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Outline

• Strong CP problem and QCD axion

• Axion-like particles (ALPs)

• Cosmology of axions: axion DM

• Experimental targets for QCD axion-photon 
coupling
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The Standard Model (SM) of particle physics

• Consists of elementary particles and their interactions. 
• Successfully describes almost all phenomena of nature occurring in a 

length scale longer than the Fermi scale ~ 0.01 fm.

• The SM lagrangian is invariant under Lorentz symmetry, 𝐶𝑃𝑇, and gauge 

symmetries 𝑆𝑈 3 !×𝑆𝑈 2 "×𝑈 1 #
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Strong CP problem

P  :	 𝐸!→ −𝐸!, 𝐵! → 𝐵!
T (=CP)  :	 𝐸! → 𝐸!, 𝐵! → −𝐵!
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𝐸* ⋅ 𝐵* P and T(=CP) violation

The 𝑆𝑈 3 "	gauge symmetry & Lorentz symmetry allow 

A non-zero 𝜅 implies a CP violation in the QCD sector. 
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Strong CP problem

Nucleon EDM operator
(CP violating)
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QCD confinement
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Figure 94.1: Diagrams contributing to the electric dipole moment of the
neutron that are enhanced by a chiral log. The CP violating vertex is
denoted with a cross.

second line of eq. (94.20), and is

LπNN = (gA/fπ)∂µπaN T aγµγ5N , (94.23)

where gA = 1.27. As we did in section 83, we can integrate by parts to put
the derivative on the nucleon fields, and then (for on-shell nucleons) use
the Dirac equation to get

LπNN = −i(gAmN/fπ)πaNσaγ5N . (94.24)

The strongest limit on a CP violating pion-nucleon coupling comes from
measurements of the electric dipole moment of the neutron. The Feynman
diagrams of fig. (94.1) contribute to an ampitude of the form

T = −2iD(q2)ε∗µ(q)us′(p
′)Sµνqνiγ5us(p) , (94.25)

where q = p′ − p. In the q → 0 limit, this corresponds to a term in the
effective lagrangian of

L = D(0)Fµν nSµνiγ5n , (94.26)

where n is the neutron field; see section 64. If the factor of iγ5 was absent,
this would represent a contribution of D(0) to the magnetic dipole moment
of the neutron. To account for the factor of iγ5, we use

Sµνiγ5 = −1
2εµνρσSρσ (94.27)

to see that eq. (94.26) is equivalent to

L = −D(0)F̃µν nSµνn , (94.28)

where F̃µν = 1
2εµνρσFρσ is the dual field strength. Since B̃ = −E, eq. (94.26)

represents a contribution of D(0) to the electric dipole moment of the
neutron dn.

𝜃!"#
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• E(✓) = E(�✓)

To show this let us perform a field redefinition �
CP
��! �0 which leaves D� invariant. Hence, we have

Z(✓) =

Z
D� e�S(�)✓=0+i✓⌫(�) =

Z
D�0 e�S(�

0
)✓=0+i✓⌫(�

0
) =

Z
D� e�S(�)✓=0�i✓⌫(�) = Z(�✓) , (26)

where in the last but one step we used the fact that S(�)✓=0 is CP invariant, while the topological
term is CP odd. Note, however, that S(�0)✓=0 6= S(�)✓=0 in the SM, due to the CKM phase, so E(✓)
picks up a small contribution odd in ✓.

2.3. Neutron EDM and the strong CP problem
Among the CP violating observables induced by ✓̄, the neutron EDM (nEDM) stands out as the most

sensitive one. The latter is defined in terms of the non-relativistic Hamiltonian

H = �dn ~E · Ŝ , (27)

and the current experimental limit is |dexp
n

| < 3.0 · 10�26 e cm = 1.5 · 10�12 e GeV�1 (90% CL) [59].8 A new
round of searches are actively underway with the goal of improving the sensitivity to CP violation by up to
two orders of magnitude (see e.g. [61]). Eq. (27) can be written in terms of a Lorentz invariant Lagrangian
operator as follows

L = �dn
i

2
n̄�µ⌫�5nF

µ⌫ . (28)

The calculation of the nEDM has been performed using different kind of techniques, such as chiral pertur-
bation theory [62–64], QCD sum-rules [65], holography [66] and lattice QCD [67, 68] (for a review of the
technical challenges involved see e.g. [69, 70]). These approaches show an overall agreement, albeit with
uncertainties of O(50%). Future inputs from the lattice could be crucial for reducing such error [68]. The
natural size of the ✓̄ contribution to the nEDM can be understood as follows. The operator in Eq. (28)
is d = 5 so one would naively expect its Wilson coefficient to be of O(1/mn) size. However, in order to
contribute to the nEDM one needs to pick-up an imaginary part which can only originate from the phase
of a light quark mass (working in the basis where the GG̃ term is absent). Moreover, being a dipole, the
operator must be generated via an EM loop. Hence, taking into account these two extra suppression factors,
the effective contribution to dn can be estimated as

L ⇠
e

16⇡2

mq ei✓̄

mn

1

mn

n̄�µ⌫�5nF
µ⌫ , (29)

Expanding linearly in ✓̄ one gets

|dn| ⇠
1

8⇡2

mq

mn

✓̄ e

mn

⇡ 10�4 ✓̄ e GeV�1 . (30)

In fact, this naive estimate yields a somewhat smaller value compared to a real calculation. For instance,
one of the most precise ones, based on QCD sum-rules, yields [65]

dn = 2.4 (1.0) · 10�16 ✓̄ e cm = 1.2 (0.5) · 10�2 ✓̄ e GeV�1 , (31)

thus implying the bound9

|✓̄| . 10�10 . (32)

Understanding the smallness of ✓̄ consists in the so-called strong CP problem.

8In Feb 2020 the nEDM experiment at PSI has published a new improved limit |dexpn | < 1.8 · 10�26 e cm (90% CL) [60].
9Experiments searching for the EDM of the electron in paramagnetic systems have recently achieved a remarkable sensitivity

and they can be used to obtain novel independent constraints on the QCD theta term at the level of |✓̄| . 3 · 10�8 [71].
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: predicted 
neutron EDM

But isn’t it okay with simply assuming 
CP symmetry with 𝜃!"# = 0?
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Quark mass phase and strong CP

The quark mass phase may be eliminated by a field redefinition.

“chiral” transformation
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Quark mass phase and strong CP

The chiral transformation is “anomalous” quantum mechanically.        

(= chiral anomaly)

94: Quarks and Theta Vacua 582

94 Quarks and Theta Vacua

Prerequisite: 77, 83, 93

Consider quantum chromodynamics with one flavor of massless quark, rep-
resented by a Dirac field Ψ in the fundamental representation of the gauge
group SU(3). The path integral is

Z =
∫

DADΨDΨ exp i
∫

d4x

[

iΨ /DΨ− 1

4
F aµνF a

µν −
g2θ

32π2
F̃ aµνF a

µν

]

; (94.1)

for the sake of brevity, we have not written the source terms explicitly.
In addition to the SU(3) gauge symmetry, there is a U(1)V × U(1)A

global symmetry of the quark action. However, the U(1)A symmetry is
anomalous. As we saw in section 77, under a U(1)A transformation

Ψ → e−iαγ5Ψ , (94.2)

Ψ → Ψe−iαγ5 , (94.3)

the integration measure picks up a phase factor,

DΨDΨ → exp

[

−i
∫

d4x
g2α

16π2
F̃ aµνF a

µν

]

DΨDΨ . (94.4)

Using this in eq. (94.1), we see that the effect of a U(1)A transformation is to
change the value of the theta angle from θ to θ+2α. Since the value of θ can
be changed by making a U(1)A transformation (which is simply a change of
the dummy integration variable in the path integral), we must conclude that
Z does not depend on θ. Apparently (and surprisingly), adding a massless
quark has turned the theta angle into a physically irrelevant, unobservable
parameter.

How do we reconcile this with our analysis in the previous section,
where we concluded that instanton-mediated tunneling amplitudes make
the vacuum energy density depend on θ? The answer is that when we
perform the integral over the quark field in eq. (94.1), we get a functional
determinant; the path integral becomes

Z =
∫

DA det(i /D)eiSeinθ , (94.5)

where S is the Yang-Mills action and n is the winding number. We see from
eq. (94.5) that Z would be independent of θ if gauge fields with nonzero
winding number did not contribute. This will be the case if det(i /D) van-
ishes for gauge fields with n ̸= 0. We conclude that i /D must have a zero
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be changed by making a U(1)A transformation (which is simply a change of
the dummy integration variable in the path integral), we must conclude that
Z does not depend on θ. Apparently (and surprisingly), adding a massless
quark has turned the theta angle into a physically irrelevant, unobservable
parameter.

