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Axion	Dark	Ma<er	

•  PQ	breaking	a"er	infla%on	

				
	

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

(Axion	Domain	Wall	problem)	

H(Tc < T < TTI) ' 0.2MeV
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Hiramatsu,	Kawasaki,	Saikawa,	Sekiguchi	(2012)		

But,	it	requires	
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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)2c⇥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
' (5± 2)⇥

✓
fa(t0)

1011GeV

◆1.19

(2)

where fa is the axion decay constant at present, and
⌦DMh2 ' 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)

H(tI) . 10�5fa(tI) (6)

fa . O
✓

g2

8⇡2
MPl

◆
(7)

H(tI) . 1013GeV (8)

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

(9)

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.
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Axion	Dark	Ma<er	

•  PQ	breaking	before/during	infla%on	
	
	
	
	
	
But,	the	axion	field	gets	quantum	fluctua%on	during	infla%on.	

ü  No	domain	wall	problem							
ü  Axion	DM	is	given	by	coherent	oscilla%on	of	the	axion	field.		
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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],
!
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Ωa
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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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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)2c⇥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
⌦DMh2 ' 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

⌦a

⌦DM
' 0.11(✓20 + �✓2)

✓
fa

1011GeV

◆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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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)2c⇥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
⌦DMh2 ' 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

⌦a

⌦DM
' 1.7(✓20 + �✓2)

✓
fa(t0)

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)

Axion	isocurvature	perturba%on	
•  The	primoridal	axion	quantum	fluctua%ons	turn	into	axion	DM	density	

perturba%on	aber	QCD	phase	transi%on.	

•  This	must	generate	the	“isocurvature	mode”	of	CMB	perturba%on.	

QCD	phase	transi%on	
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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)2c⇥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
⌦DMh2 ' 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

⌦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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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)2c⇥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
⌦DMh2 ' 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

⌦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 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	Collabora%on	(2014)	
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Tension	with	High	scale	infla%on	
•  If	axion	is	a	major	component	of	DM	in	the	Universe,	the	axion	field	

fluctua%ons	must	be	very	small.			

•  This	means	that	the	primordial	infla%onary	Hubble	scale	should	be	so	
suppressed	compared	to	the	axion	scale	at	the	infla%onary	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.

CTPU-15-xx

Suppressing primordial axion fluctuations by a stronger QCD in the early Universe

Kiwoon Choi a⇤, Eung Jin Chunb†, Sang Hui Ima‡, Kwang Sik Jeong c§

a
Center for Theoretical Physics of the Universe, IBS, Daejeon 305-811, Korea

b
Korea Institute for Advanced Study, Seoul 130-722, Korea

c
Department of Physics, Pusan National University, Busan, 609-735, Korea

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)2c⇥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
⌦DMh2 ' 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)

H(Tc < T < TTI) ' 0.2MeV

 p
V0 ⇠ m3

SUSYMPl

1TeV ⇥ 1012GeV

!
(29)

� ⌘ e�3H�t/2 ⇡ e�3 ln(⇤0
QCD/Tc)/2 =

 
Tc

⇤0
QCD

!3/2

⇠ O(10�2 � 10�3)

NDW =
X

i

2q i
Tr(T 2

a ( i)) = 1 (30)

⌦a ' ⌦DM (31)

�✓ . 10�5 ✓mis (32)

H(tI) . 10�5 ✓mis fa(tI) (33)

8

H(Tc < T < TTI) ' 0.2MeV

 p
V0 ⇠ m3

SUSYMPl

1TeV ⇥ 1012GeV

!
(29)

� ⌘ e�3H�t/2 ⇡ e�3 ln(⇤0
QCD/Tc)/2 =

 
Tc

⇤0
QCD

!3/2

⇠ O(10�2 � 10�3)

NDW =
X

i

2q i
Tr(T 2

a ( i)) = 1 (30)

⌦a ' ⌦DM (31)

�✓ . 10�5 ✓mis (32)

H(tI) . 10�5 ✓mis fa(tI) (33)

8

H(Tc < T < TTI) ' 0.2MeV

 p
V0 ⇠ m3

SUSYMPl

1TeV ⇥ 1012GeV

!
(29)

exp

✓
�3

2
H�t

◆
⇡ exp

✓
�3

2
ln

✓
⇤0

QCD

Tc

◆◆
(30)

=

 
Tc

⇤0
QCD

!3/2

⇠ O(10�2 � 10�3)

✓
R(ti)

R(ti +�t)

◆3/2

⇡
 

Tc

⇤0
QCD

!3/2

⇠ O(10�2 � 10�3)

NDW =

�����
X

i

2q i
Tr(T 2

a ( i))

����� = 1 (31)

⌦a ' ⌦DM (32)

�✓ . 10�5 ✓mis (33)

�✓

✓mis

. 10�5 (34)

H(tI) . 10�5 ✓mis fa(tI) (35)

Tc ⇠ 1TeV, ⇤0
QCD ⇠ 10TeV (36)

|a(t)| ⇠ (a0 + �a0)

✓
R(ti)

R(t)

◆3/2

(37)
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Upper	bound	on	the	infla%on	scale	for	Ωa=ΩDM		
in	the	conven%onal	scenario		
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•  If	the	QCD	confinement	scale	Λ’QCD	in	the	early	Universe	was	high	enough	
compared	to	ΛQCD	of	the	present	Universe,	there	can	be	an	epoch	in	which	

	
	
•  During	the	epoch,	the	axion	field	undergoes	damped	coherent	oscilla%on	toward	

the	minimum	of	its	poten%al.	

•  If	this	period	is	long	enough,	then	the	axion	field	fluctua%on	δa	can	be	significantly	
reduced,	though	the	ra%o	δa/<a>=	δθ/θmis	is	s%ll	unchanged.	
	

•  But	if	the	axion	poten7al	minimum	of	the	present	Universe	is	displaced	from	the	
stronger	QCD	phase’s	one,	θmis	becomes	O(1)	while	δθ	remains	reduced.		
à		δθ/θmis	suppressed!	

Suppressing	the	axion	field	fluctua%on	:		
A	stronger	QCD	in	the	early	Universe	

2

As can be seen from (3) and (9), 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), (10)

for HI � mSUSY, where n is an integer and mSUSY is the
SUSY breaking mass in the present Universe. Thus fI
is larger than HI and fa. However, in the conventional
axion cosmology with � = 1, we need fI larger than
about 104⇥HI to suppress �✓ below 10�4. This is di�cult
in the high scale inflation with HI around 1013–1014 GeV
as long as fI is much smaller than the Planck scale, as
would be required for the e↵ective theory to be valid and
not to spoil the inflation dynamics.

In this letter we propose an interesting way to suppress
the primordial axion fluctuations. The idea is to combine
thermal inflation with a stronger QCD in the early Uni-
verse.1 Suppose that thermal inflation is driven while
the flaton is thermally trapped at the origin, and is over
when the temperature drops below Tc. For the Higgs
field fixed at a large expectation value during thermal
inflation, the QCD confines at a higher scale because the
quarks become heavier. If the e↵ective QCD scale ⇤0

QCD
is high enough to make

m0

a > HTI, (11)

ma(t) ⇠
⇤02
QCD

fa(t)
> H(t) (12)

with m0

a and HTI being the axion mass and expansion
rate during thermal inflation, respectively, then the ax-
ion undergoes damped oscillations and consequently the
primordial fluctuation �✓ gets suppressed. The suppres-
sion occurs e↵ectively during the period

Tc < T . ⇤0

QCD, (13)

because the axion mass is suppressed at high temper-
atures above the QCD scale. Using that the e-folding
number of the indicated period is Ne ' ln(⇤0

QCD/Tc),

1
Ref. [? ] considered a stronger QCD during the primordial

inflationary period to suppress the axion fluctuations. In high

scale inflation, this mechanism requires the QCD to become very

strong during inflation.

one can estimate the suppression factor

� ⇡ e�3Ne/2 '
 

Tc

⇤0

QCD

!3/2

. (14)

Thus the axion fluctuation angle is given by

�✓ ⇡
 

Tc

⇤0

QCD

!3/2
HI

2⇡fI
, (15)

implying that a stronger QCD in the early Universe re-
laxes the isocurvature constraint on the axion dark mat-
ter.
The above scenario can naturally be realized in the su-

persymmetric SM since there are flat directions involv-
ing the Higgs fields Hu and Hd. Let us parameterize the
HuHd flat direction by �2. To stabilize � at a large value
during thermal inflation, we consider the case where the
µ parameter is dynamically generated by the flaton vac-
uum expectation value. Including soft SUSY breaking
terms, the potential of � is written

V (�) = m2
�|�|2 �

✓
A�

�3+n

Mn
Pl

+ h.c.

