operators to avoid CP violation in Sec. II C.

qL uR dR L lR H QL QR σ

Z9 1 ω9 ω8
9 1 ω8

9 ω9 1 ω9 ω8
9

Z10 1 ω6
10 ω4

10 1 ω4
10 ω6

10 ω5
10 ω6

10 ω9
10

TABLE I: The ZN charges (for N = 9, 10), where ωN ≡
ei2π/N , of the KSVZ accion models, leaving the Yukawa in-
teractions (2.1), (2.3) and (2.4) invariant.

A. KSVZ accion models

Like in the KSVZ model [33, 34], we extend the field
content of the SM by a complex SM singlet scalar field
σ and a color-triplet exotic quark Q. We assume an ex-
act discrete ZN symmetry in which the fields transform
according to Table I. With the assumption that Q is an
SU(2)L×U(1)Y singlet (“KSVZ I”), the Yukawa inter-
action terms consistent with the charge assignments in
Table I are given by

LY = YijqiLH̃ujR + ΓijqiLHdjR +GijLiHljR

+ yQQLσQR + h.c. , (2.1)

where H is the SM Higgs doublet; H̃ = ǫH∗; Yij , Γij

and Gij are complex 3× 3 matrices; and i, j = 1, 2, 3 are
flavor indices. Note that other renormalizable operators
which are invariant under the SM gauge symmetries are
forbidden because of the exact discrete symmetry, except
for hermitian terms in the scalar potential, which lead to
the spontaneous breaking of the PQ and the electroweak

Model qL uR dR L lR H QL QR σ

KSVZ I 0 0 0 0 0 0 1/2 −1/2 1

KSVZ II 3/2 3/2 3/2 0 0 0 1/2 −1/2 1

KSVZ III −1/2 −1/2 −1/2 0 0 0 1/2 −1/2 1

TABLE II: The U(1)PQ charge assignments leaving (2.1)
(KSVZ I), (2.1) plus (2.3) (KSVZ II) or (2.1) plus (2.4) (KSVZ
III) invariant.

symmetry. The Yukawa interactions shown in Eq. (2.1)
are invariant under an accidental U(1)PQ symmetry with
the charge assignments shown in the first line of Table II
labeled “KSVZ I”.
We assume that the scalar interaction potential is such

that the singlet scalar σ acquires a vacuum expectation
value (VEV) 〈|σ|2〉 = v2PQ/2. In the broken phase of
the accidental PQ symmetry, the accion NG field A is
identified as the phase direction of the scalar field σ(x) ∝
eiA(x)/vPQ .
The color-tripletQmay also be charged under the elec-

troweak symmetry. Here we consider the following three
possibilities according to the hypercharge YQR

of QR,

YQR
=






0 (KSVZ I)
− 1

3 (KSVZ II)
2
3 (KSVZ III).

(2.2)

The KSVZ I model corresponds to the Yukawa inter-
actions given by Eq. (2.1). In the case where QR has
a non-zero hypercharge, there are additional dimension
4 operators, which are invariant under ZN and the SM
gauge symmetry, e.g.,

Q̄Lσ
∗dR, (2.3)

for KSVZ II, and

Q̄LσuR, q̄LH̃QR, (2.4)

for KSVZ III.1 Then, the total Lagrangian is invariant
under the PQ symmetry transformations whose charge
assignments are shown in Table II.
In the KSVZ I model, the exotic quarks Q decay into

SM particles only through higher dimensional operators,
which lead to a long lifetime. The existence of such long-
lived particles is cosmologically problematic and may
conflict with several observational results [41, 42]. This
problem can be avoided in KSVZ II and III, since exotic
quarks rapidly decay into lighter particles through renor-
malizable interactions given by Eq. (2.3) or Eq. (2.4).

1 If we assume different charge assignments of the discrete sym-
metry, other operators such as Q̄LσdR , q̄LHQR, and Q̄Lσ

∗uR

would appear in the Lagrangian. This ambiguity does not affect
the main conclusion of the paper.
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qL uR dR L lR Hu Hd σ

Z9 (DFSZ I) 1 ω6
9 ω5

9 1 ω5
9 ω6

9 ω4
9 ω9

Z9 (DFSZ II) 1 ω4
9 ω7

9 1 ω5
9 ω4

9 ω2
9 ω9

Z10 (DFSZ I) 1 ω3
10 ω9

10 1 ω9
10 ω3

10 ω10 ω10

Z10 (DFSZ II) 1 ω3
10 ω9

10 1 ω7
10 ω3

10 ω10 ω10

TABLE III: The ZN charges (for N = 9, 10) of the DFSZ
accion models, leaving interactions (2.5) and (2.7) (DFSZ I)
or (2.6) and (2.7) (DFSZ II) invariant.