How do we reconcile this with our analysis in the previous section,
where we concluded that instanton-mediated tunneling amplitudes make
the vacuum energy density depend on θ? The answer is that when we
perform the integral over the quark field in eq. (94.1), we get a functional
determinant; the path integral becomes

Z =
∫

DA det(i /D)eiSeinθ , (94.5)

where S is the Yang-Mills action and n is the winding number. We see from
eq. (94.5) that Z would be independent of θ if gauge fields with nonzero
winding number did not contribute. This will be the case if det(i /D) van-
ishes for gauge fields with n ̸= 0. We conclude that i /D must have a zero
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ishes for gauge fields with n ̸= 0. We conclude that i /D must have a zero

The quantum measure is not invariant under the chiral 
transformation à introduces an additional 𝜃-term.
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⇣
uL ! e

i✓u/2uL, uR ! e
�i✓u/2uR

⌘
(7)

Mqijq
†
Li
qRj �

g
2

3

32⇡2
✓QCDG

aµ⌫ eGa

µ⌫
(8)

|mu|ū e
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i✓u�

5
u ! |mu|ūu (6)
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Solution to the strong CP problem?

Massless u-quark?

𝜃̅$%& = 𝜃$%& + 𝛼 becomes an arbitrary parameter (i.e. physically 
irrelevant) and can be set to 0 by choosing 𝛼 = −𝜃$%&.
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the current lattice QCD data (i.e. 𝑚' ≠ 0).
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gaeȧvFB0

(7)

Esig ⇠

8
>>>><

>>>>:

|Jf |
�

⇠ e
2

2⇡2 gaevF
B0
�

p
⇢DM, chiral magnetic e↵ect

Ee↵ ⇠ gaema

p
⇢DM, axioelectric e↵ect

(1� µ
�1

)Be↵ ⇠ (1� µ
�1

)gaemeva
p
⇢DM, axion wind e↵ect

(8)

Psig =
1

2
N

2|Esig|2A (9)

1

Talk preparation note

July 12, 2025

ū�
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Digression : 𝜃̅234-dependent QCD vacuum energy

In the vacuum, (𝐸% = 𝐵% = 0)
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𝑇&	(𝑎 = 1,… , 8):  𝑆𝑈 3 ! matrices

𝑈'(𝑥)	is a periodic function over the spacetime and characterized by 
an integer number n (called “winding number”) which counts how 
many times it periodically changes over the universe.

Therefore, the QCD vacuum is characterized by the winding number 
associated with the gluon field 𝐴( in the vacuum. 

𝑈( 𝑥 = 𝑒)!!*"# + ,#

:  Not necessarily 0

𝐺-. = 0

𝐴( =
𝑖
𝑔)
𝑈' 𝑥 𝜕(𝑈'*(𝑥)
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𝐴-

𝑉$%&

𝑛 𝑛 + 1𝑛 − 1

A vacuum with 
winding number 𝑛 

𝐴( =
𝑖
𝑔)
𝑈' 𝑥 𝜕(𝑈'*(𝑥)

𝐺$% = 0

A vacuum with 
winding number 𝑛 + 1 

𝐴( =
𝑖
𝑔)
𝑈'*+ 𝑥 𝜕(𝑈'*+* (𝑥)

𝐺$% = 0
Smooth 

deformation 
of 𝐴( : 

𝐺$% ≠ 0

There is a potential barrier between the vacua with different winding 
numbers.
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𝐴-

𝑉$%&

𝑛 𝑛 + 1𝑛 − 1

Quantum mechanically tunneling can happen between the vacua with 
different winding numbers.

The tunneling with Δ𝑛 = 1	(−1) is called “(anti-)instanton process”.

Because of the tunneling, the true vacuum state is given by a superposition 
of the classical vacuum states 𝑛 , which is dubbed “𝜃-vacuum”.

𝜃 = 8
(/01

1

𝑒0)(2|𝑛⟩

( 𝜃  can be shown to be an eigenstate of any Hamiltonian of the form 𝑚 𝐻 𝑛 = 𝑓(𝑚 − 𝑛).)
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𝐴-

𝑉$%&

𝑛 𝑛 + 1𝑛 − 1

⟨𝜃|𝐻 𝜃 =>
$,&

𝑚 𝑒' $(& )𝐻 𝑛 ≃>
&

𝑛 𝐻 𝑛 +>
&

( 𝑛 + 1 𝐻 𝑛 𝑒') + 𝑛 − 1 𝐻 𝑛 𝑒('))

	 = const +>
&

2 𝑛 + 1 𝐻 𝑛 	cos	𝜃	 ~	const − 𝑉Λ!"#* 	𝑒(+!"#	cos	𝜃

𝑆&'( =
8𝜋)

𝑔*)

The 𝜃-vacuum energy is non-zero due to the (anti-)instanton processes.

:  (Euclidean) instanton action

~  Tunneling amplitude due to the
    instanton and the anti-instanton

Λ$%& :  QCD confinement scale
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𝜃 = 8
(/01

1

𝑒0)(2|𝑛⟩ 𝑉$%&(𝜃) ∼ −Λ$%&M 	𝑒0N$%& cos 𝜃

But what is 𝜃?

where 𝑆 = ∫ 𝑑,𝑥	(− +
,
𝐺&(-𝐺(-& + %!"

)./"
	 𝜃̅012	𝐺&(- J𝐺(-& )

𝜃 𝑒3456 𝜃 = ∫ 𝐷𝐴( 7←7
𝑒4	: = M

;,	'

∫ 𝐷𝐴( ;←'
𝑒4	:

= M
;,	'

∫ 𝐷𝐴( ;←'
𝑒4	:#$%*4 ;3' =7&'( = M

;,	'

𝑚 𝑒3456 𝑛 𝑒4 ;3' =7&'(

𝜃 𝑒3456 𝜃 = M
;,	'

𝑚 𝑒3456 𝑛 𝑒4 ;3' 7
Computation from 
Hamiltonian formulation

Path integral 
formulation

Thus 𝜃 = 𝜃̅$%&
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So we have shown that the (anti-)instanton processes yield vacuum 
energy which depends on 𝜃̅012.
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: instanton action

Λ012 : confinement energy of QCD

This suggests the “axion solution” to the strong CP problem.
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Axion solution to the strong CP problem

What’s the UV completion of the above lagrangian ?

• PQWW model (ruled out)
• KSVZ model

• DFSZ model

• String theoretic QCD axion model
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This lagrangian cannot be fundamental, since it is non-
renormalizable due to the dim-5 operator. 
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UV model for axion

Consider a complex scalar field Φ(x)
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Figure 3. E↵ective potential of the PQ field (top) and that of the axion field (bottom). The left (right)
panel shows the potential at the temperature much higher (lower) than the critical temperature of the
QCD phase transition. The axion field corresponds to the direction along the bottom of the potential
V (�) (pink lines), and such a direction is exactly flat at high temperatures. At low temperatures,
the periodic axion potential appears due to the presence of the topological susceptibility �(T ), which
gives rise to NDW di↵erent minima. In these figures, we choose NDW = 4.

Figure 4 illustrates a two-dimensional section of topological defects in the axion model
with NDW = 3. We note that in every case strings are attached by NDW domain walls, since
the value of the phase of the PQ field hA(x)i/vPQ must continuously change from �⇡ to ⇡
around the string core. Therefore, we expect that hybrid networks of strings and domain
walls, called string-wall systems, are formed at around the epoch of the QCD phase transition.

The domain wall number NDW determines the number of degenerate vacua in the ef-
fective potential of the A field. We have already mentioned that in models where only one
global U(1)PQ symmetry exists, the value of NDW is determined by the colour anomaly co-
e�cient, N . In simple models this coincides with the number of new quark flavours that
transform under the global U(1)PQ symmetry [119]. For instance, in the KSVZ model there
is one hypothetical heavy quark which transforms under U(1)PQ and NDW = N = 1 while
in DFSZ-I all of the standard model quarks transform under U(1)PQ and we have NDW = 6.

The subsequent evolution of the string-wall systems di↵ers according to whether NDW =
1 or NDW > 1. If NDW = 1, strings are pulled by one domain wall, which causes the
disintegration into smaller pieces of a wall bounded by a string [120]. Therefore, these
string-wall systems are unstable, and they collapse soon after their formation. On the other
hand, if NDW > 1, the tension force of domain walls acts on strings from NDW di↵erent
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The lagrangian has a global symmetry :

“Peccei-Quinn symmetry”

𝜇P > 0
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𝜌 𝑥  : non-compact real scalar field
𝜃 𝑥  : compact (i.e. periodic) real scalar field
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The axion field 𝑎(𝑥)	is massless because of the PQ symmetry: 
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Now suppose a Yukawa coupling between the PQ complex 
scalar and a quark :
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Chiral transformation (axion-
dependent field redefinition)
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strong CP problem

contributes no 
potential for 𝑎 𝑥

Quark mass
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The lagrangian is invariant under 𝑈 1 >0: 	𝑎 𝑥 → 𝑎 𝑥 + 𝑓&𝛼  perturbatively. 
This symmetry is broken only by the QCD instanton effect non-perturbatively.  
So the axion has a potential only from the QCD instanton effect.
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In order to solve the strong CP problem, 𝑈 1 >0 has to be a good symmetry 
of the theory up to the QCD instanton effect :
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for Δ𝑉 𝑎 ≠ 0

ΔV(𝑎)	has to be very small so that the strong CP angle 𝜃̅!"#,.// =
0
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+ 𝜃̅!"# < 10(12.
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𝑈 1 >0 invariant 𝑈 1 >0 breaking àΔ𝑉(𝑎)
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In the redefined field basis, only the 
axion field transforms under 𝑈 1 >0. 

quark PQ charge 2 × quark PQ charge

𝑞 → 𝑞𝑒'5
%6⋅1-

Georgi-Kaplan-Randall basis ‘86 
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𝑞 : SM quarks
Φ ∶ another Higgs doublet
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unitary gauge;
No axion

SM :

2 Higgs doublet 
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𝑞 : exotic heavy quark
Φ ∶ SM gauge-singlet complex scalar

𝑚^ =
_
√P𝑓a	 𝑓a can be much larger than the weak scale.