◆
+

|�|4+2n

M2n
Pl

+2|µ|2|�|2 � (Bµ�2 + h.c.), (16)

for a positive integer n, where we have omitted the
coupling constants of Planck-suppressed terms for sim-
plicity. Then � can have a temporal large expectation
value around (m�M

n
Pl)

1/(n+1) during thermal inflation
and roll back to the origin after thermal inflation, if
m2

� < 0 and µ = Bµ = 0 during thermal inflation, and

m2
�+2|µ|2 > 2|Bµ| after thermal inflation with non-zero

µ generated by the flaton vacuum expectation value.
In the above setup, it is important to note that the

axion can still account for the observed dark matter den-
sity with a sizable misalignment angle. The phase of �
is fixed by the A� term during thermal inflation while
mainly by the Bµ term afterwards, inducing axion mis-
alignment from the true minimum of the zero temper-
ature potential because the quarks obtain masses from
the Higgs vacuum expectation values. This implies that
axions are produced after the thermal inflation by coher-
ent oscillations of the misaligned axion field. The axion
therefore contributes to dark matter, but with suppressed
isocurvature density perturbations.
In the following, we will describe the details of the sce-

nario and eventually show how much suppression on the
primordial axion fluctuation can occur and consequently
change the upper bound on the primordial inflation scale
when the axion explains the whole amount of dark mat-
ter. We then present an explicit model that can imple-
ment the scenario.
Basically, we consider a supersymmetric PQ extended

SM where the relevant scalars, which are supposed to

H(Tc < T < TTI) ' 0.2MeV

 p
V0 ⇠ m3

SUSYMPl

1TeV ⇥ 1012GeV

!
(29)

exp

✓
�3

2
H�t

◆
⇡ exp

✓
�3

2
ln

✓
⇤0

QCD

Tc

◆◆
(30)

=

 
Tc

⇤0
QCD

!3/2

⇠ O(10�2 � 10�3)

NDW =

�����
X

i

2q i
Tr(T 2

a ( i))

����� = 1 (31)

⌦a ' ⌦DM (32)

�✓ . 10�5 ✓mis (33)

H(tI) . 10�5 ✓mis fa(tI) (34)

Tc ⇠ 1TeV, ⇤0
QCD ⇠ 10TeV (35)

|a(t)| ⇠ (a0 + �a0)

✓
R(ti)

R(t)

◆3/2

(36)
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FIG. 1: E↵ective QCD scale ⇤0

QCD during thermal inflation
as a function of v0 = h|�|iTI in the MSSM. Here we have taken
mg̃ = 1 TeV for the brown lines and 10 TeV for the red lines,
and tan� = 10 for the solid lines and 5 for the dotted lines.

that the stronger QCD phase occurs during a period of
the thermal inflation.

Now when the temperature is such that Tc < T .
⇤0

QCD, the axion gets a mass by (26) or (28), and follow-
ing the equation of motion,

ä+ 3HTIȧ+m0

a
2
a = 0 (29)

ä+ 3H(t)ȧ+m2
a(t)a = 0 (30)

|a(t)| ⇠ (a0 + �a0)e
�3Ht/2 (31)

it undergoes damped oscillation if m0

a > 3HTI/2. The
axion field’s amplitude decreases by the factor e�3Ht/2

as time goes on. Notice that it also suppresses the pri-
mordial fluctuations by the same amount. This damping
endures until the thermal inflation is over so that the
total suppression factor is given by (14) :

� ⇡ e�3 ln(⇤0
QCD/Tc)/2 =

 
Tc

⇤0

QCD

!3/2

.

In the following analysis, for representative values, we
take

v0 = f 0

a = fa = ⇠
p

mSUSYMPl,

fI =

r
HI

mSUSY
fa, (32)

assuming that ⇠ can vary depending on the details of
a model. According to the formulas (3–9) and (32), one
can estimate the upper bound for the primordial inflation

scale consistent with the axion isocurvature constraint :

HI < 1014GeV
⇣ �

0.03

⌘
�2
✓
⌦a/⌦DM

1

◆
�1

⇥
✓

fa
1011GeV

◆0.81 ⇣mSUSY

1TeV

⌘
�1

. (33)

Therefore, a high scale inflation allowed by the current
Planck upper limit can survive taking into account the
suppression mechanism even when ⌦a = ⌦DM. Fig. 2
shows the upper bound on HI from the axion isocurva-
ture constraint in terms of fa andmSUSY for the case that
the axion explains the observed dark matter density.
It is noteworthy that the suppression mechanism works

e↵ectively due to the higher PQ scale in the primoridal
inflation given by the relation (19). Otherwise, if fI ⇠ fa,
then the upper bound on HI of (33) is changed to

HI < 3.2⇥ 108GeV
⇣ �

0.03

⌘
�1
✓
⌦a/⌦DM

1

◆
�1/2

⇥
✓

fa
1011GeV

◆0.405

, (34)

where the upper bound scales in � with the smaller
power.
Let us now discuss how to construct a model imple-

menting the suppression mechanism. An interesting pos-
sibility is to consider the case where thermal inflation
is driven by the PQ sector itself, and the Higgs bilinear
HuHd is charged under U(1)PQ:

W = (MSSM Yukawa terms) +
S2
1

MPl
HuHd + S2��

c

+
(HuHd)(LHu)

MPl
+

S1S
3
2

MPl
, (35)

where S1 and S2 are gauge-singlet fields carrying PQ
charge q1 = �1/2 and q2 = 1/6, respectively, and cou-
pling constants have been omitted for simplicity. To for-
bid R-parity violating operators in the MSSM and other
harmful operators, we assign PQ charges to (Hd, L,D

c)
by (1,�1,�1), and qi = 0 for Hu and other MSSM fields.
Hence, in this model, the axion is composed of the phase
components of Hd, L and Si depending on their vacuum
expectation values.
It is easy to see the role of each superpotential term

in the model (35). The S2
1HuHd term generates an ef-

fective µ-term when S1 obtains a vacuum expectation
value. The PQ field S2 couples to thermal bath through
the Yukawa interaction S2��c, and is thermally trapped
at the origin in the early Universe. Then, S1 is also fixed
at the origin because its tadpole vanishes. The model
possesses a flat direction parameterized by

HT
u = (0,

p
|�|2 + |'|2), HT

d = (�, 0), LT = (', 0), (36)

and assumes that the Higgs fields and slepton have soft
scalar masses such that � and ' are tachyonic when the
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Stronger	QCD	by	large	Higgs	VEV	

•  A	temporal	stronger	QCD	phase	in	the	early	Universe	can	arise	if	the	Higgs	
field	has	temporarily	large	vacuum	expecta%on	value	so	that	quarks	
become	heavy	during	the	%me.	

•  Heavy	quarks	make	the	QCD	coupling	run	faster,	and	so	QCD	confinement	
scale	becomes	large.	

gs	

E	Mq	(=	yq	v’)	Λ’QCD	ΛQCD	

3

primordial axion fluctuation can occur and consequently
change the upper bound on the primordial inflation scale
when the axion explains the whole amount of dark mat-
ter. We then present an explicit model that can imple-
ment the scenario.

Basically, we consider a supersymmetric PQ extended
SM where the relevant scalars, which are supposed to
develop a vacuum expectation value during and/or after
thermal inflation, are stabilized by the competition be-
tween a dimension-four superpotential term and SUSY
breaking e↵ects, like � in (16) with n = 1 for simplicity.
Then the Higgs and PQ scalars are stabilized at

v0, f 0

a, fa ⇠
p
mSUSYMPl, (20)

where v0 denotes the vacuum expectation value of � dur-
ing thermal inflation, f 0

a the axion decay constant during
thermal inflation, and fa the axion decay constant in the
present Universe. The flaton is stabilized at a similar
scale in the present Universe, which means that the ther-
mal inflation is driven by the potential energy

V0 ⇠ m3
SUSYMPl, (21)

as required by the condition that the cosmological con-
stant at present has a nearly vanishing value. On the
other hand, the Hubble parameter during the primordial
inflation is written

fI ⇠
p
HIMPl, (22)

for HI � mSUSY. The precise values of those pa-
rameters are determined by the coupling constant of
the dimension-four superpotential and the involved soft
SUSY breaking terms.