B. DFSZ accion models

Like in the DFSZ model [35, 36], we extend the SM
field content by the familiar complex singlet scalar σ
and by introducing two Higgs doublets Hu and Hd,
whose VEVs give masses to up-type quarks and down-
type quarks, respectively. There are two possibilities ac-
cording to whether leptons couple to Hd (DFSZ I) or
Hu (DFSZ II). We assume that the theory possesses a
discrete ZN symmetry with the charge assignments as
shown in Table III. Then, the Yukawa interaction terms
consistent with the discrete ZN symmetry read

LY = ΓijqiLHddjR + YijqiLH̃uujR +GijLiHdljR + h.c. ,
(2.5)

for DFSZ I, and

LY = ΓijqiLHddjR + YijqiLH̃uujR +GijLiHuljR + h.c. ,
(2.6)

for DFSZ II. There also exist the non-hermitian terms in
the scalar potential,

VNH = λH†
dHuσ

∗2 + h.c. , (2.7)

where λ is a dimensionless constant. Other gauge in-
variant renormalizable operators are forbidden because of
the exact discrete symmetry, except for hermitian terms
in the scalar potential, which lead to the spontaneous
breaking of the PQ and the electroweak symmetry. The
interactions given by Eqs. (2.5) and (2.7) (DFSZ I) or
Eqs. (2.6) and (2.7) (DFSZ II) are invariant under an ac-
cidental U(1)PQ symmetry with the charge assignments
shown in Table IV.

Model qL uR dR L lR Hu Hd σ

DFSZ I 0 Xu Xd 0 Xd Xu −Xd 1

DFSZ II 0 Xu Xd 0 −Xu Xu −Xd 1

TABLE IV: The U(1)PQ charge assignments, where Xu and
Xd are some real numbers satisfying the condition Xu+Xd =
2, leaving (2.5) and (2.7) (DFSZ I) or (2.6) and (2.7) (DFSZ
II) invariant.

After the PQ and the electroweak phase transition,
the singlet field and the neutral components of the Higgs
doublets acquire VEVs, 〈σ〉 = vPQ/

√
2, 〈H0

d〉 = vd/
√
2

and 〈H0
u〉 = vu/

√
2. The accion field A(x) can be

parametrized in terms of phase directions of three scalar

fields, i.e., H0
d(x) ∝ e−iXdA(x)/f̃A , H0

u(x) ∝ eiXuA(x)/f̃A ,

and σ(x) ∝ eiA(x)/f̃A . The orthogonality of A(x) and the
NG boson eaten by the Z0 boson implies Xd = x−1ξv
and Xu = xξv, where

2

x ≡ vd
vu

≡ tanβ′. (2.8)

From the condition Xu +Xd = 2, we obtain ξv = 2/(x+
x−1). Furthermore, requiring the canonical normaliza-
tion of A(x) in the low-energy effective Lagrangian, we
obtain the relation

f̃A =
√
v2PQ + v2ξ2v , (2.9)

where v =
√
v2u + v2d ≃ 246GeV is the SM Higgs VEV.

C. Constraint from CP violation

The global U(1)PQ symmetry of the accion models is
explicitly broken due to the existence of higher dimen-
sional Planck-suppressed operators. In particular, there
exist operators of the form

L ⊃ g

MD−4
P

OD =
g

MD−4
P

(
H†

bHc

)m

σl, (2.10)

where l and m are integers, D = 2m+ l > 4 is the mass

dimension of the operator, H†
bHc corresponds to H

†H in

the KSVZ models and H†
uHu, H

†
dHd, H

†
uHd, or H

†
dHu in

the DFSZ models, MP ≃ 2.435×1018GeV is the reduced
Planck mass, and g is a dimensionless constant. Note
that, in general, g is a complex number. The operator
shown in Eq. (2.10) can be consistent with the discrete
symmetry but break the U(1)PQ symmetry, which leads
to a CP violation. The lowest dimensional operators that
are suppressed by MP and break the PQ symmetry read

OD =

{
σN for KSVZ models

(H†
dHu)

mσN−2m for DFSZ models,
(2.11)

with D = N for ZN symmetry. If 〈σ〉 ≫ 〈H0
u〉, 〈H0

d 〉,
the largest contribution is OD = σN for both the KSVZ
and DFSZ models. Hereafter, we only consider this σN

term and ignore the effects from other higher dimensional
operators.

2 The prime at the angle indicates that we chose the convention
usually taken in the axion literature [43]. It is related to the
convention in the Higgs literature by tan β ≡ vu/vd = cot β′.
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In the presence of the higher dimensional operators,
the effective potential for the accion field reads [31, 44, 45]

Veff ≃ −m2
πf

2
π

√

1− 4mumd

(mu +md)2
sin2

(
A

2fA

)

−
|g|vNPQ

(
√
2)N−2MN−4

P

cos

(
N
A

f̃A
+∆D

)
(2.12)

for ZN symmetry, wheremπ ≃ 135MeV is the pion mass,
fπ ≃ 92MeV is the pion decay constant, mu and md are
up and down quark mass, respectively, and

∆D = ∆−Nθ̄. (2.13)

Here, ∆ is the phase of the coupling g (i.e. g = |g|ei∆),
and θ̄ consists of the QCD θ parameter and the contri-
bution from the phase of the quark masses.
The first term on the right-hand side of Eq. (2.12)

arises due to topological fluctuations of the gluon fields
in QCD [44, 45]. If we can ignore the second term on
the right-hand side of Eq. (2.12), the effective potential
has a minimum at 〈A〉/fA = 0, which dynamically solves
the strong CP problem. Expanding this potential to the
quadratic order in A/fA, we can obtain the expression
for the accion mass,

mA =
mπfπ
fA

√
z

1 + z
≃ 6× 10−6eV

(
1012GeV

fA

)
, (2.14)

where z = mu/md = 0.38-0.58 is the ratio of up and
down quark masses, and fA is the accion decay constant,
which satisfies the relation

fA =
f̃A
NDW

, (2.15)

where f̃A is given by

f̃A =

{
vPQ for KSVZ models√
v2PQ + v2ξ2v for DFSZ models.