à tiny axion coupling (invisible axion)

The KSVZ model predicts a new heavy quark unless 
the Yukawa coupling 𝑦 is unreasonably small.

[Kim ’79,  Shifman, Vainshtein, Zakharov ’80]
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Here 𝑓a	can be large in contrast to the PQWW model.
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4D axion identified as a higher dimensional 
component of the gauge field
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𝑐!	is the necessary coupling to solve the strong CP problem, 
and the other couplings depend on specific UV models. 

10f	GeV	 ≲ 	𝑓a ≲ 10gP GeV

Phenomenological constraints on 𝑓5 from the axion-gluon coupling:

Star cooling from 
axion emission

Axion DM 
overproduction

“QCD axion window”
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When 𝑇 < Λ$%&,		the QCD confinement happens, and one 
has to take into account quark confinement effect.
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Expanding for a/fa ⌧ 1 we obtain
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where linear terms in the axion field are absent by construction. The axion mass (squared) is then readily
obtained by setting the pion on its ground state ⇡ = 0, which yields [16]
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An alternative expression for the axion-pion potential, corresponding to the choice Qa = 1
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given by [47, 108]
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which clearly shows that the absolute minimum is in (a,⇡0) = (0, 0).17 In particular, on the pion ground
state, ⇡0 = �af⇡, the chiral perturbation theory (�PT) axion potential takes the form
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Note that while in an expansion around a = 0 at the leading order the chiral potential and the one instanton
cosine potential of Eq. (17) coincide, for large field values, a ⇠ fa the two differ even qualitatively. This
is because in the regime of confinement, where the estimate of the potential Eq. (54) based on chiral
perturbation theory is reliable, the instanton semiclassical approximation breaks down, since in that regime
fluctuations of topologically non-trivial gauge configurations away from the instanton solution that extremise
the classical action also become important. On the other hand, the chiral potential cannot be used above
the chiral phase transition, and the one-instanton potential becomes more reliable at T ⇠ 1 GeV, which is
the relevant regime for the calculation of the axion DM relic density (cf. Section 3).

2.5.2. Axion-pion coupling
Next we inspect the derivative part of the axion-pion Lagrangian. This is obtained by expanding the

iso-triplet current term in Eq. (45):
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Note that the first term in Eq. (55) represents a kinetic mixing between the axion and the pion fields, which
needs to be diagonalized in order to define the canonical axion and pion fields. The quadratic part of the
axion-pion Lagrangian reads
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17QED corrections could in principle generate new minima [109]. However, this is prevented by the hierarchy mq/f⇡ � ↵/⇡,
which makes the vacuum structure for the pion potential trivial.
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where linear terms in the axion field are absent by construction. The axion mass (squared) is then readily
obtained by setting the pion on its ground state ⇡ = 0, which yields [16]
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An alternative expression for the axion-pion potential, corresponding to the choice Qa = 1
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which clearly shows that the absolute minimum is in (a,⇡0) = (0, 0).17 In particular, on the pion ground
state, ⇡0 = �af⇡, the chiral perturbation theory (�PT) axion potential takes the form
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Note that while in an expansion around a = 0 at the leading order the chiral potential and the one instanton
cosine potential of Eq. (17) coincide, for large field values, a ⇠ fa the two differ even qualitatively. This
is because in the regime of confinement, where the estimate of the potential Eq. (54) based on chiral
perturbation theory is reliable, the instanton semiclassical approximation breaks down, since in that regime
fluctuations of topologically non-trivial gauge configurations away from the instanton solution that extremise
the classical action also become important. On the other hand, the chiral potential cannot be used above
the chiral phase transition, and the one-instanton potential becomes more reliable at T ⇠ 1 GeV, which is
the relevant regime for the calculation of the axion DM relic density (cf. Section 3).

2.5.2. Axion-pion coupling
Next we inspect the derivative part of the axion-pion Lagrangian. This is obtained by expanding the
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Note that the first term in Eq. (55) represents a kinetic mixing between the axion and the pion fields, which
needs to be diagonalized in order to define the canonical axion and pion fields. The quadratic part of the
axion-pion Lagrangian reads
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17QED corrections could in principle generate new minima [109]. However, this is prevented by the hierarchy mq/f⇡ � ↵/⇡,
which makes the vacuum structure for the pion potential trivial.
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17QED corrections could in principle generate new minima [109]. However, this is prevented by the hierarchy mq/f⇡ � ↵/⇡,
which makes the vacuum structure for the pion potential trivial.

17

More precisely including the other light quarks 𝑢, 𝑑, 𝑠	
(using the chiral perturbation theory), 
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Axion-Like Particle (ALP)

( a(+)h#
= 𝜃(𝑥) ; angle)i) Periodicity :

ii) Approximate shift symmetry 𝑈 1 i$	:
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i) à  Natural size of ALP couplings is determined by 𝑓a.
ii) à  ALP is naturally light.
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Theoretically similar to the QCD axion, not being involved in 
a solution to the strong CP problem.
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ALP mass by nonperturbative effect

The axion mass 𝑚a and coupling 1/𝑓a are basically free 
parameters with theoretical naturalness by the symmetries. 

Λ8 : confining scale of the hidden gluons
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Why ALPs ?

• QCD axion : if it really exists, probably not alone.

• String theory :  generally many 4D ALPs from higher 
dimensional gauge fields upon compactification of  
extra dimensions

• The conventional BSM scenarios (e.g. GUT, SUSY, 
composite Higgs) involve ALPs in many cases in 
different context.
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Cosmology of axions : 
axion dark matter
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Spontaneous PQ breaking in the early universe
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: thermal mass from Φ’s interaction with thermal plasma

𝑇 > 𝑇6 :  Φ = 0 
(no massless field à no axion)  
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≡ 89
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(𝑈 1 9! spontaneously broken à 
a massless goldstone boson = axion)

T << Tc
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V(φ)

Figure 1: Potential of the PQ scalar.

When the U(1)PQ symmetry is spontaneously broken, one-dimensional topological

defects called axionic strings are formed. After formation the axionic string networks

evolve by emitting axions and follow the scaling solution. The emission of axions from

the strings and its contribution to the present density is described in Section 3.3.1.

When the cosmic temperature further decreases and becomes comparable to the QCD

scale Λ (≃ 0.1 GeV), the axion obtains its mass through the QCD non-perturbative effect.

Then, the axion potential is written as
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where ma is the mass of the axion. Here NDW is called the domain wall number which is

a model-dependent integer related to the color anomaly. The axion mass ma depends on

the temperature and it was first calculated in References [36]. More recently, Wantz and

Shellard [37] obtained the temperature dependence of ma using the interacting instanton
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i) before/during inflation (and never be restored afterward)

ii) after inflation

Axion cosmology is very different depending on 

when the spontaneous PQ breaking happens

: Gibbons-Hawking temperature 𝑇k =
l'
Pm 	≲ 	 𝑓a

: Reheating temperature (temperature    
right after inflation) 𝑇n ≳	𝑓a
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i) PQ spontaneously broken before/during inflation

Formation of axion defects
•             : U(1)PQ is restoredT > fa V (�)

T > fa

T < fa

•              : U(1)PQ breaks down

- Random distribution of phase: unif(-π,π)

- Formation of global strings

T = fa

time

Φ: PQ complex scalar

V (�)

(NDW=1)

•                    : QCD phase transition

- Axion acquires potential ~

- Formation of DWs

T = ⇤QCD

⇤4
QCD cos

✓
a

fa

◆

For NDW=1 (e.g., KSVZ model), DWs has boundaries 
(edged by strings).   DW-string system collapses in 
~O(1) Hubble time.

Figure 1. A schematic view of the time evolution of the spatial distribution of ✓ field in the pre-
inflationary PQ symmetry breaking scenario (top) and the post-inflationary PQ symmetry breaking
scenario (bottom). In the pre-inflationary scenario, inflation makes the initial value of ✓ = ✓i uniform
in all the observable Universe. In the post-inflationary scenario, the Universe ends up containing many
di↵erent patches that had di↵erent values of ✓ at the time of QCD phase transition. We also expect
that topological defects such as strings and domain walls form around the borders of the patches.

– 13 –

The inflationary expansion makes the axion field value universal 
over the observable patch of the universe. 
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Axion field dynamics in the pre-inflationary PQ breaking scenario

Figure 3. E↵ective potential of the PQ field (top) and that of the axion field (bottom). The left (right)
panel shows the potential at the temperature much higher (lower) than the critical temperature of the
QCD phase transition. The axion field corresponds to the direction along the bottom of the potential
V (�) (pink lines), and such a direction is exactly flat at high temperatures. At low temperatures,
the periodic axion potential appears due to the presence of the topological susceptibility �(T ), which
gives rise to NDW di↵erent minima. In these figures, we choose NDW = 4.