Thermal inflation begins when the temperature is
around

TTI ⇠ (V0/g⇤)
1/4 ⇠ (m3

SUSYMPl)
1/4, (23)

and the expansion rate during the thermal inflation is
given by

HTI =
1

MPl

r
V0

3
= ↵

fa
MPl

mSUSY, (24)

where ↵ is an order unity constant. Note that HTI is
much smaller than mSUSY. The flaton stays at the origin
until the temperature drops below Tc:

Tc = �mSUSY, (25)

where � depends on the flaton coupling to thermal bath,
which is assumed to be of order unity, and the soft scalar
mass of the flaton at the origin. When T < Tc, the flaton
falls down from the origin and the thermal inflation ends.
The flaton gets a large vacuum expectation value around
fa to generate a sizable µ term, and then the HuHd flat

direction rolls back to the origin so that the stronger
QCD phase stops.
Next let us examine how much the QCD scale can be

raised in the minimal supersymmetric SM (MSSM) when
the Higgs fields have large expectation values during ther-
mal inflation. The e↵ective QCD scale depends on the
vacuum expectation value of � and the gluino mass dur-
ing thermal inflation:

⇤0

QCD = ⇤0

QCD(v
0,m0

g̃). (26)

The QCD scale can be estimated by using the one-loop
renormalization group evolution and taking into account
the quark mass hierarchy. For the case with ⇤0

QCD <

m0

g̃ < 10�5v0, all the colored scalars and fermions de-
couple at a scale higher than the scale where the QCD
confines, and the e↵ective QCD scale is given by

⇤0

QCD ' 23TeV

✓
tan�

10

◆3/11

⇥
✓

m0

g̃

30TeV

◆2/11✓
v0

1012GeV

◆6/11

, (27)

⇤0

QCD ' 23TeV

✓
v0

1012 GeV

◆6/11

⇥
⇣ mg̃

3TeV

⌘2/11✓ tan�

10

◆3/11

where tan� is the ratio between the Higgs vacuum expec-
tation values in the present Universe. Because the ratio
of the gaugino mass and the gauge coupling squared re-
mains constant at one-loop, the gluino mass during ther-
mal inflation is written

m0

g̃ ' g23(m
0

g̃)

g23(mg̃)
mg̃, (28)

with mg̃ being the gluino mass in the present Universe.
One also finds that the axion obtains a mass from the
QCD instanton e↵ect according to

m0

a ⇡ ⇤02
QCD

f 0

a

, (29)

when the temperature is below ⇤0

QCD. On the other
hand, in the case with m0

g̃ < ⇤0

QCD < 10�5v0, the ef-
fective QCD scale is estimated by

⇤0

QCD ' 21TeV

✓
tan�

10

◆1/3✓
v0

1012GeV

◆2/3

, (30)

where m0

g̃ is taken to be the gluino mass around ⇤0

QCD.
In this case the non-perturbative superpotential from the
gluino condensation [? ] generates the axion potential to
give

m0

a ⇡
 

m0

g̃

⇤0

QCD

!1/2
⇤02
QCD

f 0

a

, (31)
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•  Temporarily	large	Higgs	VEV	in	the	early	Universe	is	plausibly	realized	in	
supersymmetric	theories	because	of	the	existence	of	Higgs	flat	direc%ons.		

	
•  We	assume	that	mφ

2	<	0	and	μ-term	is	dynamically	generated	at	the	%me	
of	so-called	“μ-transi%on”.		

•  Before	μ-transi%on,				μ	=	Bμ	=	0	

2

As can be seen from (3) and (9), 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), (10)

for HI � mSUSY, where n is an integer and mSUSY is the
SUSY breaking mass in the present Universe. Thus fI
is larger than HI and fa. However, in the conventional
axion cosmology with � = 1, we need fI larger than
about 104⇥HI to suppress �✓ below 10�4. This is di�cult
in the high scale inflation with HI around 1013–1014 GeV
as long as fI is much smaller than the Planck scale, as
would be required for the e↵ective theory to be valid and
not to spoil the inflation dynamics.

In this letter we propose an interesting way to suppress
the primordial axion fluctuations. The idea is to combine
thermal inflation with a stronger QCD in the early Uni-
verse.1 Suppose that thermal inflation is driven while
the flaton is thermally trapped at the origin, and is over
when the temperature drops below Tc. For the Higgs
field fixed at a large expectation value during thermal
inflation, the QCD confines at a higher scale because the
quarks become heavier. If the e↵ective QCD scale ⇤0

QCD
is high enough to make

m0

a > HTI, (11)

ma(t) ⇠
⇤02
QCD

fa(t)
> H(t) (12)

with m0

a and HTI being the axion mass and expansion
rate during thermal inflation, respectively, then the ax-
ion undergoes damped oscillations and consequently the
primordial fluctuation �✓ gets suppressed. The suppres-
sion occurs e↵ectively during the period

Tc < T . ⇤0

QCD, (13)

because the axion mass is suppressed at high temper-
atures above the QCD scale. Using that the e-folding
number of the indicated period is Ne ' ln(⇤0

QCD/Tc),

1
Ref. [? ] considered a stronger QCD during the primordial

inflationary period to suppress the axion fluctuations. In high

scale inflation, this mechanism requires the QCD to become very

strong during inflation.

one can estimate the suppression factor

� ⇡ e�3Ne/2 '
 

Tc

⇤0

QCD

!3/2

. (14)

Thus the axion fluctuation angle is given by

�✓ ⇡
 

Tc

⇤0

QCD

!3/2
HI

2⇡fI
, (15)

implying that a stronger QCD in the early Universe re-
laxes the isocurvature constraint on the axion dark mat-
ter.
The above scenario can naturally be realized in the su-

persymmetric SM since there are flat directions involv-
ing the Higgs fields Hu and Hd. Let us parameterize the
HuHd flat direction by �2. To stabilize � at a large value
during thermal inflation, we consider the case where the
µ parameter is dynamically generated by the flaton vac-
uum expectation value. Including soft SUSY breaking
terms, the potential of � is written

V (�) = m2
�|�|2 �

✓
A�

�4

MPl
+ h.c.

◆
+

|�|6
M2

Pl

+2|µ|2|�|2 � (Bµ�2 + h.c.) (16)

�2 ⌘ HuHd (17)

m2
� < 0, µ = Bµ = 0 (18)

h�i ⌘ v0 ⇠pm�MPl (19)

for a positive integer n, where we have omitted the
coupling constants of Planck-suppressed terms for sim-
plicity. Then � can have a temporal large expectation
value around (m�M

n
Pl)

1/(n+1) during thermal inflation
and roll back to the origin after thermal inflation, if
m2

� < 0 and µ = Bµ = 0 during thermal inflation, and

m2
�+2|µ|2 > 2|Bµ| after thermal inflation with non-zero

µ generated by the flaton vacuum expectation value.
In the above setup, it is important to note that the

axion can still account for the observed dark matter den-
sity with a sizable misalignment angle. The phase of �
is fixed by the A� term during thermal inflation while
mainly by the Bµ term afterwards, inducing axion mis-
alignment from the true minimum of the zero temper-
ature potential because the quarks obtain masses from
the Higgs vacuum expectation values. This implies that
axions are produced after the thermal inflation by coher-
ent oscillations of the misaligned axion field. The axion
therefore contributes to dark matter, but with suppressed
isocurvature density perturbations.
In the following, we will describe the details of the sce-

nario and eventually show how much suppression on the

Large	Higgs	VEV	along	flat	direc%ons	

2

As can be seen from (3) and (9), 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), (10)

for HI � mSUSY, where n is an integer and mSUSY is the
SUSY breaking mass in the present Universe. Thus fI
is larger than HI and fa. However, in the conventional
axion cosmology with � = 1, we need fI larger than
about 104⇥HI to suppress �✓ below 10�4. This is di�cult
in the high scale inflation with HI around 1013–1014 GeV
as long as fI is much smaller than the Planck scale, as
would be required for the e↵ective theory to be valid and
not to spoil the inflation dynamics.