(2.16)

The value of the domain wall number NDW is determined
by the color anomaly coefficient [14, 31, 46, 47],

NDW =

{
1 for KSVZ models
2Ng for DFSZ models,

(2.17)

where Ng = 3 is the number of generations.
Because of the existence of the second term on the

right-hand side of Eq. (2.12), the minimum of the effec-
tive potential is shifted from the value 〈A〉/fA = 0. Such
a shift causes a CP violation, whose magnitude is severely
constrained by the observation of the neutron electric
dipole moment (NEDM) [48]. Expanding the right-hand
side of Eq. (2.12) for small A/fA, we obtain

Veff ≃ 1

2
m2

AA
2

+
1

2

N2|g|NN−2
DW

(
√
2)N−2

(
fA
MP

)N−2

M2
P cos∆DA

2

+
N |g|NN−1

DW

(
√
2)N−2

(
fA
MP

)N−1

M3
P sin∆DA, (2.18)

where we used vPQ ≃ f̃A = NDWfA. In order to satisfy
the experimental bound from the NEDM, we require [49]

|〈A〉|
fA

≃

N |g|NN−1
DW

(
√
2)N−2

(
fA
MP

)N−2

M2
P sin∆D

m2
A +

N2|g|NN−2
DW

(
√
2)N−2

(
fA
MP

)N−2

M2
P cos∆D

< 0.7× 10−11. (2.19)

If the order N of the discrete symmetry is small
enough, the coefficient of the A2 term in Eq. (2.18) is
dominated by the term proportional to |g|. In this case
the accion mass is determined by the higher dimension
operators rather than the QCD induced potential. In
order to avoid it, we require the following condition:

m2
g ≡ N2|g|NN−2

DW

(
√
2)N−2

(
fA
MP

)N−2

M2
P cos∆D < m2

A.

(2.20)
For instance, if N = 8, we obtain

mg ≃ 1.03× 102eV |g|1/2 (cos∆D)
1/2

×
(
NDW

6

)3 (
fA

109GeV

)3

. (2.21)

This cannot be smaller than mA for fA >
O(108–109)GeV unless |g| is extremely small. The
constraint becomes more severe if we take a smaller
value for N . This fact implies that N ≥ 9 is preferable
from the viewpoint of the strong CP problem.

III. ACCION DARK MATTER FROM

TOPOLOGICAL DEFECTS

Let us estimate now the relic abundance of accion dark
matter in the post-inflationary PQ symmetry breaking
scenario by using the results of numerical simulations
obtained in Refs. [37–40]. If the PQ symmetry is broken
after inflation, there are three contributions: accions pro-
duced via the re-alignment mechanism, those produced
by strings, and those produced by the annihilation of
the string-wall systems. Strings are formed around the
epoch of the PQ phase transition due to the spontaneous
breaking of the global U(1)PQ symmetry, while string-
wall systems are formed around the epoch of the QCD
phase transition due to the spontaneous breaking of the
ZNDW symmetry, which is a subgroup of the U(1)PQ.
The estimation for the contribution from string-wall

systems differs depending on whether NDW = 1 or
NDW > 1. If NDW = 1, the string-wall systems are un-
stable, and they start to collapse immediately after their
formation at the epoch of the QCD phase transition. In
this case, the contribution from the string-wall systems
turns out to be comparable with those from other produc-
tion mechanisms [38]. On the other hand, if NDW > 1,
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a string is attached by NDW domain walls. Such a con-
figuration can exist for a long time, and it only collapses
at a later time due to the effect of the explicit symmetry
breaking term in the potential. In this case, the contribu-
tion from the long-lived string-wall systems can be much
larger than those from other production mechanisms [39].

From Eq. (2.17), we see that the string-wall systems are
short-lived for the KSVZ models (NDW = 1) and long-
lived for the DFSZ models (NDW = 2Ng > 1). There-
fore, there is a significant difference on the prediction for
the dark matter abundance between the KSVZ-type and
DFSZ-type models. We discuss its observational conse-
quences in Sec. IV.

Before going to the estimation of the contribution from
string-wall systems, let us briefly summarize the results
for the two further contributions. The contribution from
the re-alignment mechanism is given by [40]

ΩA,realh
2 = 4.63× 10−3

×
(

fA
1010GeV

)(6+n)/(4+n) (
ΛQCD

400MeV

)
,

(3.1)

where the exponent n = 6.68 arises from the non-trivial
temperature dependence of the accion mass [50], and
ΛQCD ≈ 400MeV is a fit parameter of the order of the
QCD scale.3 In order to estimate the contribution from
the strings, we must follow the evolution of the global
strings from the time of the PQ phase transition to that
of the QCD phase transition. According to the results
of numerical simulations [37, 40, 53], accions produced
by global strings have a mean energy comparable to the
Hubble parameter at the production time, which leads to
the following estimation for the relic abundance:

ΩA,stringh
2 ≃ (7.3± 3.9)× 10−3 ×N2

DW

×
(

fA
1010 GeV

)(6+n)/(4+n) (
ΛQCD

400MeV

)
.