Figure 4 illustrates a two-dimensional section of topological defects in the axion model
with NDW = 3. We note that in every case strings are attached by NDW domain walls, since
the value of the phase of the PQ field hA(x)i/vPQ must continuously change from �⇡ to ⇡
around the string core. Therefore, we expect that hybrid networks of strings and domain
walls, called string-wall systems, are formed at around the epoch of the QCD phase transition.

The domain wall number NDW determines the number of degenerate vacua in the ef-
fective potential of the A field. We have already mentioned that in models where only one
global U(1)PQ symmetry exists, the value of NDW is determined by the colour anomaly co-
e�cient, N . In simple models this coincides with the number of new quark flavours that
transform under the global U(1)PQ symmetry [119]. For instance, in the KSVZ model there
is one hypothetical heavy quark which transforms under U(1)PQ and NDW = N = 1 while
in DFSZ-I all of the standard model quarks transform under U(1)PQ and we have NDW = 6.

The subsequent evolution of the string-wall systems di↵ers according to whether NDW =
1 or NDW > 1. If NDW = 1, strings are pulled by one domain wall, which causes the
disintegration into smaller pieces of a wall bounded by a string [120]. Therefore, these
string-wall systems are unstable, and they collapse soon after their formation. On the other
hand, if NDW > 1, the tension force of domain walls acts on strings from NDW di↵erent

– 18 –

Same initial axion field 
value over the universe

The axion field starts to 
move after its potential is 
developed.
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slow-roll : dark energy

damped harmonic 
oscillator : cold dark matter 

Misalignment production of axion dark matter
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In the present universe, the oscillation amplitude is significantly smaller 
than the initial amplitude (~𝑓&), because it has been damped.

|𝑣⃗|~10(, :  virial velocity of the axion DM

Talk preparation note
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Present oscillation amplitude 𝑎A ≪ 𝑓&𝜃4'4
~𝑓0𝜃'&'
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The present amplitude 𝑎A is determined from the initial 
amplitude ~𝑓&𝜃4'4 and the axion mass 𝑚& & 𝑚&,BC! . 
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Eq. of motion

𝑚&(𝑡) ≫ 𝐻(𝑡)

Solution ansatz

𝐻 𝑡 ≠ 0 (WKB approx.)

Sol. (𝑚&(𝑡) ≫ 𝐻(𝑡)) 

Subscript “1” : initial value 
(at the oscillation start time)
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1 General ALP Dark Matter from misalignment
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ȧ
2 +

1

2
m

2
aa

2 =
1

2
m

2
aA

2


1 +O

✓
H

ma

◆�
(11)

p =
1

2
ȧ
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Energy-momentum tensor
where t1 is the time when ALP starts to oscillate. If m�(t) � H(t), the solution is found to be
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after ma(t) becomes constant. Therefore, the coherent oscillation of ALP field behaves like
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Oscillation temperature
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Entropy conservation
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after ma(t) becomes constant. Therefore, the coherent oscillation of ALP field behaves like

matter so that it can be a dark matter.
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It is also instructive to express T1 in terms of m1 using eq. (30),

⇢ =
1

2

p
maA

2
1

r
ma

m1

(g⇤(T1))3/4

g⇤S(T1)

g⇤S(T )T 3

M
3/2
Pl

✓
⇡

p
10

◆3/2

(33)

Finally the ALP dark matter abundance at temperature T is then given by
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DM abundance
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1 General ALP Dark Matter from misalignment
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The current abundance (T = T0) is estimated
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where we have assumed g⇤(T1) = g⇤S(T1) and used ⇢c(T0)/(s(T0)h2) = 3.6⇥ 10�9 GeV. Here ✓1

is the initial misalignment angle from the potential minimum so that A1 = f✓1.

In order to quantify
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T1 = c1⇤a (38)

where c1 is a coe�cient and ⇤a is defined by the zero temperature ALP mass
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Thus ⇤a may be close to the confining scale of the gauge interaction responsible for ALP mass,

and c1 is expected to be of order one. From eq. (31), the ratio ma/m1 is then estimated as
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Applying this relation to (37), the dark matter abundance may be parametrized as
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The axion field value can vary by O(1) over the horizon scale.Figure 1. A schematic view of the time evolution of the spatial distribution of ✓ field in the pre-
inflationary PQ symmetry breaking scenario (top) and the post-inflationary PQ symmetry breaking
scenario (bottom). In the pre-inflationary scenario, inflation makes the initial value of ✓ = ✓i uniform
in all the observable Universe. In the post-inflationary scenario, the Universe ends up containing many
di↵erent patches that had di↵erent values of ✓ at the time of QCD phase transition. We also expect
that topological defects such as strings and domain walls form around the borders of the patches.

– 13 –

ii) PQ spontaneously broken after inflation

Axionic strings
Formation of global string network

Network evolution: scaling solution

- aini is random in each causal patch

- Cosmological network of global strings forms

V (�)

- Number of strings in a horizon stays constant of O(1).

string

causal patch

Energy of string is released by radiating axions → axion CDM
Davis (1986); Davis & Shellard (1989)
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string

Figure 3. E↵ective potential of the PQ field (top) and that of the axion field (bottom). The left (right)
panel shows the potential at the temperature much higher (lower) than the critical temperature of the
QCD phase transition. The axion field corresponds to the direction along the bottom of the potential
V (�) (pink lines), and such a direction is exactly flat at high temperatures. At low temperatures,
the periodic axion potential appears due to the presence of the topological susceptibility �(T ), which
gives rise to NDW di↵erent minima. In these figures, we choose NDW = 4.

Figure 4 illustrates a two-dimensional section of topological defects in the axion model
with NDW = 3. We note that in every case strings are attached by NDW domain walls, since
the value of the phase of the PQ field hA(x)i/vPQ must continuously change from �⇡ to ⇡
around the string core. Therefore, we expect that hybrid networks of strings and domain
walls, called string-wall systems, are formed at around the epoch of the QCD phase transition.

The domain wall number NDW determines the number of degenerate vacua in the ef-
fective potential of the A field. We have already mentioned that in models where only one
global U(1)PQ symmetry exists, the value of NDW is determined by the colour anomaly co-
e�cient, N . In simple models this coincides with the number of new quark flavours that
transform under the global U(1)PQ symmetry [119]. For instance, in the KSVZ model there
is one hypothetical heavy quark which transforms under U(1)PQ and NDW = N = 1 while
in DFSZ-I all of the standard model quarks transform under U(1)PQ and we have NDW = 6.

The subsequent evolution of the string-wall systems di↵ers according to whether NDW =
1 or NDW > 1. If NDW = 1, strings are pulled by one domain wall, which causes the
disintegration into smaller pieces of a wall bounded by a string [120]. Therefore, these
string-wall systems are unstable, and they collapse soon after their formation. On the other
hand, if NDW > 1, the tension force of domain walls acts on strings from NDW di↵erent

– 18 –

string + 
domain walls

String-wall network in the post-inflationary PQ breaking scenario

Topological defects in conventional axion scenario
PQ symmetry breaking after inflation

Hiramatsu, Kawasaki, Saikawa, Sekiguchi 1202.5851 

Domain walls with cosmic strings

NDW=1

Cosmic string

string-wall network decays into axions
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The string-wall network decays to axions. The resultant axion production turns 
out to be larger than from the misalignment mechanism by about the log factor.  

Axionic strings
Formation of global string network

Network evolution: scaling solution

- aini is random in each causal patch

- Cosmological network of global strings forms

V (�)

- Number of strings in a horizon stays constant of O(1).

string

causal patch

Energy of string is released by radiating axions → axion CDM
Davis (1986); Davis & Shellard (1989)
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Axion Dark Matter

• PQ breaking after inflation

ü Axionic strings and domain walls are generated.
ü Axion DM is mainly given by annihilation of them.

(Axion Domain Wall problem)

But it requires 𝑁&t = 1 for the 
string-wall network to collapse.  
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(Note 𝑁&t = 6 in the DFSZ model)
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Axion Dark Matter

• PQ breaking before/during inflation

ü No domain wall problem      
ü Axion DM is given by coherent oscillation of the axion field. 

The axion field gets quantum 
fluctuation during inflation.

Figure 3. E↵ective potential of the PQ field (top) and that of the axion field (bottom). The left (right)
panel shows the potential at the temperature much higher (lower) than the critical temperature of the
QCD phase transition. The axion field corresponds to the direction along the bottom of the potential
V (�) (pink lines), and such a direction is exactly flat at high temperatures. At low temperatures,
the periodic axion potential appears due to the presence of the topological susceptibility �(T ), which
gives rise to NDW di↵erent minima. In these figures, we choose NDW = 4.

Figure 4 illustrates a two-dimensional section of topological defects in the axion model
with NDW = 3. We note that in every case strings are attached by NDW domain walls, since
the value of the phase of the PQ field hA(x)i/vPQ must continuously change from �⇡ to ⇡
around the string core. Therefore, we expect that hybrid networks of strings and domain
walls, called string-wall systems, are formed at around the epoch of the QCD phase transition.