In this letter we propose an interesting way to suppress
the primordial axion fluctuations. The idea is to combine
thermal inflation with a stronger QCD in the early Uni-
verse.1 Suppose that thermal inflation is driven while
the flaton is thermally trapped at the origin, and is over
when the temperature drops below Tc. For the Higgs
field fixed at a large expectation value during thermal
inflation, the QCD confines at a higher scale because the
quarks become heavier. If the e↵ective QCD scale ⇤0

QCD
is high enough to make

m0

a > HTI, (11)

ma(t) ⇠
⇤02
QCD

fa(t)
> H(t) (12)

with m0

a and HTI being the axion mass and expansion
rate during thermal inflation, respectively, then the ax-
ion undergoes damped oscillations and consequently the
primordial fluctuation �✓ gets suppressed. The suppres-
sion occurs e↵ectively during the period

Tc < T . ⇤0

QCD, (13)

because the axion mass is suppressed at high temper-
atures above the QCD scale. Using that the e-folding
number of the indicated period is Ne ' ln(⇤0

QCD/Tc),

1
Ref. [? ] considered a stronger QCD during the primordial

inflationary period to suppress the axion fluctuations. In high

scale inflation, this mechanism requires the QCD to become very

strong during inflation.

one can estimate the suppression factor

� ⇡ e�3Ne/2 '
 

Tc

⇤0

QCD

!3/2

. (14)

Thus the axion fluctuation angle is given by

�✓ ⇡
 

Tc

⇤0

QCD

!3/2
HI

2⇡fI
, (15)

implying that a stronger QCD in the early Universe re-
laxes the isocurvature constraint on the axion dark mat-
ter.
The above scenario can naturally be realized in the su-

persymmetric SM since there are flat directions involv-
ing the Higgs fields Hu and Hd. Let us parameterize the
HuHd flat direction by �2. To stabilize � at a large value
during thermal inflation, we consider the case where the
µ parameter is dynamically generated by the flaton vac-
uum expectation value. Including soft SUSY breaking
terms, the potential of � is written

V (�) = m2
�|�|2 �

✓
A�

�3+n

Mn
Pl

+ h.c.

◆
+

|�|4+2n

M2n
Pl

+2|µ|2|�|2 � (Bµ�2 + h.c.), (16)

�2 ⌘ HuHd (17)

for a positive integer n, where we have omitted the
coupling constants of Planck-suppressed terms for sim-
plicity. Then � can have a temporal large expectation
value around (m�M

n
Pl)

1/(n+1) during thermal inflation
and roll back to the origin after thermal inflation, if
m2

� < 0 and µ = Bµ = 0 during thermal inflation, and

m2
�+2|µ|2 > 2|Bµ| after thermal inflation with non-zero

µ generated by the flaton vacuum expectation value.
In the above setup, it is important to note that the

axion can still account for the observed dark matter den-
sity with a sizable misalignment angle. The phase of �
is fixed by the A� term during thermal inflation while
mainly by the Bµ term afterwards, inducing axion mis-
alignment from the true minimum of the zero temper-
ature potential because the quarks obtain masses from
the Higgs vacuum expectation values. This implies that
axions are produced after the thermal inflation by coher-
ent oscillations of the misaligned axion field. The axion
therefore contributes to dark matter, but with suppressed
isocurvature density perturbations.
In the following, we will describe the details of the sce-

nario and eventually show how much suppression on the
primordial axion fluctuation can occur and consequently
change the upper bound on the primordial inflation scale
when the axion explains the whole amount of dark mat-
ter. We then present an explicit model that can imple-
ment the scenario.

2

As can be seen from (3) and (9), 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), (10)

for HI � mSUSY, where n is an integer and mSUSY is the
SUSY breaking mass in the present Universe. Thus fI
is larger than HI and fa. However, in the conventional
axion cosmology with � = 1, we need fI larger than
about 104⇥HI to suppress �✓ below 10�4. This is di�cult
in the high scale inflation with HI around 1013–1014 GeV
as long as fI is much smaller than the Planck scale, as
would be required for the e↵ective theory to be valid and
not to spoil the inflation dynamics.

In this letter we propose an interesting way to suppress
the primordial axion fluctuations. The idea is to combine
thermal inflation with a stronger QCD in the early Uni-
verse.1 Suppose that thermal inflation is driven while
the flaton is thermally trapped at the origin, and is over
when the temperature drops below Tc. For the Higgs
field fixed at a large expectation value during thermal
inflation, the QCD confines at a higher scale because the
quarks become heavier. If the e↵ective QCD scale ⇤0

QCD
is high enough to make

m0

a > HTI, (11)

ma(t) ⇠
⇤02
QCD

fa(t)
> H(t) (12)

with m0

a and HTI being the axion mass and expansion
rate during thermal inflation, respectively, then the ax-
ion undergoes damped oscillations and consequently the
primordial fluctuation �✓ gets suppressed. The suppres-
sion occurs e↵ectively during the period

Tc < T . ⇤0

QCD, (13)

because the axion mass is suppressed at high temper-
atures above the QCD scale. Using that the e-folding
number of the indicated period is Ne ' ln(⇤0

QCD/Tc),

1
Ref. [? ] considered a stronger QCD during the primordial

inflationary period to suppress the axion fluctuations. In high

scale inflation, this mechanism requires the QCD to become very

strong during inflation.

one can estimate the suppression factor

� ⇡ e�3Ne/2 '
 

Tc

⇤0

QCD

!3/2

. (14)

Thus the axion fluctuation angle is given by

�✓ ⇡
 

Tc

⇤0

QCD

!3/2
HI

2⇡fI
, (15)

implying that a stronger QCD in the early Universe re-
laxes the isocurvature constraint on the axion dark mat-
ter.
The above scenario can naturally be realized in the su-

persymmetric SM since there are flat directions involv-
ing the Higgs fields Hu and Hd. Let us parameterize the
HuHd flat direction by �2. To stabilize � at a large value
during thermal inflation, we consider the case where the
µ parameter is dynamically generated by the flaton vac-
uum expectation value. Including soft SUSY breaking
terms, the potential of � is written

V (�) = m2
�|�|2 �

✓
A�

�4

MPl
+ h.c.

◆
+

|�|6
M2

Pl

+2|µ|2|�|2 � (Bµ�2 + h.c.) (16)

�2 ⌘ HuHd (17)

m2
� < 0, µ = Bµ = 0 (18)

h�i ⌘ v0 ⇠pm�MPl (19)

for a positive integer n, where we have omitted the
coupling constants of Planck-suppressed terms for sim-
plicity. Then � can have a temporal large expectation
value around (m�M

n
Pl)

1/(n+1) during thermal inflation
and roll back to the origin after thermal inflation, if
m2

� < 0 and µ = Bµ = 0 during thermal inflation, and

m2
�+2|µ|2 > 2|Bµ| after thermal inflation with non-zero

µ generated by the flaton vacuum expectation value.
In the above setup, it is important to note that the

axion can still account for the observed dark matter den-
sity with a sizable misalignment angle. The phase of �
is fixed by the A� term during thermal inflation while
mainly by the Bµ term afterwards, inducing axion mis-
alignment from the true minimum of the zero temper-
ature potential because the quarks obtain masses from
the Higgs vacuum expectation values. This implies that
axions are produced after the thermal inflation by coher-
ent oscillations of the misaligned axion field. The axion
therefore contributes to dark matter, but with suppressed
isocurvature density perturbations.
In the following, we will describe the details of the sce-

nario and eventually show how much suppression on the

D-flat	direc%on	

stronger	QCD	
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2

As can be seen from (3) and (9), 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), (10)

for HI � mSUSY, where n is an integer and mSUSY is the
SUSY breaking mass in the present Universe. Thus fI
is larger than HI and fa. However, in the conventional
axion cosmology with � = 1, we need fI larger than
about 104⇥HI to suppress �✓ below 10�4. This is di�cult
in the high scale inflation with HI around 1013–1014 GeV
as long as fI is much smaller than the Planck scale, as
would be required for the e↵ective theory to be valid and
not to spoil the inflation dynamics.

In this letter we propose an interesting way to suppress
the primordial axion fluctuations. The idea is to combine
thermal inflation with a stronger QCD in the early Uni-
verse.1 Suppose that thermal inflation is driven while
the flaton is thermally trapped at the origin, and is over
when the temperature drops below Tc. For the Higgs
field fixed at a large expectation value during thermal
inflation, the QCD confines at a higher scale because the
quarks become heavier. If the e↵ective QCD scale ⇤0

QCD
is high enough to make

m0

a > HTI, (11)

ma(t) ⇠
⇤02
QCD

fa(t)
> H(t) (12)

with m0

a and HTI being the axion mass and expansion
rate during thermal inflation, respectively, then the ax-
ion undergoes damped oscillations and consequently the
primordial fluctuation �✓ gets suppressed. The suppres-
sion occurs e↵ectively during the period

Tc < T . ⇤0

QCD, (13)

because the axion mass is suppressed at high temper-
atures above the QCD scale. Using that the e-folding
number of the indicated period is Ne ' ln(⇤0

QCD/Tc),

1
Ref. [? ] considered a stronger QCD during the primordial

inflationary period to suppress the axion fluctuations. In high

scale inflation, this mechanism requires the QCD to become very

strong during inflation.

one can estimate the suppression factor

� ⇡ e�3Ne/2 '
 

Tc

⇤0

QCD

!3/2

. (14)

Thus the axion fluctuation angle is given by

�✓ ⇡
 

Tc

⇤0

QCD

!3/2
HI

2⇡fI
, (15)

implying that a stronger QCD in the early Universe re-
laxes the isocurvature constraint on the axion dark mat-
ter.
The above scenario can naturally be realized in the su-

persymmetric SM since there are flat directions involv-
ing the Higgs fields Hu and Hd. Let us parameterize the
HuHd flat direction by �2. To stabilize � at a large value
during thermal inflation, we consider the case where the
µ parameter is dynamically generated by the flaton vac-
uum expectation value. Including soft SUSY breaking
terms, the potential of � is written

V (�) = m2
�|�|2 �

✓
A�

�4

MPl
+ h.c.