(3.2)

The estimation of the contribution from the string-
wall systems is model dependent. First, we consider the
KSVZ-type models with NDW = 1. The collapse of the
short-lived string-wall systems in these models was inves-
tigated in Ref. [38]. It turns out that the mean energy
of the radiated accions is comparable to their mass and
that the contribution from the string-wall systems can be

3 In Ref. [50], the temperature dependence was taken from the
instanton liquid model. A re-evaluation based on QCD lattice
calculations of the topological susceptibility along the lines of
Refs. [51, 52] is under way.

estimated as [40]

ΩA,wallh
2 = (3.7± 1.4)× 10−3

×
(

fA
1010GeV

)(6+n)/(4+n) (
ΛQCD

400MeV

)
.

(3.3)

The total accion dark matter abundance is given by the
sum of the three contributions:

ΩA,toth
2 = ΩA,realh

2 +ΩA,stringh
2 +ΩA,wallh

2. (3.4)

Assuming that ΩA,toth
2 accounts for the total cold dark

matter abundance observed today, ΩCDMh
2 ≃ 0.12 [54],

we obtain the following prediction for the decay constant
in the KSVZ models,

fA ≈ (4.6–7.2)× 1010GeV, (3.5)

which corresponds to the accion mass mA ≈ (0.8–1.3)×
10−4 eV.

Next, we consider the DFSZ-type models with NDW =
2Ng = 6. The energy density of the long-lived string-
wall systems can be approximated by that of the domain
walls. According to the recent numerical simulation, the
time evolution of the energy density of the domain walls
can be modeled as [40]

ρwall(t) =
A(t)σwall

t
with A(t) = Aform

(
t

tform

)1−p

,

(3.6)
where σwall ≃ 9.23mAf

2
A is the surface mass density

of domain walls, tform is the time for the formation of
them, and the coefficient Aform is measured in the simu-
lations. We may naively expect that the energy density
obeys a simple scaling relation ρwall(t) ∼ σwall/t from
dimensional analysis, but the results of numerical simu-
lations show some deviation from the exact scaling be-
havior (p = 1). Taking account of this uncertainty, we
consider two possibilities: exact scaling (p = 1) and de-
viation from scaling (p 6= 1).

At a later time, the collapse of the domain walls occurs
due to the existence of the Planck suppressed operator
in Eq. (2.12), which can be parametrized as

Veff ⊃ −2Ξv4PQ cos

(
N
A

f̃A
+∆D

)
, (3.7)

where

Ξ ≡ |g|
(
√
2)N

(
vPQ

MP

)N−4

≃ |g|NN−4
DW

(
√
2)N

(
fA
MP

)N−4

. (3.8)

Assuming that the field value at the domain having the
lowest energy is given by 〈A〉/f̃A ≃ 0, we estimate the
energy difference between the lowest energy domain and
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its neighbor 〈A〉/f̃A ≃ 2π/NDW as4

∆Veff ≃ −2Ξv4PQ

[
cos

(
2πN

NDW
+∆D

)
− cos∆D

]
. (3.9)

The energy difference shown in Eq. (3.9) acts as a vol-
ume pressure pV ∼ ∆Veff on domain walls. Their collapse
occurs when this pressure effect becomes comparable to
the tension of domain walls pT ∼ Aσwall/t. From the
relation pV ∼ pT , we estimate the decay time of domain
walls:

tdec = Cd

[
Aformσwall

tformΞv4PQ(1− cos(2πN/NDW))

]1/p

tform,

(3.10)
where the coefficient Cd is determined from numerical
simulations.
The long-lived domain walls copiously produce accions

until the decay time tdec. The mean energy of the radi-
ated accions is given by [40]

ω̄A = ǫ̃AmA, (3.11)

where ǫ̃A is a coefficient of O(1), whose value can be
determined from numerical simulations. Using the out-
comes of the simulations (ǫ̃A, A, p, Cd), we can estimate
the present abundance of accions produced by domain
walls [40]:

ΩA,wallh
2 = 0.756× C

1/2
d

ǫ̃A

[ A3

N4
DW(1 − cos(2πN/NDW))

]1/2

×
(

Ξ

10−52

)−1/2 (
fA

1010GeV

)−1/2

×
(

ΛQCD

400MeV

)3

, (3.12)

for the assumption of exact scaling (p = 1), and

ΩA,wallh
2 = 1.23× 10−6 × [7.22× 103]3/2p × 1

ǫ̃A

2p− 1

3− 2p

× C
3/2−p
d A3/2p

form

×
[
N4

DW

(
1− cos

(
2πN

NDW

))]1−3/2p

×
(

Ξ

10−52

)1−3/2p (
fA

1010GeV

)4+ 3(4p−16−3n)
2p(4+n)

×
(

ΛQCD

400MeV

)−3+6/p

, (3.13)

4 We note that if ∆D ≪ 1, Eq. (3.9) can be approximated
as ∆Veff ≃ 2Ξv4

PQ
(1 − cos(2πN/NDW)), which results in a

factor (1 − cos(2πN/NDW)) appearing in Eqs. (3.10), (3.12)
and (3.13) [40]. Strictly speaking, this approximation does not
hold for ∆D ≃ O(1), and we must use the full expression
[Eq. (3.9)] rather than the approximated form. However, this
difference does not change the final result for the dark matter
abundance within the error margin.

for the assumption of deviation from scaling (p 6= 1). The
total accion abundance is again given by the sum (3.4).
It is notable that in the DFSZ models ΩA,wallh

2 can be
much larger than the other two contributions ΩA,realh

2

and ΩA,stringh
2 for small values of fA.