The domain wall number NDW determines the number of degenerate vacua in the ef-
fective potential of the A field. We have already mentioned that in models where only one
global U(1)PQ symmetry exists, the value of NDW is determined by the colour anomaly co-
e�cient, N . In simple models this coincides with the number of new quark flavours that
transform under the global U(1)PQ symmetry [119]. For instance, in the KSVZ model there
is one hypothetical heavy quark which transforms under U(1)PQ and NDW = N = 1 while
in DFSZ-I all of the standard model quarks transform under U(1)PQ and we have NDW = 6.

The subsequent evolution of the string-wall systems di↵ers according to whether NDW =
1 or NDW > 1. If NDW = 1, strings are pulled by one domain wall, which causes the
disintegration into smaller pieces of a wall bounded by a string [120]. Therefore, these
string-wall systems are unstable, and they collapse soon after their formation. On the other
hand, if NDW > 1, the tension force of domain walls acts on strings from NDW di↵erent
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We propose ...

The non-observation of neutron EDM implies that the
QCD preserves CP symmetry to a very high degree dif-
ferently from the electroweak interactions. The axion,
which appears as a consequence of spontaneous breaking
of anomalous Peccei-Quinn (PQ) symmetry, provides a
natural solution to this problem by cancelling dynami-
cally the CP phase in the QCD sector [? ]. In addition,
the axion can solve the dark matter problem for the axion
decay constant fa larger than about 109 GeV as required
by the astrophysical constraints.

In the PQ extension of the Standard Model (SM), an
important question is which physical mechanism fixes fa
consistently with the astrophysical and cosmological con-
straints. The cosmological properties of the axion cru-
cially depend upon when PQ phase transition takes place.
If spontaneous PQ breaking occurs after inflation, the PQ
extension is severely constrained to have the domain-wall
number equal to unity:

NDW = 1, (1)

since otherwise the domain-walls dominate the energy
density of the Universe. The domain-wall number is
determined by the SU(3)2

c
⇥U(1)PQ anomaly coe�cient.

For NDW = 1, axions are produced mainly by annihila-
tions of axionic strings and domain-walls [? ]. The axion
fraction of dark matter reads

⌦a

⌦DM
' (4± 2)⇥

✓
fa(t0)

1011GeV

◆1.19

(2)

where fa is the axion decay constant at present, and
⌦DMh

2 ' 0.12 is the total dark matter density. Thus fa
should be between about 109 GeV and (2–4)⇥ 1010 GeV
in order to avoid overclosure of the Universe and to sat-
isfy the astrophysical constraints.

Another scenario, which we will focus on in this letter,
is that U(1)PQ is spontaneously broken during inflation
and never restored afterwards. In this case, there are
no topological defects within our horizon, and thus the
PQ extension is not subject to the non-trivial constraint,
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NDW = 1. However the axion can still cause cosmolog-
ical problems because it obtains quantum fluctuations.
The axion fluctuations turn into isocurvature perturba-
tions at the QCD phase transition. On the other hand,
the observed CMB temperature power spectrum is con-
sistent with adiabatic density perturbations, and allows
only a small isocurvature contribution. To avoid the over-
production of isocurvature perturbations [? ], the axion
energy density should satisfy

✓
⌦a

⌦DM

◆
�✓

✓0
< 0.47⇥ 10�5

, (3)

for �✓ ⌧ ✓0 with ✓0 being the classical value of the axion
misalignment angle. Here the axion quantum fluctuation
angle �✓ is given by

�✓ =
H(tI)

2⇡fa(tI)
(4)

where fI and HI are the axion decay constant and the
Hubble parameter during the inflationary epoch, respec-
tively, and the factor �  1 has been included by taking
into account possible evolution of axion fluctuations in
the early Universe. The axion density produced by the
misaligned axion field reads
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neglecting anharmonic e↵ects [? ]. The isocurvature con-
straint (3) shows that the axion dark matter is generally
in tension with high scale inflation unless �✓/✓0 is highly
suppressed. It is clear that �✓ . 10�5 is required in order
to explain the observed dark matter by the axion.
As can be seen from (3) and (5), the fraction of the

axion dark matter can be sizable if fa is an intermediate
scale while fI is much larger than HI [? ]. A natural way
to realize this in high scale inflation is to consider a super-
symmetric PQ extension where the axion decay constant
is fixed by the competition between a Planck-suppressed
operator and SUSY breaking e↵ects [? ], which leads
to a connection between the axion scale and the SUSY
breaking mass:

fa ⇠ (mSUSYM
n
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)1/(n+1)

,
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n

Pl
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, (6)

Axionic isocurvature perturbation

• The primoridal axion quantum fluctuations turn into axion DM density 
perturbation after QCD phase transition.

• It generates the “isocurvature mode” of CMB perturbation.

QCD phase 
transition
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angle �✓ is given by

�✓ =
H(tI)

2⇡fa(tI)
(4)

where fI and HI are the axion decay constant and the
Hubble parameter during the inflationary epoch, respec-
tively, and the factor �  1 has been included by taking
into account possible evolution of axion fluctuations in
the early Universe. The axion density produced by the
misaligned axion field reads

⌦a

⌦DM
' 1.7(✓20 + �✓

2)

✓
fa

1012GeV

◆1.19

(5)

neglecting anharmonic e↵ects [? ]. The isocurvature con-
straint (3) shows that the axion dark matter is generally
in tension with high scale inflation unless �✓/✓0 is highly
suppressed. It is clear that �✓ . 10�5 is required in order
to explain the observed dark matter by the axion.
As can be seen from (3) and (5), the fraction of the

axion dark matter can be sizable if fa is an intermediate
scale while fI is much larger than HI [? ]. A natural way
to realize this in high scale inflation is to consider a super-
symmetric PQ extension where the axion decay constant
is fixed by the competition between a Planck-suppressed
operator and SUSY breaking e↵ects [? ], which leads
to a connection between the axion scale and the SUSY
breaking mass:

fa ⇠ (mSUSYM
n

Pl
)1/(n+1)

,

fI ⇠ (HIM
n

Pl
)1/(n+1)

, (6)
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We propose ...

The non-observation of neutron EDM implies that the
QCD preserves CP symmetry to a very high degree dif-
ferently from the electroweak interactions. The axion,
which appears as a consequence of spontaneous breaking
of anomalous Peccei-Quinn (PQ) symmetry, provides a
natural solution to this problem by cancelling dynami-
cally the CP phase in the QCD sector [? ]. In addition,
the axion can solve the dark matter problem for the axion
decay constant fa larger than about 109 GeV as required
by the astrophysical constraints.

In the PQ extension of the Standard Model (SM), an
important question is which physical mechanism fixes fa
consistently with the astrophysical and cosmological con-
straints. The cosmological properties of the axion cru-
cially depend upon when PQ phase transition takes place.
If spontaneous PQ breaking occurs after inflation, the PQ
extension is severely constrained to have the domain-wall
number equal to unity:

NDW = 1, (1)

since otherwise the domain-walls dominate the energy
density of the Universe. The domain-wall number is
determined by the SU(3)2

c
⇥U(1)PQ anomaly coe�cient.

For NDW = 1, axions are produced mainly by annihila-
tions of axionic strings and domain-walls [? ]. The axion
fraction of dark matter reads

⌦a

⌦DM
' (4± 2)⇥

✓
fa

1011GeV

◆1.19

, (2)

where fa is the axion decay constant at present, and
⌦DMh

2 ' 0.12 is the total dark matter density. Thus fa
should be between about 109 GeV and (2–4)⇥ 1010 GeV
in order to avoid overclosure of the Universe and to sat-
isfy the astrophysical constraints.

Another scenario, which we will focus on in this letter,
is that U(1)PQ is spontaneously broken during inflation
and never restored afterwards. In this case, there are
no topological defects within our horizon, and thus the
PQ extension is not subject to the non-trivial constraint,

⇤e-mail: kchoi@ibs.re.kr
†e-mail: ejchun@kias.re.kr
‡e-mail: shim@ibs.re.kr
§e-mail: ksjeong@pusan.ac.kr

NDW = 1. However the axion can still cause cosmolog-
ical problems because it obtains quantum fluctuations.
The axion fluctuations turn into isocurvature perturba-
tions at the QCD phase transition. On the other hand,
the observed CMB temperature power spectrum is con-
sistent with adiabatic density perturbations, and allows
only a small isocurvature contribution. To avoid the over-
production of isocurvature perturbations [? ], the axion
energy density should satisfy
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⌦DM

◆
�✓

✓0
< 0.47⇥ 10�5

, (3)

for �✓ ⌧ ✓0 with ✓0 being the classical value of the axion
misalignment angle. Here the axion quantum fluctuation
angle �✓ is given by

�✓ =
H(tI)

2⇡fa(tI)
(4)

where fI and HI are the axion decay constant and the
Hubble parameter during the inflationary epoch, respec-
tively, and the factor �  1 has been included by taking
into account possible evolution of axion fluctuations in
the early Universe. The axion density produced by the
misaligned axion field reads
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2)

✓
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◆1.19

(5)

neglecting anharmonic e↵ects [? ]. The isocurvature con-
straint (3) shows that the axion dark matter is generally
in tension with high scale inflation unless �✓/✓0 is highly
suppressed. It is clear that �✓ . 10�5 is required in order
to explain the observed dark matter by the axion.
As can be seen from (3) and (5), the fraction of the

axion dark matter can be sizable if fa is an intermediate
scale while fI is much larger than HI [? ]. A natural way
to realize this in high scale inflation is to consider a super-
symmetric PQ extension where the axion decay constant
is fixed by the competition between a Planck-suppressed
operator and SUSY breaking e↵ects [? ], which leads
to a connection between the axion scale and the SUSY
breaking mass:

fa ⇠ (mSUSYM
n

Pl
)1/(n+1)

,

fI ⇠ (HIM
n

Pl
)1/(n+1)

, (6)
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We propose a new mechanism to suppress the axion isocurvature perturbation, while producing
the right amount of axion dark matter, within the framework of supersymmetric axion models
with the axion scale induced by supersymmetry breaking. The mechanism involves an intermediate
phase transition to generate the Higgs µ-parameter, before which the weak scale is comparable to
the axion scale and the resulting stronger QCD yields an axion mass heavier than the Hubble scale
over a certain period. Combined with that the Hubble-induced axion scale during the primordial
inflation is well above the intermediate axion scale at present, the stronger QCD in the early Universe
suppresses the axion fluctuation to be small enough even when the inflationary Hubble scale saturates
the current upper bound, while generating an axion misalignment angle of order unity.