◆
+

|�|6
M2

Pl

+2|µ|2|�|2 � (Bµ�2 + h.c.) (16)

�2 ⌘ HuHd (17)

m2
� < 0, µ = Bµ = 0 (18)

h�i ⌘ v0 ⇠pm�MPl (19)

for a positive integer n, where we have omitted the
coupling constants of Planck-suppressed terms for sim-
plicity. Then � can have a temporal large expectation
value around (m�M

n
Pl)

1/(n+1) during thermal inflation
and roll back to the origin after thermal inflation, if
m2

� < 0 and µ = Bµ = 0 during thermal inflation, and

m2
�+2|µ|2 > 2|Bµ| after thermal inflation with non-zero

µ generated by the flaton vacuum expectation value.
In the above setup, it is important to note that the

axion can still account for the observed dark matter den-
sity with a sizable misalignment angle. The phase of �
is fixed by the A� term during thermal inflation while
mainly by the Bµ term afterwards, inducing axion mis-
alignment from the true minimum of the zero temper-
ature potential because the quarks obtain masses from
the Higgs vacuum expectation values. This implies that
axions are produced after the thermal inflation by coher-
ent oscillations of the misaligned axion field. The axion
therefore contributes to dark matter, but with suppressed
isocurvature density perturbations.
In the following, we will describe the details of the sce-

nario and eventually show how much suppression on the
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As can be seen from (3) and (9), 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), (10)

for HI � mSUSY, where n is an integer and mSUSY is the
SUSY breaking mass in the present Universe. Thus fI
is larger than HI and fa. However, in the conventional
axion cosmology with � = 1, we need fI larger than
about 104⇥HI to suppress �✓ below 10�4. This is di�cult
in the high scale inflation with HI around 1013–1014 GeV
as long as fI is much smaller than the Planck scale, as
would be required for the e↵ective theory to be valid and
not to spoil the inflation dynamics.

In this letter we propose an interesting way to suppress
the primordial axion fluctuations. The idea is to combine
thermal inflation with a stronger QCD in the early Uni-
verse.1 Suppose that thermal inflation is driven while
the flaton is thermally trapped at the origin, and is over
when the temperature drops below Tc. For the Higgs
field fixed at a large expectation value during thermal
inflation, the QCD confines at a higher scale because the
quarks become heavier. If the e↵ective QCD scale ⇤0

QCD
is high enough to make

m0

a > HTI, (11)

ma(t) ⇠
⇤02
QCD

fa(t)
> H(t) (12)

with m0

a and HTI being the axion mass and expansion
rate during thermal inflation, respectively, then the ax-
ion undergoes damped oscillations and consequently the
primordial fluctuation �✓ gets suppressed. The suppres-
sion occurs e↵ectively during the period

Tc < T . ⇤0

QCD, (13)

because the axion mass is suppressed at high temper-
atures above the QCD scale. Using that the e-folding
number of the indicated period is Ne ' ln(⇤0

QCD/Tc),

1
Ref. [? ] considered a stronger QCD during the primordial

inflationary period to suppress the axion fluctuations. In high

scale inflation, this mechanism requires the QCD to become very

strong during inflation.

one can estimate the suppression factor

� ⇡ e�3Ne/2 '
 

Tc

⇤0

QCD

!3/2

. (14)

Thus the axion fluctuation angle is given by

�✓ ⇡
 

Tc

⇤0

QCD

!3/2
HI

2⇡fI
, (15)

implying that a stronger QCD in the early Universe re-
laxes the isocurvature constraint on the axion dark mat-
ter.
The above scenario can naturally be realized in the su-

persymmetric SM since there are flat directions involv-
ing the Higgs fields Hu and Hd. Let us parameterize the
HuHd flat direction by �2. To stabilize � at a large value
during thermal inflation, we consider the case where the
µ parameter is dynamically generated by the flaton vac-
uum expectation value. Including soft SUSY breaking
terms, the potential of � is written

V (�) = m2
�|�|2 �

✓
A�

�3+n

Mn
Pl

+ h.c.

◆
+

|�|4+2n

M2n
Pl

+2|µ|2|�|2 � (Bµ�2 + h.c.), (16)

�2 ⌘ HuHd (17)

for a positive integer n, where we have omitted the
coupling constants of Planck-suppressed terms for sim-
plicity. Then � can have a temporal large expectation
value around (m�M

n
Pl)

1/(n+1) during thermal inflation
and roll back to the origin after thermal inflation, if
m2

� < 0 and µ = Bµ = 0 during thermal inflation, and

m2
�+2|µ|2 > 2|Bµ| after thermal inflation with non-zero

µ generated by the flaton vacuum expectation value.
In the above setup, it is important to note that the

axion can still account for the observed dark matter den-
sity with a sizable misalignment angle. The phase of �
is fixed by the A� term during thermal inflation while
mainly by the Bµ term afterwards, inducing axion mis-
alignment from the true minimum of the zero temper-
ature potential because the quarks obtain masses from
the Higgs vacuum expectation values. This implies that
axions are produced after the thermal inflation by coher-
ent oscillations of the misaligned axion field. The axion
therefore contributes to dark matter, but with suppressed
isocurvature density perturbations.
In the following, we will describe the details of the sce-

nario and eventually show how much suppression on the
primordial axion fluctuation can occur and consequently
change the upper bound on the primordial inflation scale
when the axion explains the whole amount of dark mat-
ter. We then present an explicit model that can imple-
ment the scenario.

D-flat	direc%on	

stronger	QCD	

ordinary	QCD,		
present	electroweak	vacuum	
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FIG. 1: Upper bound on the inflationary Hubble scale con-
sistent with the axion dark matter, ⌦a = ⌦DM. Here we
have taken mg̃ = 3 TeV, tan� = 10, and T (tµ) = 1 TeV.
The shaded region is excluded by the Planck results. The
black solid line is the constraint in the conventional scenario
with fa(tI) = fa(t0). The magenta lines are for the scenario

with fa(tI)/fa(t0) =
p

H(tI)/mSUSY, but without a stronger
QCD. The blue lines are for our scheme which leads to a
further suppression of �✓ by the stronger QCD. The SUSY
breaking mass has been taken mSUSY = 1 TeV for the solid
lines and 10 TeV for the dotted lines.

Universe is dominated by the vacuum energy density with
the Hubble scale given by (23), which is often called the
thermal inflation [18].

It should be stressed that in our scheme the ax-
ion isocurvature perturbation is suppressed by two
steps. The first suppression is due to fa(t0)/fa(tI) ⇠p

m
SUSY

/H(tI) ⌧ 1, and the second is due to the
stronger QCD dynamics before the µ-transition, yield-
ing a further suppression by � ⇠ (m

SUSY

/⇤̃
QCD

)3/2. To
illustrate the result, we depict in Fig. 1 the upper bound
on the inflationary Hubble scale H(tI) resulting from the
isocurvature constraint (1) for ⌦a = ⌦

DM

. To make a
comparison, we depict the results for three distinct cases:
(i) the conventional scenario of fa(tI) = fa(t0) with-
out a stronger QCD, (ii) a scheme with fa(tI)/fa(t0) ⇠p

H(tI)/mSUSY

, but without a stronger QCD, (iii) our

scheme with fa(tI)/fa(t0) ⇠ p
H(tI)/mSUSY

and a
stronger QCD before the µ-transition.