Note that for N = 11 the value of Ξ in Eq. (3.8) be-
comes

Ξ = 1.22× 10−55 × |g|
(
NDW

6

)7 (
fA

1010GeV

)7

. (3.14)

Substituting it into Eq. (3.12), we obtain ΩA,wallh
2 &

0.26 for |g| = 1. Obviously, it violates the observa-
tional constraint ΩA,toth

2 . 0.12. Therefore, we must
require N ≤ 10 in order to avoid the overproduction of
accion dark matter from the domain walls. Recall that
there is another requirement, N ≥ 9, which follows from
Eq. (2.20). Combining these two facts, we conclude that
the order of the discrete symmetry for the phenomeno-
logically viable model is N = 9 or 10.
We show the constraint in the fA-|g| plane for the case

withN = 9 in Fig. 1 andN = 10 in Fig 2. We see that the
dark matter constraint ΩA,toth

2 < ΩCDMh
2 gives a lower

bound on |g|, while the NEDM constraint [Eq. (2.19)]
gives an upper bound on |g|. The NEDM bound is re-
laxed if we allow a tuning in the phase parameter ∆D.
For instance, for the case with N = 10 (Fig. 2) the whole
parameter region is excluded if ∆D ≃ O(1), but the al-
lowed region appears if ∆D . O(10−5–10−4).
On the blue (cyan) line in Figs. 1 and 2, DFSZ accions

can explain the observed dark matter abundance. This
corresponds to

fA ≈ (5.5–8.6)× 107GeV (3.15)

or mA ≈ (0.7–1.1)× 10−1 eV for |g| = 1 and N = 9 (see
Fig. 1). For |g| = 1 and N = 10 (Fig. 2), there are two
parameter regions in which accions become the dominant
component of dark matter:

fA ≈ (1.4–1.7)× 109GeV, (3.16)

which corresponds to mA ≈ (3.5–4.2)× 10−3 eV, and

fA ≈ (3.6–9.5)× 109GeV, (3.17)

which corresponds to mA ≈ (0.6–1.7) × 10−3 eV. The
former requires a tuning ∆D . O(10−5–10−4), and in
this parameter region, the contribution from the string-
wall systems dominates over other contributions. The
latter requires a more severe tuning of ∆D, and in this
parameter region, the contribution from the string-wall
systems becomes irrelevant. If we allow further tunings
of the parameters |g| and ∆D, the observed dark matter
abundance can be explained in wider ranges of fA. In any
case, the predicted values for fA are different from that
obtained in the KSVZ models [Eq. (3.5)]. This is because
the string contribution is enhanced by the factor of N2

DW

[see Eq. (3.2)], and the contribution from the string-wall
systems is further enhanced if they are long-lived.
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(a)

(b)

FIG. 1: Plot of the observational constraints on the parameter
space of (fA, |g|) in the DFSZ accion models for the assump-
tion of exact scaling [panel (a)] and that of deviation from
scaling [panel (b)]. Here, we take N = 9 for the discrete
symmetry and NDW = 6 for the domain wall number. The
region below the blue or cyan lines is excluded since the accion
abundance exceeds the observed cold dark matter abundance
ΩCDMh2 ≃ 0.12. On the blue (cyan) lines, the lifetime of the
domain walls are estimated based on the criterion that the
area density of the walls becomes smaller than 10% (1%) of
that with Ξ = 0. The dotted blue (cyan) lines represent un-
certainties of the estimation of the relic accion abundance. In
the red region, the condition given by Eq. (2.20) is violated,
and the Planck-suppressed operator dominates over the QCD
potential for the accion field. The yellow lines correspond to
the bound from the CP violation [Eq. (2.19)] for ∆D = 1,
10−4, and 10−8. The region above these lines is also excluded
according to the value of ∆D.

(a)

(b)

FIG. 2: The same figure as Fig. 1, but observational con-
straints are plotted for the DFSZ accion models with N = 10
based on (a) the assumption of exact scaling and (b) that of
deviation from scaling.