The non-observation of the neutron EDM requires the
CP violating QCD angle to be as tiny as |θ̄| < 10−10,
causing the strong CP problem. An appealing solution of
this puzzle is to introduce a spontaneously broken global
Peccei-Quinn (PQ) symmetry [1]. Then θ̄ corresponds
to the vacuum value of the associated Nambu-Goldstone
boson, the axion, which is determined to be vanishing by
the low energy QCD dynamics [2].

An interesting consequence of this solution is that ax-
ions can explain the dark matter in our universe. Yet,
the prospect for axion dark matter depends on the cos-
mological history of the PQ phase transition. A possible
scenario is that the spontaneous PQ breaking occurs af-
ter the primordial inflation is over. In such a case, the
model is constrained to have the domain-wall number
NDW = 1, where NDW corresponds to the integer-valued
U(1)PQ×SU(3)c×SU(3)c anomaly coefficient. Then ax-
ions are produced mainly by the annihilations of ax-
ionic strings and domain-walls, which would result in the
right amount of axion dark matter for the axion scale
fa ∼ 5× 1010 GeV [3]. However it appears to be difficult
to realize this scenario within the framework of a funda-
mental theory such as string theory, since it requires a
PQ symmetry with NDW = 1, as well as a restored PQ
phase until some moment after the primordial inflation.

Another scenario which we will focus on in this paper is
that U(1)PQ is spontaneously broken during the primor-
dial inflation and never restored afterwards. Then the
model is not subject to the condition NDW = 1, but is
constrained by the axion isocurvature perturbation [4–6].
For instance, from the observed CMB power spectrum,
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one finds [7],
(

δT

T

)

iso

≃
4

5

(

Ωa

ΩDM

)

δθ

θmis
< 3.8× 10−6, (1)

where θmis and δθ denote the average misalignment angle
and the angle fluctuation, respectively, for the axion field
right before the conventional QCD phase transition when
ma(tQCD) ≈ H(tQCD) with a temperature T (tQCD) ∼
1 GeV. In the above, we have used that the relic axion
density is given by

Ωa

ΩDM
≃ 1.7 θ2mis

(

fa(t0)

1012GeV

)1.19

, (2)

with ΩDM ≈ 0.24 being the total dark matter fraction,
and have assumed that |δθ| ≪ |θmis| and there is no sig-
nificant evolution of fa from tQCD to the present time t0
so that fa(tQCD) ≈ fa(t0). In inflationary cosmology, the
primordial quantum fluctuation of the axion field results
in

δθ ≡ δθ(tQCD) = γδθ(tI) = γ
H(tI)

2πfa(tI)
, (3)

where fa(tI) and H(tI) denote the axion scale and the
Hubble parameter, respectively, during the primordial in-
flation epoch tI , and the factor γ is introduced to take
into account the evolution of δθ from tI to tQCD. Note
that the inflationary Hubble scale H(tI) is bounded by
the tensor-to-scalar ratio of the CMB perturbation as

r ≃ 0.16

(

H(tI)

1014GeV

)2

< 0.11, (4)

and the weak gravity conjecture [8] suggests that generic
axion scales are bounded as

fa ! O
(

g2

8π2
MPl

)

, (5)

where MPl ≃ 2.4×1018 GeV is the reduced Planck mass.

Planck Collaboration (2014)
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Tension with High scale inflation
• If axion is a major component of DM in the Universe, the axion field 

fluctuations must be very small.  

• This means that the primordial inflationary Hubble scale should be so 
suppressed compared to the axion scale at the inflationary epoch. 
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We propose a new mechanism to suppress the axion isocurvature perturbation, while producing
the right amount of axion dark matter, within the framework of supersymmetric axion models
with the axion scale induced by supersymmetry breaking. The mechanism involves an intermediate
phase transition to generate the Higgs µ-parameter, before which the weak scale is comparable to
the axion scale and the resulting stronger QCD yields an axion mass heavier than the Hubble scale
over a certain period. Combined with that the Hubble-induced axion scale during the primordial
inflation is well above the intermediate axion scale at present, the stronger QCD in the early Universe
suppresses the axion fluctuation to be small enough even when the inflationary Hubble scale saturates
the current upper bound, while generating an axion misalignment angle of order unity.

The non-observation of the neutron EDM requires the
CP violating QCD angle to be as tiny as |θ̄| < 10−10,
causing the strong CP problem. An appealing solution of
this puzzle is to introduce a spontaneously broken global
Peccei-Quinn (PQ) symmetry [1]. Then θ̄ corresponds
to the vacuum value of the associated Nambu-Goldstone
boson, the axion, which is determined to be vanishing by
the low energy QCD dynamics [2].

An interesting consequence of this solution is that ax-
ions can explain the dark matter in our universe. Yet,
the prospect for axion dark matter depends on the cos-
mological history of the PQ phase transition. A possible
scenario is that the spontaneous PQ breaking occurs af-
ter the primordial inflation is over. In such a case, the
model is constrained to have the domain-wall number
NDW = 1, where NDW corresponds to the integer-valued
U(1)PQ×SU(3)c×SU(3)c anomaly coefficient. Then ax-
ions are produced mainly by the annihilations of ax-
ionic strings and domain-walls, which would result in the
right amount of axion dark matter for the axion scale
fa ∼ 5× 1010 GeV [3]. However it appears to be difficult
to realize this scenario within the framework of a funda-
mental theory such as string theory, since it requires a
PQ symmetry with NDW = 1, as well as a restored PQ
phase until some moment after the primordial inflation.

Another scenario which we will focus on in this paper is
that U(1)PQ is spontaneously broken during the primor-
dial inflation and never restored afterwards. Then the
model is not subject to the condition NDW = 1, but is
constrained by the axion isocurvature perturbation [4–6].
For instance, from the observed CMB power spectrum,
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one finds [7],
(

δT

T

)

iso

≃
4

5

(

Ωa

ΩDM

)

δθ

θmis
< 3.8× 10−6, (1)

where θmis and δθ denote the average misalignment angle
and the angle fluctuation, respectively, for the axion field
right before the conventional QCD phase transition when
ma(tQCD) ≈ H(tQCD) with a temperature T (tQCD) ∼
1 GeV. In the above, we have used that the relic axion
density is given by

Ωa

ΩDM
≃ 1.7 θ2mis

(

fa(t0)

1012GeV

)1.19

, (2)

with ΩDM ≈ 0.24 being the total dark matter fraction,
and have assumed that |δθ| ≪ |θmis| and there is no sig-
nificant evolution of fa from tQCD to the present time t0
so that fa(tQCD) ≈ fa(t0). In inflationary cosmology, the
primordial quantum fluctuation of the axion field results
in

δθ ≡ δθ(tQCD) = γδθ(tI) = γ
H(tI)

2πfa(tI)
, (3)

where fa(tI) and H(tI) denote the axion scale and the
Hubble parameter, respectively, during the primordial in-
flation epoch tI , and the factor γ is introduced to take
into account the evolution of δθ from tI to tQCD. Note
that the inflationary Hubble scale H(tI) is bounded by
the tensor-to-scalar ratio of the CMB perturbation as

r ≃ 0.16

(

H(tI)

1014GeV

)2

< 0.11, (4)

and the weak gravity conjecture [8] suggests that generic
axion scales are bounded as

fa ! O
(

g2

8π2
MPl

)

, (5)

where MPl ≃ 2.4×1018 GeV is the reduced Planck mass.
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We propose ...

The non-observation of neutron EDM implies that the
QCD preserves CP symmetry to a very high degree dif-
ferently from the electroweak interactions. The axion,
which appears as a consequence of spontaneous breaking
of anomalous Peccei-Quinn (PQ) symmetry, provides a
natural solution to this problem by cancelling dynami-
cally the CP phase in the QCD sector [? ]. In addition,
the axion can solve the dark matter problem for the axion
decay constant fa larger than about 109 GeV as required
by the astrophysical constraints.