Let us now present an explicit model implementing the
mechanisms discussed above. As a simple example, we
consider a model with the following superpotential,

W = (MSSM Yukawa terms) + �Y ��c

+ 
1

X2

MPl
HuHd + 

2

XY 3

MPl
+ 

3

(HuHd)(LHu)

MPl

where X and Y are PQ-charged gauge singlets responsi-
ble for the µ-transition, L is the MSSM lepton doublet,

and � + �c are U(1)Y -charged exotic matter fields in-
troduced to give a thermal mass to Y . Then the scalar
potential for the µ-transition is given by

V
1

= m2

X |X|2 +m2

Y |Y |2 +
✓

2

A
2

MPl
XY 3 + h.c.

◆

+
|

2

|2
M2

Pl

�|Y |6 + 9|X|2|Y |4� , (25)

where

m2

X = cXH2 + ⇠Xm2

SUSY

+ |µX |2,
m2

Y = cY H
2 + ⇠Y m

2

SUSY

+ ↵Y T
2, (26)

for µX = 2
1

HuHd/MPl. Here cX,Y H
2 is the Hubble-

induced masses, ⇠X,Y m
2

SUSY

are the SUSY breaking
masses at zero temperature, and ↵Y T

2 is the thermal
mass of Y induced by the coupling �Y ��c, which is of
O(|�|2T 2) for |�Y | < T .
For simplicity, we will assume that all the dimension-

less parameters appearing in the superpotential and the
SUSY breaking scalar masses are of order unity. How-
ever it should be noted that these parameters can have
a variation of O(0.1–10) easily. In particular, the super-
potential parameters n can have a much wider varia-
tion without invoking fine-tuning. This gives us a rather
large room to get an enough suppression of the axion an-
gle fluctuation �✓ through a stronger QCD before the µ-
transition. At any rate, assuming1 that cX,Y > 0, ⇠X > 0
and ⇠Y < 0, the scalar potential (26) indeed yields the
desired µ-transition as

X = Y = 0 at t  tµ,

X ⇠ Y ⇠
p

m
SUSY

MPl at t > tµ, (27)

with T (tµ) ⇠ m
SUSY

.
Now the Higgs and slepton fields can have a nontrivial

evolution along the following flat direction:

HT
d = (�d, 0), LT = (�`, 0),

HT
u = (0,

p
|�d|2 + |�`|2), (28)

which satisfies the F and D flat conditions. The relevant
terms of the scalar potential of �d,` are given by

V
2

=
X

m2

i |�i|2 +
qX

|�i|2
⇣
Bµ�d + h.c.

⌘

+
⇣X

|�i|2
⌘✓


3

A
3

�d�`

MPl
+ h.c.

◆

+
|

3

|2
M2

Pl

⇣X
|�i|2

⌘ �|�d|4 + 4|�d�`|2 + |�`|4
�
, (29)

1
If |A2| �

p
|⇠X,Y |mSUSY and |µX | >

p
|⇠X |mSUSY, the µ-

transition takes place regardless of the signs of ⇠X,Y .

thermal	mass	(|λ|2T2/8)	to	Y	

An	example	of	model	

>	0	 <	0	

à	μ					Kim,	Nilles	(1984)	

“μ-transi%on”	
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FIG. 1: Upper bound on the inflationary Hubble scale con-
sistent with the axion dark matter, ⌦a = ⌦DM. Here we
have taken mg̃ = 3 TeV, tan� = 10, and T (tµ) = 1 TeV.
The shaded region is excluded by the Planck results. The
black solid line is the constraint in the conventional scenario
with fa(tI) = fa(t0). The magenta lines are for the scenario
with fa(tI)/fa(t0) =

p
H(tI)/mSUSY, but without a stronger

QCD. The blue lines are for our scheme which leads to a
further suppression of �✓ by the stronger QCD. The SUSY
breaking mass has been taken mSUSY = 1 TeV for the solid
lines and 10 TeV for the dotted lines.

saturates its upper bound ⇠ 1014 GeV. Note that during
ti . t . tµ,

�(t)� �(t
0

) ⇠ X(t)�X(t
0

) ⇠
p

m
SUSY

MPl,

so the corresponding vacuum energy density V
0

=
O(m2

SUSY

f2

a (t0)). This means that in this period the
Universe is dominated by the vacuum energy density with
the Hubble scale given by (23), which is often called the
thermal inflation [20].

It should be stressed that in our scheme the ax-
ion isocurvature perturbation is suppressed by two
steps. The first suppression is due to fa(t0)/fa(tI) ⇠p

m
SUSY

/H(tI) ⌧ 1, and the second is due to the
stronger QCD dynamics before the µ-transition, yield-
ing a further suppression by � ⇠ (m

SUSY

/⇤̃
QCD

)3/2. To
illustrate the result, we depict in Fig. 1 the upper bound
on the inflationary Hubble scale H(tI) resulting from the
isocurvature constraint (1) for ⌦a = ⌦

DM

. To make a
comparison, we depict the results for three distinct cases:
(i) the conventional scenario of fa(tI) = fa(t0) with-
out a stronger QCD, (ii) a scheme with fa(tI)/fa(t0) ⇠p

H(tI)/mSUSY

, but without a stronger QCD, (iii) our

scheme with fa(tI)/fa(t0) ⇠ p
H(tI)/mSUSY

and a
stronger QCD before the µ-transition.

Let us now present an explicit model implementing the
mechanisms discussed above. As a simple example, we

consider a model with the following superpotential,

W = (MSSM Yukawa terms) + �Y ��c

+

1

X2HuHd

MPl
+


2

XY 3

MPl
+


3

(HuHd)(LHu)

MPl
, (25)

where X and Y are PQ-charged gauge singlets responsi-
ble for the µ-transition, L is the MSSM lepton doublet,
and � + �c are U(1)Y -charged exotic matter fields in-
troduced to give a thermal mass to Y . Then the scalar
potential for the µ-transition is given by

V
1

= m2

X |X|2 +
✓
m2

Y +
1

8
|�|2T 2

◆
|Y |2 +

✓

2

A
2

MPl
XY 3 + h.c.

◆

+
|

2

|2
M2

Pl

�|Y |6 + 9|X|2|Y |4�

where

m2

X = cXH2 + ⇠Xm2

SUSY

+ 4|µX |2,
m2

Y = cY H
2 + ⇠Y m

2

SUSY

+ ↵Y T
2, (26)

for µX = 
1

HuHd/MPl. Here cX,Y H
2 are the Hubble-

induced masses, ⇠X,Y m
2

SUSY

are the SUSY breaking
masses at zero temperature, and ↵Y T

2 is the thermal
mass of Y induced by the coupling �Y ��c, which is of
O(|�|2T 2) for |�Y | < T .
For simplicity, we will assume that all the dimension-

less parameters appearing in the superpotential and the
SUSY breaking scalar masses are of order unity. How-
ever it should be noted that these parameters can have
a variation of O(0.1–10) easily. In particular, the super-
potential parameters n can have a much wider varia-
tion without invoking fine-tuning. This gives us a rather
large room to get an enough suppression of the axion an-
gle fluctuation �✓ through a stronger QCD before the µ-
transition. At any rate, assuming that cX,Y > 0, ⇠X > 0
and ⇠Y < 0, the scalar potential (26) indeed yields the
desired µ-transition as

X = Y = 0 at t  tµ,

X ⇠ Y ⇠
p

m
SUSY

MPl at t > tµ, (27)

with T (tµ) ⇠ m
SUSY

.1

1 In our example (25), the cosmological evolution of X and Y can
cause a domain-wall problem associated with the discrete sym-
metry � generated by X ! �X and Y ! ei⇡/3Y . This problem
can be avoided by extending the model to make � not restored.
For instance, one can introduce additional PQ-charged fields Z
and ' with Z'2 + Y '3/MPl in the superpotential. If ' has a
tachyonic SUSY breaking mass (⇠' < 0), as well as a tachtonic
Hubble-induced mass (c' < 0), the discrete symmetry of the
model, which is now involving '3 ! e�i⇡/3'3, is never restored
in the early universe, and the model is free from the domain wall
problem, while implementing our mechanism. It is also possible
to construct a model in which the µ-transition is triggered by
PQ singlet in a way not having any discrete symmetry.

The VEV of the axion is to be determined by the anomaly term, and it turns out to be

ha(t = t0)ip
9v2x + v2Y

' 1

18
(✓0 + arg det(yuyd)� 3 arg(Bµe↵) + 6 arg(Mg̃)) +

⇡

9
n, (21)

where n = 0, · · · , 17, and Bµe↵ corresponds to

Bµe↵ = AXH
hX2i
MPl

� 2XH
⇤
X

hXY ⇤3i
MPl

2 . (22)

There are 18 vacua, but the axion field will choose the closest one from its initial configuration

given by h✓Xii, h✓Y ii. The phase of the orthogonal field to the present axion field a(t = t0) is

to be fixed by the AXXY 3/MPl term so that the present values h✓Xi0, h✓Y i0 are completely

determined by this term and eq. (21).