IV. PROSPECTS TO DETECT ACCION DARK

MATTER

In this section, we discuss implications of the accion
dark matter prediction for the present astrophysical ob-
servations and future experimental tests. The various ob-
servations constrain or measure couplings of the accion
to photons, nucleons, and charged leptons. The interac-
tion terms in the low-energy effective Lagrangian of A at
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Model CAγ CAu CAd CAs CAℓ

KSVZ I − 2

3

4+z
1+z

0 0 0 0

KSVZ II 2

3
− 2

3

4+z
1+z

0 0 0 0

KSVZ III 8

3
− 2

3

4+z
1+z

0 0 0 0

DFSZ I 8

3
− 2

3

4+z
1+z

1

3
sin2 β′ 1

3
cos2 β′ 1

3
cos2 β′ 1

3
cos2 β′

DFSZ II 2

3
− 2

3

4+z
1+z

1

3
sin2 β′ 1

3
cos2 β′ 1

3
cos2 β′ − 1

3
sin2 β′

TABLE V: Dimensionless couplings of the accion to SM par-
ticles.

energies below the QCD scale are given by [43, 55]

Lint = − α

8π
CAγ

A

fA
Fµν F̃

µν +
1

2

∑

N=p,n

CAN
∂µA

fA
ψ̄Nγ

µγψN

+
1

2

∑

ℓ=e,µ,τ

CAℓ
∂µA

fA
ℓ̄γµγℓ, (4.1)

where α is the fine-structure constant and ψN with
N = p and n correspond to the proton field and the neu-
tron field, respectively. The nucleon couplings are given
by [56]

CAp = (CAu − η)∆u+ (CAd − ηz)∆d+ (CAs − ηw)∆s ,
(4.2)

CAn = (CAu − η)∆d+ (CAd − ηz)∆u+ (CAs − ηw)∆s ,
(4.3)

where η = (1 + z + w)−1 with z = mu/md = 0.38–0.58
and w = mu/ms, ∆u = 0.84± 0.02, ∆d = −0.43± 0.02
and ∆s = −0.09 ± 0.02. The quark and lepton cou-
plings (CAu,CAd,CAs,CAℓ) are determined by their PQ
charges, while the photon coupling CAγ contains a model-
independent contribution arising from the mixing with
pions. We summarize the values of the dimensionless
couplings CAγ and CAi (i = u, d, s, ℓ) for the KSVZ and
DFSZ accion models in Table V.
Various astrophysical observations have established

stringent bounds on the couplings of axion-like particles
(ALPs) based on the energy-loss arguments due to the
existence of “dark channels” (i.e. ALPs). The recent
analysis of the horizontal branch (HB) stars in galactic
globular-clusters (GCs) [57] finds an upper bound on the
photon coupling,

|gAγ | ≡
α

2π

|CAγ |
fA

< 6.6× 10−11GeV−1 (95% CL).

(4.4)
The high-precision photometry for the galactic globular
cluster M5 (NGC 5904) provided in Ref. [58] allows us
to investigate the red giant (RG) branch of the color-
magnitude diagram of GCs, which leads to an upper
bound on the electron coupling,

αAe ≡
g2Ae

4π
≡ C2

Aem
2
e

4πf2
A

< 1.5× 10−26 (95% CL). (4.5)

The electron coupling can also be constrained by using
the luminosity function of white dwarfs (WDLF). A re-
cent detailed analysis [59] finds that WDLFs disfavor the
electron coupling above

αAe & 6× 10−27. (4.6)

On the other hand, the fitting of some WDLFs is im-
proved for the electron coupling in the range [59–61]

4.1× 10−28 . αAe . 3.7× 10−27, (4.7)

which might be interpreted as the existence of an accion
in the meV mass range. Finally, the observed duration
of the neutrino burst from supernova SN1987A leads to
a bound on nucleon couplings [56]

g2Ap + 2g2An . (9× 10−10)2, (4.8)

where

gAN ≡ CANmN

fA
. (4.9)

Figure 3 summarizes the astrophysical bounds and
dark matter constraints on the KSVZ and DFSZ accion
models. The astrophysical observations give lower (up-
per) bounds on fA (mA), while the dark matter abun-
dance gives upper (lower) bounds on it. The dark mat-
ter abundance also leads to a lower (upper) bound on fA
(mA) for the DFSZ models since in this region the contri-
bution from the string-wall systems becomes important
and the dependence on fA [Eq. (3.12) or (3.13)] becomes
different from that of the KSVZ models [Eqs. (3.2), (3.1),
and (3.3)]. The bounds from RGs and WDLFs disappear
for the KSVZ models since the electron coupling vanishes
as shown in Table V. These bounds depend on tanβ′ in
the DFSZ models, and they also disappear for the DFSZ
I (II) accion for the case cos2 β′ = 0 (cos2 β′ = 1). On
the other hand, the bound from SN1987A becomes im-
portant for both the DFSZ I and DFSZ II accion models
since CAp and CAn cannot vanish simultaneously for any
value of tanβ′. From Fig. 3, we see that the DFSZ mod-
els with N = 9 and |g| = 1 (gray line) are excluded
from the SN1987A limit, but there still exists the un-
excluded parameter range for the N = 9 DFSZ models
(light gray line) if we allow smaller values of |g| and a
more severe tuning of ∆D. We also note that the predic-
tion of the DFSZ models with N = 10 and |g| = 1, where
the contribution from the string-wall systems becomes
dominant with a tuning ∆D . O(10−5–10−4) (blue line),
coincides with the parameter range suggested by the fit-
ting of WDLFs.
The predicted mass ranges of accion dark matter have