In the PQ extension of the Standard Model (SM), an
important question is which physical mechanism fixes fa
consistently with the astrophysical and cosmological con-
straints. The cosmological properties of the axion cru-
cially depend upon when PQ phase transition takes place.
If spontaneous PQ breaking occurs after inflation, the PQ
extension is severely constrained to have the domain-wall
number equal to unity:

NDW = 1, (1)

since otherwise the domain-walls dominate the energy
density of the Universe. The domain-wall number is
determined by the SU(3)2

c
⇥U(1)PQ anomaly coe�cient.

For NDW = 1, axions are produced mainly by annihila-
tions of axionic strings and domain-walls [? ]. The axion
fraction of dark matter reads

⌦a

⌦DM
' (4± 2)⇥

✓
fa(t0)

1011GeV

◆1.19

(2)

where fa is the axion decay constant at present, and
⌦DMh

2
' 0.12 is the total dark matter density. Thus fa

should be between about 109 GeV and (2–4)⇥ 1010 GeV
in order to avoid overclosure of the Universe and to sat-
isfy the astrophysical constraints.

Another scenario, which we will focus on in this letter,
is that U(1)PQ is spontaneously broken during inflation
and never restored afterwards. In this case, there are
no topological defects within our horizon, and thus the
PQ extension is not subject to the non-trivial constraint,
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NDW = 1. However the axion can still cause cosmolog-
ical problems because it obtains quantum fluctuations.
The axion fluctuations turn into isocurvature perturba-
tions at the QCD phase transition. On the other hand,
the observed CMB temperature power spectrum is con-
sistent with adiabatic density perturbations, and allows
only a small isocurvature contribution. To avoid the over-
production of isocurvature perturbations [? ], the axion
energy density should satisfy

✓
⌦a

⌦DM

◆
�✓

✓0
< 0.47⇥ 10�5

, (3)

⌦a ' ⌦DM, ✓mis ⇠ O(1) (4)

for �✓ ⌧ ✓0 with ✓0 being the classical value of the axion
misalignment angle. Here the axion quantum fluctuation
angle �✓ is given by

�✓ =
H(tI)

2⇡fa(tI)
(5)

where fI and HI are the axion decay constant and the
Hubble parameter during the inflationary epoch, respec-
tively, and the factor �  1 has been included by taking
into account possible evolution of axion fluctuations in
the early Universe. The axion density produced by the
misaligned axion field reads

⌦a

⌦DM
' 1.7(✓20 + �✓

2)

✓
fa(t0)

1012GeV

◆1.19

(6)

neglecting anharmonic e↵ects [? ]. The isocurvature con-
straint (3) shows that the axion dark matter is generally
in tension with high scale inflation unless �✓/✓0 is highly
suppressed. It is clear that �✓ . 10�5 is required in order
to explain the observed dark matter by the axion.
As can be seen from (3) and (6), the fraction of the

axion dark matter can be sizable if fa is an intermediate
scale while fI is much larger than HI [? ]. A natural way
to realize this in high scale inflation is to consider a super-
symmetric PQ extension where the axion decay constant
is fixed by the competition between a Planck-suppressed
operator and SUSY breaking e↵ects [? ], which leads
to a connection between the axion scale and the SUSY
breaking mass:

fa ⇠ (mSUSYM
n

Pl
)1/(n+1)

,

fI ⇠ (HIM
n

Pl
)1/(n+1)

, (7)
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Upper bound on the inflation scale for Ωa=ΩDM 

in the conventional scenario 
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Experimental targets for 
QCD axion-photon coupling
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Axion effective interactions to the SM

At low energies below GeV

Photon coupling Nucleon and electron
derivative couplings

Nucleon EDM 
coupling
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Axion-photon 
coupling

Effective electric charge and current Axion-induced 
EM fields
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Axion-photon coupling in KSVZ

yDΦ𝑄$
E𝑄" + ℎ. 𝑐. Φ 𝑥 =

1
2
𝑓& + 𝜌 𝑥 	𝑒4

& F
G*

𝑄"(𝑥) → 𝑒4	H+
& F
G* 𝑄"(𝑥)

𝑄$(𝑥) → 𝑒4	H,
& F
G* 𝑄$(𝑥)

Now redefine the quark fields as 

Then the axion field in the Yukawa interaction disappears, but it appears again 
as …

𝑄"(𝑥) → 𝑒4	H+I𝑄"(𝑥)

𝑄$(𝑥) → 𝑒4	H,I𝑄$(𝑥)

𝑎 𝑥
𝑓0

→
𝑎 𝑥
𝑓0

+ 𝛼 with 𝜉D − 𝜉E = −1PQ symmetry : &

𝜉D(E) ∶ PQ charge of 𝑄D(E)
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𝑄"
E𝑖 f𝜎(𝜕(𝑄" 	 → 	 𝑄"

E f𝜎(𝜕(𝑄" − 𝜉"
𝜕(𝑎
𝑓&

𝑄"
E	 f𝜎(	𝑄"

𝑄$
E𝑖𝜎(𝜕(𝑄$ 	 → 	 𝑄$

E𝜎(𝜕(𝑄$ − 𝜉$
𝜕(𝑎
𝑓&

𝑄$
E	𝜎(𝑄$

𝑄"(𝑥) → 𝑒4	H+
& F
G* 𝑄"(𝑥)

𝑄$(𝑥) → 𝑒4	H,
& F
G* 𝑄$(𝑥)

with 𝜉D − 𝜉E = −1

The derivative interactions to the quarks become negligible when 𝐸 < 𝑚0	

−𝜉D
𝜕F𝑎
𝑓0

𝑄D
G	 �𝜎F 	𝑄D − 𝜉E

𝜕F𝑎
𝑓0

𝑄E
G	𝜎F𝑄E

= 𝜉D − 𝜉E
𝜕F𝑎
𝑓0

𝑄G𝛾F𝛾H𝑄 + 𝜉D + 𝜉E
𝜕F𝑎
𝑓0

𝑄G𝛾F𝑄

= −
𝜕F𝑎
𝑓0

𝑄G𝛾F𝛾H𝑄 + 2𝜉D + 1
𝜕F𝑎
𝑓0

𝑄G𝛾F𝑄

𝑄 =
𝑄D
𝑄E

Axial coupling (physical) Vector coupling (unphysical: 𝜉D is arbitrary.)
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𝑄"(𝑥) → 𝑒4	H+
& F
G* 𝑄"(𝑥)

𝑄$(𝑥) → 𝑒4	H,
& F
G* 𝑄$(𝑥)

with 𝜉D − 𝜉E = −1

𝑎
𝑓&
M
J,0

𝜉(𝑄)Tr[𝑇J. 𝑄 ]
gJ.

16𝜋.
	𝐴(-	 q𝐴(-

= −𝜉" + 𝜉$
&
G*
∑JTr[𝑇J. 𝑄 ] K-

"

+L/" 	𝐴
(-	 q𝐴(- 

=
𝑎
𝑓&
M
J

Tr[𝑇J. 𝑄 ]
gJ.

16𝜋. 	𝐴
(-	 q𝐴(-

By the chiral anomaly,

𝜉(𝑄)

𝑇I(𝑄) 𝐴F

𝐴J

𝑎
𝑓0

𝑇I(𝑄)

𝑄



61

E.g.  in minimal KSVZ model, the quark’s charge 𝑅0 under the SM gauge group 
𝑆𝑈 3 !×𝑆𝑈 2 "×𝑈 1 # is

𝑅$ = (3, 1, 0)

𝑎
𝑓&
M
J

Tr[𝑇J. 𝑄 ]
gJ.

16𝜋.
	𝐴(-	 q𝐴(- =

𝑎
𝑓&

𝑔).

32𝜋.
	𝐺(-	 J𝐺(-

𝑄D(E) is (anti-)fundamental 
representation under 𝑆𝑈 3 K .

: only axion-gluon coupling without axion-photon coupling at 
high energies above the QCD confinement scale ~ 1 GeV

At low energies below 
the QCD scale ~ 1 GeV

−
𝑒-

32𝜋-
𝑎
𝑓0

2
3
4𝑚C +𝑚B

𝑚B +𝑚C
	𝐹FJ	 �𝐹FJ ≃ −

𝑒-

32𝜋-
𝑎
𝑓0
1.92(4)	𝐹FJ	 �𝐹FJ

: axion-photon coupling arising from the axion-
gluon coupling due to axion-pion mixing



62

However, the minimal KSVZ model has a cosmological problem that the exotic 
quarks are stable and may be over-produced in the early universe beyond the 
observed dark matter density.

In order to allow the exotic quarks to decay, they have to be charged under the 
SM gauge group 𝑈 1 #.  

𝑅$ = (3, 1, −1/3)An example:

𝑄�
�𝑑n allowed for 𝑄 = 0+

0,
 to decay 

&
G*
∑JTr[𝑇J. 𝑄 ] K-

"

+L/"
	𝐴(-	 q𝐴(- =

&
G*
( %!"

)./"
	𝐺(-	 J𝐺(-+

%."

+L/"
3 +
)"
	𝐵(-	 J𝐵(-)

= &
G*
( %!"