There will be generally O(1) di↵erence between (h✓Xii, h✓Y ii) and (h✓Xi0, h✓Y i0). This

also results in the O(1) di↵erence between the initial value of the axion field and its final

VEV,

a(t = t0)i
vPQ

� ha(t = t0)i
vPQ

= O(1). (23)

This initial misalignment will provide sizable axion dark matter by coherent oscillation.

• 1
8
|�|2T 2 > |m2

Y | (T > Tc ⇠ mY ) ! hXi = hY i = 0 ! µ = 0

• 1
8
|�|2T 2 < |m2

Y | (T < Tc) ! hXi ⇠ hY i ⇠ p
mSUSYMPl ! µ ⇠ mSUSY

µ = Bµ = 0, �d ⇠ �` ⇠
p

mSUSYMPl (24)

µ ⇠
p
Bµ ⇠ mSUSY, �d ⇠ mZ , �` = 0 (25)

fa(t > tI) ⇠ 
p
mSUSYMPl ⇠ 1010�13 GeV (26)

fa(t = tI) ⇠
p
HIMPl ⇠

r
HI

mSUSY

fa(t = t0) (27)
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terms of the scalar potential of �d,` are given by

V
2

= (m2

�d
+ 2|µ|2)|�d|2 + (m2

�`
+ |µ|2)|�`|2

+

✓
Bµ�d

qX
|�i|2 + 

3

A
3

�d�`

M
Pl

⇣X
|�i|2

⌘
+ h.c.

◆

+
|

3

|2
M2

Pl

⇣X
|�i|2

⌘ �|�d|4 + 4|�d�`|2 + |�`|4
�

for µ = 
1

X2/MPl, where

m2

�d
= cdH

2 + ⇠dm
2

SUSY

+ 2|µ|2,
m2

�`
= c`H

2 + ⇠`m
2

SUSY

+ |µ|2. (29)

Again, assuming cd,` < 0 and ⇠d,` < 0, butm2

�d,�`
(t

0

) > 0
due to µ(t

0

) ⇠ m
SUSY

, the above scalar potential yields

fa(tI) ⇠ �d,`(tI) ⇠
p

H(tI)MPl,

fa(tµ) ⇠ �d,`(tµ) ⇠
p
m

SUSY

MPl, (30)

and

�d(t0) = O(100) GeV, �`(t0) = 0,

fa(t0) ⇠ X(t
0

) ⇠ Y (t
0

) ⇠
p
m

SUSY

MPl. (31)

To summarize, under a proper assumption on the
SUSY breaking during the primordial inflation and in
the present Universe, the model with the superpoten-
tial (25) can successfully realize the desired cosmolog-
ical evolution of the three relevant scales; the axion
scale, the weak scale, and the QCD scale. Generated
by SUSY breaking, an inflationary axion scale fa(tI) ⇠p

H(tI)/mSUSY

fa(t0) is determined to be well above the
present axion scale fa(t0) ⇠

p
m

SUSY

MPl, and a stronger
QCD in the early Universe is realized to yield an enough
suppression of the axion angle fluctuation even when
H(tI) saturates its upper bound. Furthermore, we em-
phasize that the minimum of the axion potential induced
by the stronger QCD depends on the phase arg(

3

A
3

),
while the minimum of the axion potential at present de-
pends on arg(Bµ). This means that the stronger QCD
generates an axion misalignment angle ✓

mis

= O(1), so
that the axion dark matter with ⌦a = ⌦

DM

arises natu-
rally in our scheme.

There is a remaining issue which should be addressed
to complete our scheme. As we have noticed, the µ-
transition is foregone by a late-time thermal inflation.
This suggests that the scheme should be accompanied by
a late-time baryogenesis operating after the µ-transition.
In fact, the model of (25) o↵ers an elegant mechanism
to generate the baryon asymmetry through the rolling
flat direction LHu [19]. More detailed cosmology of our
scheme, including the leptogenesis by rolling LHu, will
be discussed elsewhere [20].
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•  Higgs	flat	direc%on	(F	&	D	flat)	
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FIG. 1: Upper bound on the inflationary Hubble scale con-
sistent with the axion dark matter, ⌦a = ⌦DM. Here we
have taken mg̃ = 3 TeV, tan� = 10, and T (tµ) = 1 TeV.
The shaded region is excluded by the Planck results. The
black solid line is the constraint in the conventional scenario
with fa(tI) = fa(t0). The magenta lines are for the scenario

with fa(tI)/fa(t0) =
p

H(tI)/mSUSY, but without a stronger
QCD. The blue lines are for our scheme which leads to a
further suppression of �✓ by the stronger QCD. The SUSY
breaking mass has been taken mSUSY = 1 TeV for the solid
lines and 10 TeV for the dotted lines.

Universe is dominated by the vacuum energy density with
the Hubble scale given by (23), which is often called the
thermal inflation [18].

It should be stressed that in our scheme the ax-
ion isocurvature perturbation is suppressed by two
steps. The first suppression is due to fa(t0)/fa(tI) ⇠p

m
SUSY

/H(tI) ⌧ 1, and the second is due to the
stronger QCD dynamics before the µ-transition, yield-
ing a further suppression by � ⇠ (m

SUSY

/⇤̃
QCD

)3/2. To
illustrate the result, we depict in Fig. 1 the upper bound
on the inflationary Hubble scale H(tI) resulting from the
isocurvature constraint (1) for ⌦a = ⌦

DM

. To make a
comparison, we depict the results for three distinct cases:
(i) the conventional scenario of fa(tI) = fa(t0) with-
out a stronger QCD, (ii) a scheme with fa(tI)/fa(t0) ⇠p

H(tI)/mSUSY

, but without a stronger QCD, (iii) our

scheme with fa(tI)/fa(t0) ⇠ p
H(tI)/mSUSY

and a
stronger QCD before the µ-transition.

Let us now present an explicit model implementing the
mechanisms discussed above. As a simple example, we
consider a model with the following superpotential,

W = (MSSM Yukawa terms) + �Y ��c

+ 
1

X2

MPl
HuHd + 

2

XY 3

MPl
+ 

3

(HuHd)(LHu)

MPl

where X and Y are PQ-charged gauge singlets responsi-
ble for the µ-transition, L is the MSSM lepton doublet,

and � + �c are U(1)Y -charged exotic matter fields in-
troduced to give a thermal mass to Y . Then the scalar
potential for the µ-transition is given by

V
1

= m2

X |X|2 +m2

Y |Y |2 +
✓

2

A
2

MPl
XY 3 + h.c.

◆

+
|

2

|2
M2

Pl

�|Y |6 + 9|X|2|Y |4� , (25)

where

m2

X = cXH2 + ⇠Xm2

SUSY

,

m2

Y = cY H
2 � ⇠Y m

2

SUSY

+ ↵|�|2T 2 (26)

for µX = 2
1

HuHd/MPl. Here cX,Y H
2 is the Hubble-

induced masses, ⇠X,Y m
2

SUSY

are the SUSY breaking
masses at zero temperature, and ↵Y T

2 is the thermal
mass of Y induced by the coupling �Y ��c, which is of
O(|�|2T 2) for |�Y | < T .

When ↵|�|2T 2 > |m2

Y |, hXi = hY i = 0
When ↵|�|2T 2 < |m2

Y | (T < Tc ⇠ mY ),
hXi ⇠ hY i ⇠ p

m
SUSY

M
Pl

For simplicity, we will assume that all the dimen-
sionless parameters appearing in the superpotential and
the SUSY breaking scalar masses are of order unity.
However it should be noted that these parameters can
have a variation of O(0.1–10) easily. In particular, the
superpotential parameters n can have a much wider
variation without invoking fine-tuning. This gives us
a rather large room to get an enough suppression of
the axion angle fluctuation �✓ through a stronger QCD
before the µ-transition. At any rate, assuming1 that
cX,Y > 0, ⇠X > 0 and ⇠Y < 0, the scalar potential (25)
indeed yields the desired µ-transition as

X = Y = 0 at t  tµ,

X ⇠ Y ⇠
p
m

SUSY

MPl at t > tµ, (27)

with T (tµ) ⇠ m
SUSY

.