important implications for various ongoing and future
experimental searches of ALPs. Some lower mass ranges
mA & µeV have already been probed by haloscope-type
experiments [62] using microwave cavity detectors such
as the Axion Dark Matter Experiment (ADMX) [63–65]
and earlier attempts [66–68]. It is planned that higher
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FIG. 3: Astrophysical and cosmological constraints on the accion decay constant fA or the accion mass mA. The colored
intervals represent the bounds obtained by the cold dark matter overproduction in the KSVZ models (red), WDLFs (magenta),
RGs (purple), SN1987A (green), and HBs (brown). In the DFSZ models, the region enclosed by the dashed lines is also excluded
because of the cold dark matter overproduction. The orange arrows represent the mass range favored by WDLFs [Eq. (4.7)].
The red arrow represents the predicted mass range, where accions explain the observed cold dark matter abundance in the
KSVZ models, while the gray and blue arrows represent that in the DFSZ models with N = 9 and N = 10, respectively. The
deep gray (blue) line corresponds to the prediction obtained for the case with |g| = 1 and a minimal tuning of ∆D, while the
light gray (blue) line corresponds to that allowed for the case with |g| < 1 and/or a further tuning of ∆D in the N = 9 (10)
DFSZ models.

mass ranges will be probed by using higher harmonic
ports (ADMX-HF) [69]. There are also helioscope-type
experiments [62] which observe ALPs produced by the
sun. The CERN Axion Solar Telescope (CAST) [70] has
put a limit on the photon coupling gAγ and on the com-
bination gAγ · gAe [71], and a proposed helioscope, the
International Axion Observatory (IAXO) [72], will probe
a broad mass range with improved sensitivities. Cru-
cially, it can also probe the electron coupling gAe in the
range suggested by an meV mass DFSZ accion [73, 74].
The purely laboratory based light-shining-through-walls
experiments [75] such as the Any Light Particle Search
II (ALPS II) [76], which does not rely on astrophysical
or cosmological assumptions, will also probe the photon
coupling.

In addition to the experimental projects described
above, there are several proposals to search an intermedi-
ate mass range of ALP dark matter. The Orpheus exper-
iment [77] uses an open Fabry-Pérot resonator, which en-
ables one to probe the photon coupling in the mass range
40–400µeV. It is also proposed to search for ALP dark
matter by using atomic transitions [78], which will probe
the electron coupling gAe and the nucleon couplings gAN

in a similar mass range. The electron coupling will also
be probed by the Quaerere Axions (QUAX) experiment,
which is proposed to observe a spin precession about cos-
mic ALP dark matter wind [79]. Finally, a dish antenna

immersed in a magnetic field may also be exploited to do
broad band ALP dark matter search in the meV mass
range [80].
In Fig. 4, we summarize sensitivities of ongoing and

planned detectors and predictions of the accion dark mat-
ter models in terms of their mass mA and photon cou-
pling gAγ . We see that the parameter region predicted
by the KSVZ models can be probed by the Orpheus ex-
periment. Most of the parameter region predicted by
the DFSZ models can also be probed by IAXO. In par-
ticular, it covers the whole parameter region predicted
by the DFSZ models with N = 9 and |g| = 1. Such
a parameter region is incompatible with astrophysical
bounds as shown in Fig. 3, and this incompatibility can
be checked by IAXO in the future. Furthermore, IAXO
is expected to improve the sensitivity on gAγ ·gAe by two
orders of magnitude compared to CAST [71, 74], which is
enough to reach the mass range mA & 3meV suggested
by N = 10 DFSZ models.

V. CONCLUSIONS AND DISCUSSION

In this paper, we have considered extensions of the SM
in which the PQ symmetry arises as an accidental sym-
metry of an exact discrete ZN symmetry. In these the-
ories, the accion is a pseudo NG boson associated with
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FIG. 4: Sensitivities to the accion-photon coupling gAγ of on-
going and planned detectors and predictions of accion dark
matter models (adapted from Ref. [81]). The yellow re-
gion corresponds to the generic prediction for the QCD axion
models. Colored thick lines represent the parameter range
in which accions explain the observed cold dark matter abun-
dance for KSVZ I (red), KSVZ II (brown), KSVZ III (orange),
DFSZ I with N = 9 and |g| = 1 (gray), DFSZ I with N = 10
and |g| = 1 (blue), DFSZ II with N = 9 and |g| = 1 (ma-
genta), and DFSZ II with N = 10 and |g| = 1 (purple). For
DFSZ models, the observed dark matter abundance can also
be explained in the parameter range represented by the dot-
ted lines if we allow smaller values of |g| < 1 and/or a further
tuning of the phase parameter ∆D.

the spontaneous breaking of the accidental U(1)PQ sym-
metry, and it can be a candidate for cold dark matter of
the Universe. As benchmark examples of accion models,
we constructed KSVZ and DFSZ like extensions of the
SM by specifying charge assignments of the exact discrete
symmetry. We identified the lowest dimensional Planck-
suppressed operator consistent with the ZN symmetry
and investigated its effects on the accion potential. It
was found that CP violating semi-classical gravity effects
are well suppressed if the order of the discrete symmetry
is as large as N ≥ 9. Assuming that the PQ symme-
try is broken after inflation, we also estimated the relic
accion dark matter abundance by taking account of the
contributions from the decay of topological defects. The
domain wall problem in DFSZ models can be avoided due
to the existence of the small explicit PQ symmetry break-
ing term, which originates from the lowest dimensional
Planck-suppressed operator. It was shown that the or-
der of the discrete symmetry must be N ≤ 10 in order to
avoid the overproduction of accion dark matter. Combin-
ing the above observations, we concluded that the DFSZ
accion models are phenomenologically viable if N = 9 or
10.