)./"
	𝐺(-	 J𝐺(-+

M"

)./"
.
)
	𝐹(-	 J𝐹(- − 2

M"6/	
+L/"

+
)"
	𝐹(-	 J𝑍(- +

M"6/
"

+L/"
+
)"
	𝑍(-	 J𝑍(-)

𝑔1 = 𝑔-tan	𝜃:	
𝑒 = 𝑔-sin	𝜃: = 𝑔1	cos	𝜃:

𝐵FJ= 𝑐:𝐹FJ − 𝑠:𝑍FJ	
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&
G*
( %!"

)./"
	𝑁	𝐺(-	 J𝐺(-+

M"

)./"
𝐸	𝐹(-	 J𝐹(-)

=
𝑎
𝑓&′
(
𝑔).

32𝜋.
	 𝐺(-	 J𝐺(-+

𝑒.

32𝜋.
𝐸
𝑁
	𝐹(-	 J𝐹(-)

People commonly denote the anomaly coefficients as 𝑁 and 𝐸 which are 
defined as

𝑓&N ≡
𝑓&
𝑁

𝑎(𝑥) ≡ 𝑎(𝑥) + 2𝜋𝑓&where

𝑚0 ≃ 𝑁
𝑚L𝑓L
𝑓0

=
𝑚L𝑓L
𝑓0′

= 5. 7	𝜇eV
101-	GeV

𝑓0M

𝑔&O =
M"

P/"
+
G*N

Q
R
− 1.92 4  

	 ≃ +
S×+A.0	UVW

;*
	(VW

Q
R
− 1.92 4

1
4
𝑔&O𝐹(-	 J𝐹(- 𝐸

𝑁 = 0	[𝑅! = 3, 1, 0 ],
-
,
𝑅! = 3, 1, − 1

,
,

…
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L D Luzio, F Mescia, E Nardi ‘16 redefined the “QCD axion window” by two 
requirements

i) Cosmologically unstable exotic quarks (Not to overclose the universe, 

constraints from stellar dynamics, BBN constraints) à The exotic quarks 

must carry non-zero 𝑈 1 # charge.

ii) No Landau pole of the gauge couplings up to the Planck scale à The 
representation (or charges) of an exotic quark under the SM gauge groups 

should be not too big. 4

integrated analytically the n-body phase space ne-
glecting ' masses and taking momentum indepen-
dent matrix elements (see e.g. [48]). For d = 5, 6, 7

we obtain ⌧
(d)
Q

>
⇠

�
4 · 10�20

, 7 · 10�3
, 4 · 1015

�
⇥

(fmax
a

/mQ)2d�7 s. For d = 5, as long as mQ
>
⇠ 800

TeV decays occur with safe lifetimes ⌧
(5)
Q

<
⇠ 10�2 s.

For d = 6, even for the largest values mQ ⇠ f
max
a

decays occur dangerously close to BBN [49]. Oper-
ators of d = 7 and higher are always excluded. This
selects the RQ which allow for LQq 6= 0 (the first
seven in Table II), plus other thirteen which allow
for d = 5 decay operators. Some of these represen-
tations are, however, rather large, and can induce
LP in the SM gauge couplings g1, g2, g3 at some
uncomfortably low-energy scale ⇤LP < mP . Grav-
itational corrections to the running of gauge cou-
plings become relevant at scales approaching mP ,
and can delay the emergence of LP [50]. We then
specify our second criterium choosing a value of ⇤LP

for which these corrections can presumably be ne-
glected: ii) RQ’s which do not induce LP in g1, g2, g3

below ⇤LP ⇠ 1018 GeV are phenomenologically pre-

ferred. We use two-loop beta functions to evolve the
couplings [48] and set (conservatively) the threshold
for RQ at mQ = 5 ·1011 GeV. The RQ surviving this
last selection are listed in Table II.
Other features can render some RQ more appeal-

ing than others. For example problems with cosmo-
logical domain walls [51] are avoided for NDW = 1,
while specific RQ can improve gauge coupling uni-
fication [52]. We prefer not to consider these as
crucial discriminating criteria, since solutions to the
DW problem exist (see e.g. [23, 53]), while improved
unification might be accidental because of the many
RQ we consider. Nevertheless, we have studied both
these issues. The values of NDW are included in Ta-
ble II while, as already noted in [52], gauge coupling
unification gets considerably improved only for R3.

Axion coupling to photons. The most promising
way to unveil the axion is via its interaction with
photons ga�� aE ·B where [16]:

ga�� =
ma

eV

2.0

1010GeV

✓
E

N
� 1.92(4)

◆
, (12)

with N, E the anomaly coe�cients in eqs. (2)–(3)
(the uncertainty comes from the NLO chiral La-
grangian [54]). The last column in Table II gives
E/N for the selected RQ’s. We have sketched
in Fig. 2 the “density” of preferred hadronic axion
models, drawing with oblique lines (only at small
ma) the corresponding couplings. The strongest
coupling is obtained for R

s

Q
= R8 and the weakest

for R
w

Q
= R3. They delimit a window 0.25 

|E/N � 1.92|  12.75 encompassing all axion mod-
els in Table II. The corresponding couplings ga��

fall within the band delimited in Fig. 2 by the lines
E/N = 5/3 and 44/3. With respect to the usual
window 0.07  |E/N � 1.92|  7 [5] (delimited

RQ OQq ⇤
RQ
LP [GeV] E/N NDW

R1: (3, 1,� 1
3 ) QLdR 9.3 · 1038(g1) 2/3 1

R2: (3, 1,+ 2
3 ) QLuR 5.4 · 1034(g1) 8/3 1

R3: (3, 2,+ 1
6 ) QRqL 6.5 · 1039(g1) 5/3 2

R4: (3, 2,� 5
6 ) QLdRH

† 4.3 · 1027(g1) 17/3 2

R5: (3, 2,+ 7
6 ) QLuRH 5.6 · 1022(g1) 29/3 2

R6: (3, 3,� 1
3 ) QRqLH

† 5.1 · 1030(g2) 14/3 3

R7: (3, 3,+ 2
3 ) QRqLH 6.6 · 1027(g2) 20/3 3

R8: (3, 3,� 4
3 ) QLdRH

†2 3.5 · 1018(g1) 44/3 3

R9: (6, 1,� 1
3 ) QL�dR ·G 2.3 · 1037(g1) 4/15 5

R10: (6, 1,+ 2
3 ) QL�uR ·G 5.1 · 1030(g1) 16/15 5

R11: (6, 2,+ 1
6 ) QR�qL ·G 7.3 · 1038(g1) 2/3 10

R12: (8, 1,�1) QL�eR ·G 7.6 · 1022(g1) 8/3 6

R13: (8, 2,� 1
2 ) QR�`L ·G 6.7 · 1027(g1) 4/3 12

R14: (15, 1,� 1
3 ) QL�dR ·G 8.3 · 1021(g3) 1/6 20

R15: (15, 1,+ 2
3 ) QL�uR ·G 7.6 · 1021(g3) 2/3 20

TABLE II. RQ allowing for d  4 and d = 5 decay oper-
ators (� ·G ⌘ �µ⌫G

µ⌫) and yielding LP above 1018GeV.
The anomaly contribution to ga�� is given in the fourth
column, and the DW number in the fifth one.

by the two dashed lines) the upper (lower) limit
is shifted upwards approximatively by a factor of
2 (3.5). It is natural to ask if ga�� could get en-
hanced by allowing for more RQ’s (NQ > 1). Let us
consider the combined anomaly factor for Rs

Q
�RQ:

Ec

Nc

⌘
E + Es

N +Ns

=
Es

Ns

✓
1 + E/Es

1 +N/Ns

◆
. (13)

Since by construction the anomaly coe�cients of all
RQ’s in our set satisfy E/N  Es/Ns, the factor in
parenthesis is  1 implying Ec/Nc  Es/Ns. This
result is easily generalized to NQ > 2. Therefore, as
long as the sign of �X = XL�XR is the same for all
RQ’s, no enhancement is possible. However, if we al-
low for RQ’s with PQ charge di↵erences of opposite
sign (we use the symbol  to denote reducible repre-
sentations of this type) E/Es and N/Ns in Eq. (13)
become negative and ga�� can get enhanced. For
NQ = 2 the largest value is Ec/Nc = 122/3 ob-
tained for R

s

Q
 R

w

Q
. For NQ > 2 even larger cou-

plings can be obtained. However, contributions to
the �-functions also become large and can induce
LP. This implies that there is a maximum value gmax

a��

for which our second condition remains satisfied. We
find that R

s

Q
� R6  R9, giving Ec/Nc = 170/3,

yields the largest possible coupling. The uppermost
oblique line in Fig. 2 depicts the corresponding gmax

a��
.

More RQ’s can also suppress ga�� and even pro-
duce a complete decoupling. This requires an ad hoc
choice of RQ’s, but no numerical fine tuning. With
two RQ’s there are three cases yielding ga�� = 0
within theoretical errors [27] (e.g. R6 � R9 giving
Ec/Nc = 23/12 ' 1.92). This provides additional
motivations for search techniques which do not rely
on the axion coupling to photons [55, 56]. Finally,

0.25 ≤
𝐸
𝑁
− 1.92 4 ≤ 12.75

𝐸
𝑁
− 1.92 4 = 0.75 DFSZ	I , 1.25	(DFSZ	II)
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