Now the Higgs and slepton fields can have a nontrivial
evolution along the following flat direction:

HT
d = (�d, 0), LT = (�`, 0),

HT
u = (0,

p
|�d|2 + |�`|2), (28)

which satisfies the F and D flat conditions. The relevant

1
If |A2| �

p
|⇠X,Y |mSUSY and |µX | >

p
|⇠X |mSUSY, the µ-

transition takes place regardless of the signs of ⇠X,Y .
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FIG. 1: Upper bound on the inflationary Hubble scale con-
sistent with the axion dark matter, ⌦a = ⌦DM. Here we
have taken mg̃ = 3 TeV, tan� = 10, and T (tµ) = 1 TeV.
The shaded region is excluded by the Planck results. The
black solid line is the constraint in the conventional scenario
with fa(tI) = fa(t0). The magenta lines are for the scenario

with fa(tI)/fa(t0) =
p

H(tI)/mSUSY, but without a stronger
QCD. The blue lines are for our scheme which leads to a
further suppression of �✓ by the stronger QCD. The SUSY
breaking mass has been taken mSUSY = 1 TeV for the solid
lines and 10 TeV for the dotted lines.

Universe is dominated by the vacuum energy density with
the Hubble scale given by (23), which is often called the
thermal inflation [18].
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where X and Y are PQ-charged gauge singlets responsi-
ble for the µ-transition, L is the MSSM lepton doublet,

and � + �c are U(1)Y -charged exotic matter fields in-
troduced to give a thermal mass to Y . Then the scalar
potential for the µ-transition is given by
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where
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Y = cY H
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SUSY

+ ↵Y T
2, (26)

for µX = 2
1

HuHd/MPl. Here cX,Y H
2 is the Hubble-

induced masses, ⇠X,Y m
2

SUSY

are the SUSY breaking
masses at zero temperature, and ↵Y T

2 is the thermal
mass of Y induced by the coupling �Y ��c, which is of
O(|�|2T 2) for |�Y | < T .
For simplicity, we will assume that all the dimension-

less parameters appearing in the superpotential and the
SUSY breaking scalar masses are of order unity. How-
ever it should be noted that these parameters can have
a variation of O(0.1–10) easily. In particular, the super-
potential parameters n can have a much wider varia-
tion without invoking fine-tuning. This gives us a rather
large room to get an enough suppression of the axion an-
gle fluctuation �✓ through a stronger QCD before the µ-
transition. At any rate, assuming1 that cX,Y > 0, ⇠X > 0
and ⇠Y < 0, the scalar potential (26) indeed yields the
desired µ-transition as

X = Y = 0 at t  tµ,

X ⇠ Y ⇠
p

m
SUSY

MPl at t > tµ, (27)

with T (tµ) ⇠ m
SUSY

.
Now the Higgs and slepton fields can have a nontrivial

evolution along the following flat direction:

HT
d = (�d, 0), LT = (�`, 0),

HT
u = (0,

p
|�d|2 + |�`|2), (28)

which satisfies the F and D flat conditions. The relevant
terms of the scalar potential of �d,` are given by

V
2

=
X

m2

i |�i|2 +
qX

|�i|2
⇣
Bµ�d + h.c.

⌘

+
⇣X

|�i|2
⌘✓


3

A
3

�d�`

MPl
+ h.c.

◆

+
|

3

|2
M2

Pl

⇣X
|�i|2

⌘ �|�d|4 + 4|�d�`|2 + |�`|4
�
, (29)

1
If |A2| �

p
|⇠X,Y |mSUSY and |µX | >

p
|⇠X |mSUSY, the µ-

transition takes place regardless of the signs of ⇠X,Y .

<	0	 <	0	

Before	μ-transi%on	(T	>	Tc),	
	
A"er	μ-transi%on	(T	<	Tc),	

stronger	QCD	

ordinary	QCD,		
present	electroweak	vacuum	

The VEV of the axion is to be determined by the anomaly term, and it turns out to be

ha(t = t0)ip
9v2x + v2Y

' 1

18
(✓0 + arg det(yuyd)� 3 arg(Bµe↵) + 6 arg(Mg̃)) +

⇡

9
n, (21)

where n = 0, · · · , 17, and Bµe↵ corresponds to

Bµe↵ = AXH
hX2i
MPl

� 2XH
⇤
X

hXY ⇤3i
MPl

2 . (22)

There are 18 vacua, but the axion field will choose the closest one from its initial configuration

given by h✓Xii, h✓Y ii. The phase of the orthogonal field to the present axion field a(t = t0) is

to be fixed by the AXXY 3/MPl term so that the present values h✓Xi0, h✓Y i0 are completely

determined by this term and eq. (21).

There will be generally O(1) di↵erence between (h✓Xii, h✓Y ii) and (h✓Xi0, h✓Y i0). This

also results in the O(1) di↵erence between the initial value of the axion field and its final

VEV,

a(t = t0)i
vPQ

� ha(t = t0)i
vPQ

= O(1). (23)

This initial misalignment will provide sizable axion dark matter by coherent oscillation.

1

8
|�|2T 2 > |m2

Y | ! hXi = hY i = 0 ! µ = 0

1

8
|�|2T 2 < |m2

Y | (T < Tc ⇠ mY ) ! hXi ⇠ hY i ⇠
p
mSUSYMPl ! µ ⇠ mSUSY

(24)

µ = Bµ = 0, �d ⇠ �` ⇠
p

mSUSYMPl (25)

µ ⇠
p
Bµ ⇠ mSUSY, �d ⇠ mZ , �` = 0 (26)

fa(t > tI) ⇠ 
p
mSUSYMPl ⇠ 1010�13 GeV (27)

fa(t = tI) ⇠
p
HIMPl ⇠

r
HI

mSUSY

fa(t = t0) (28)

ma(Tc < T < ⇤0
QCD) ⇡ 0.4MeV

✓
fa(t < tI)

1012GeV

◆�1 ✓ ⇤0
QCD

20TeV

◆2
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Total	damping	over	the	stronger	QCD	phase	

•  Axion	gets	a	large	enough	mass	during	Tc	<	T	<	Λ’QCD	so	that	ma	>	H.	
•  Then	its	amplitude	and	fluctua%on	get	suppressed	during	its	coherent	

oscilla%on.	

H(Tc < T < TTI) ' 0.2MeV

 p
V0 ⇠ m3

SUSYMPl

1TeV ⇥ 1012GeV

!
(29)

exp

✓
�3

2
H�t

◆
⇡ exp

✓
�3

2
ln

✓
⇤0

QCD

Tc

◆◆
(30)

=

 
Tc

⇤0
QCD

!3/2

⇠ O(10�2 � 10�3)

✓
R(ti)

R(ti +�t)

◆3/2

⇡
 

Tc

⇤0
QCD

!3/2

⇠ O(10�2 � 10�3)

NDW =

�����
X

i

2q i
Tr(T 2

a ( i))

����� = 1 (31)

⌦a ' ⌦DM (32)

�✓ . 10�5 ✓mis (33)

H(tI) . 10�5 ✓mis fa(tI) (34)

Tc ⇠ 1TeV, ⇤0
QCD ⇠ 10TeV (35)

|a(t)| ⇠ (a0 + �a0)

✓
R(ti)

R(t)

◆3/2

(36)
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Upper	bound	on	the	infla%on	scale	for	Ωa=ΩDM	

n  Solid	:	mSUSY(t0)	=	1	TeV	
n  Dashed	:	mSUSY(t0)		=	10	TeV	

	
n  Tc	=	1	TeV	
n  Mgluino=	3	TeV,	tan	β=10	

faHtL ~ mSUSY HtLMPl

Stronger QCD
before the m-transition
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Summary	
•  If	one	allows	NDW	>	1	and	assumes	that	axion	explains	the	dominant	part	of	

DM	in	the	Universe,	high	scale	infla%on	(>	1010	GeV)	conflicts	with	the	axion	
isocurvature	constraint	in	the	conven%onal	scenario.	
	

•  If	there	exists	a	stronger	QCD	phase	in	the	early	Universe	by	temporarily	
large	Higgs	VEV,	axion	undergoes	damped	coherent	oscilla%on	while	
reducing	its	fluctua%on.	
	

•  Together	with	the	reduced	fluctua%on,	the	displacement	of	the	axion	
poten%al	minimum	aber	μ-transi%on	suppresses	the	axion	isocurvature	
perturba%on.	
	

•  This	allows	that	even	the	current	Planck	upper	bound	value	(1014	GeV)	on	
the	infla%onary	Hubble	scale	is	compa%ble	with	the	axion	DM.		
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