The value for the accion decay constant fA or its mass
mA predicted by the accion dark matter models and its
observational constraints are summarized in Fig. 3. We

see that the N = 9 DFSZ models are disfavored from
astrophysical bounds, while the prediction of the N = 10
DFSZ models with a mass rangemA ≈ 3.5–4.2meV coin-
cides with the region suggested by the observations of the
white dwarf cooling. It is notable that every accion dark
matter model gives a distinctive prediction for coupling
parameters as shown in Table V and Fig. 4 and that such
a parameter region can be probed by future ALP detec-
tors such as IAXO and Orpheus. In particular, the meV
range suggested by the N = 10 DFSZ accion models will
be decisively tested by IAXO.

It should be noted that the DFSZ accion models re-
quire a tuning of the phase parameter ∆D in order to
avoid the experimental bound from the NEDM. The tun-
ing becomes severe as the decay constant fA increases.
In particular, ∆D . O(10−5–10−4) is required in the
N = 10 DFSZ models. Furthermore, it can be shown that
the severity of the tuning cannot be relaxed even if we
use a different cutoff scale ΛUV in the higher dimensional
operator rather than ΛUV = MP ≃ 2.435 × 1018 GeV
used in this paper [i.e., Eq. (2.10)]. We also note that
the predicted value for fA and the required values for N
and ∆D would change if we fix |g| = 1 and vary the cutoff
scale ΛUV.

In addition to the subtle tuning of the parameter, there
is another hurdle originated in the assumption of the dis-
crete symmetry. It has been conjectured that the ex-
act discrete symmetry should be gauged since otherwise
it can also be spoiled by gravitational effects.5 Such a
gauged discrete symmetry can arise as a low energy rem-
nant of some continuous gauge symmetry [83]. The prob-
lem here is that the gauged ZN symmetry (and hence its
primordial gauge symmetry) should have a color anomaly
to induce the axion potential [Eq. (2.12)], which leads to
an inconsistent quantum field theory since all gauge sym-
metries must be anomaly free. We note that it is still
possible to avoid this inconsistency by using a Green-
Schwarz type anomaly cancellation mechanism discussed
in Ref. [84]. Alternatively, we can impose other contin-
uous gauge symmetries to suppress the PQ symmetry
breaking operators [19–21, 85, 86] by introducing extra
particle content in addition to the minimal axion mod-
els. In the context of string compactification [32, 87],
both cases may happen since there exist both discrete
and continuous gauge symmetries as well as numerous
extra fields.

The DFSZ like extensions of the SM – being based
on a 2 Higgs Doublet Model (2HDM) – can be probed
also at the LHC. Intriguingly, ATLAS and CMS reported
hints of a new resonance in the diphoton invariant mass
distribution at around 750 GeV [88]. Interpreting the
latter in terms of the heavy neutral CP-even or CP-odd
Higgs particles (or a superposition of the two), it appears

5 This statement is less robust in comparison with that pointing
to the absence of continuous global symmetries [82].
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that additional charged particles (e.g., vector-like quarks
and leptons) contributing to the loop-induced production
and decay processes are required to match the strong
diphoton signal. Such an extension of the minimal 2HDM
might be accommodated in a combination of the KSVZ
and DFSZ accion models.6 The consequences for accion
cosmology can then be worked out by following a similar
flow of arguments as developed in this paper.
Finally, it appears that top-down motivated orbifold

compactifications of the heterotic string predict hidden
complex scalars, vector-like exotic particles, and large
discrete symmetries – R symmetries from the broken
SO(6) symmetry of the compactified space and stringy
symmetries from the joining and splitting of strings – able
to give rise to accidental global PQ-like U(1) symmetries
[32, 87]. Here, the challenge is to find models where the
VEV of the accidental PQ symmetries are naturally in
the range of ∼ 109–1010GeV rather than in the range
of the heterotic string scale, Ms = (αYM/4π)

1/2MP ≃
1.4×1017GeV, where αYM ≃ 1/24 is the unified value for
gauge coupling parameters. Furthermore, the heterotic
string scale might appear as a ultraviolet cutoff scale

ΛUV in the higher dimensional operator gOD/Λ
D−4
UV . If

we use ΛUV = Ms rather than ΛUV = MP, the phe-
nomenologically viable value for the order of the dis-
crete symmetry becomes N = 10 or 11, and the pre-
dicted values for fA are modified as follows: For N = 10
and |g| = 1, we obtain fA ≈ (1.2–1.7) × 108GeV [or
mA ≈ (3.5–4.9) × 10−2 eV] with a tuning of ∆D .
O(10−2–10−1), while for N = 11 and |g| = 1, we obtain
fA ≈ (1.6–1.9)× 109GeV [or mA ≈ (3.2–3.8)× 10−3 eV]
with a tuning of ∆D . O(10−5).
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