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QCD axion and Peccei-Quinn
Strong CP Problem θSM = θQCD + arg[det YuYd] ≤ 10−10
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32π2
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V ( a
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Coupling to QCD  GG̃

Shift symmetry a = a + 2πfa
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∂μa
fa

(f̄γμγ5 f) + c2
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8πfa
FμνF̃μν
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Axions and Dark Matter

·θi = 0
·θi ≠ 0

Misalignment mechanism Kinetic misalignment

108 GeV < fa From supernovae

fa < 1.5 × 1011 GeV

Axions bounds

Model dependent !!
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Pole inflation
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2 − VE(ϕ)

-attractor properties arise from a non-minimal coupling to gravity,α

which in the Einstein frame translates as a pole in the kinetic term



Pole inflation
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VJ(ϕ) = cmΛ4−2mϕ2m (1 −
1

6M2
P

ϕ2)
2

VE(χ) = 3mcmΛ4−2mM2m
P [tanh ( χ

6MP )]
2m

Inflation happens at the pole of the kinetic Einstein frame

Inflation happens for a vanishing Jordan frame potential

⟺
ϕ = 6MP tanh( χ

6MP
)



1. KSVZ
ℒJ

−gJ
= −

1
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M2
P Ω(Φ)R(gJ) + |∂μΦ |2 − Ω2(Φ)VE(Φ)
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3M2
P

|Φ |2

Conformal couplings

VE(Φ) = V′ 0 +
βm

M2m−4
P

|Φ |2m − m2
Φ |Φ |2 + (

[n/2]

∑
k=0

ck

2Mn−4
P

|Φ |2k Φn−2k + h . c . )
PQ violating terms
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The PQ violating terms are crucial for the axion non-zero velocity,

but are constrained by the axion quality problem.



1. KSVZ
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PQ conserving terms
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The PQ terms drive inflation and are responsible for the SSB of the U(1)PQ



1.KSVZ
ℒJ

−gJ
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M2
P Ω(Φ)R(gJ) + |∂μΦ |2 − Ω2(Φ)VE(Φ)

Ω(Φ) = 1 −
1
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Conformal couplings

VE(Φ) = V′ 0 +
βm

M2m−4
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|Φ |2m − m2
Φ |Φ |2 + (

[n/2]

∑
k=0

ck

2Mn−4
P

|Φ |2k Φn−2k + h . c . )

ℒQ,int = − yQΦQ̄RQL + h . c .(QCD anomalies)

ΔVE = λHΦ |Φ |2 |H |2
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+ Extra heavy quark

+ Higgs portal (Reheating)



ℒJ

−gJ
= −

1
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M2
P ΩR(gJ) + |DμH1 |2 + |DμH2 |2 + |∂μΦ |2 − Ω2VE

2. DFSZ Pole
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Ω = 1 −
1

3M2
P

|H1 |2 −
1

3M2
P

|H2 |2 −
1

3M2
P

|Φ |2

SM + PQ + extra Higgs doublet

We take conformal couplings: 

ℒY = yij f̄LH1 fR + y′ ij f̄LH2 fR+ general Yukawa interactions



DFSZ Scalar potential
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VPQ = λΦ |Φ |4 + λ1 |H1 |4 + λ2 |H2 |4 + λ3 |H1 |2 |H2 |2 + λ4 (H†
1 H2) (H†
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Inflation and SSB of the U(1) 

Axion rotation



DFSZ Scalar potential
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Inflation and SSB of the U(1) 

Axion rotation

Axion quality problem



Axion quality problem

Veff(a) = − Λ4
QCD cos (θ̄ + ξ

a
fa ) + M4

P ( fa
2qΦMP )

l [l/2]

∑
k=0

|c0,l,k |cos((l − 2k)
qΦa
fa

+ A0,l,k)
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( fa
MP )l ≲

2l/2ξ ql−1
Φ

(l − 2k) |c0,l,k | ( ΛQCD

MP )4 × 10−10

After the QCD phase transition, we get the contribution ΔVE = − Λ4
QCD cos(θ̄ + ξ

a
fa )

In order to solve the strong CP problem we need

 requires fa = 1012(108) GeV l ≳ 13(8)



Domain Wall Number
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, so if  PQ is broken after inflation we have a DW problem.NDW = KG = 3pqϕ

For comparison, for KSVZ models    no DW problem.NDW = KG = 1 ⟹



Mixed Higgs-PQ inflation
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• Inflation happens around the pole .


• The heavy angular direction , is heavier 
that the Hubble rate and can be decoupled


• We need  and   due to tadpoles.

χ2 ≡ ρ2 + h2
1 + h2

2 → 6

Ã ≡ − (1 + ⟨τ2
1⟩/⟨τ2

2⟩)η1 + pθ

⟨h1/ρ⟩ ≠ 0 ⟨h2/ρ⟩ ≠ 0

Non-trivial relations between the quartic couplings or vanishing  functions.β

⟹



Pure PQ inflation bounds
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• Effective Lagrangian
ℒbkg,E

−gE
= −

1
2

R +
1
2

(∂μϕ)2 + 3 sinh2( ϕ

6 )(∂μθ)
2

− VE(ϕ, θ)

VPQV = 3l/2
[l/2]

∑
k=0

|c0,l,k |cos((l − 2k)θi + A0,lk) < 1.0 × 10−10 .

• CMB normalization  during inflation.


• PQ invariant mass term is bounded by  

⟹λΦ = 1.1 × 10−11

|μΦ | < 1.4 × 1013 GeV,



Reheating

16

ℒint ⊃ − ∑
i=1,2

λiΦ |Hi |
2 |Φ |2 − 2p/2−1κpH†

1 H2Φp −
1
2

yNNc
RΦNR + h . c .

• Bounds due to λΦ = 1.1 × 10−11

 : Γϕϕ→H†
i Hi

|λHiΦ | ≲ 1.2 λΦ ≃ 4 × 10−6

 : Γϕϕ→H†
1H2

|κ2 | ≲ 10−5

 : suppressed by Planck powersΓϕ→H†
1H2

 : Γϕ→NRNR
yN ≲ 10−3



Reheating temperature
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ℒint ⊃ − ∑
i=1,2

λiΦ |Hi |
2 |Φ |2 − 2p/2−1κpH†

1 H2Φp −
1
2

yNNc
RΦNR + h . c .

• We need  for EWSB  |κ1 | ≲ 103 GeV( fa/108 GeV) ⟹ TRH ∼ 105 GeV
Low!!

• A higher reheating temperature can be achieved through κ2 ≲ λHiΦ ≲ 10−7



PQ symmetry restoration after reheating
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VT(Φ) ⊃
1
24

T2(∑
b

nbm2
b,eff + ∑

f

nf m2
f,eff) = βT2 |Φ |2

β ≡
1
24

(4λH1Φ + 4λH2Φ + 6y2
N)

βT2 + μ2
Φ > 0Symmetry restored for μ2

Φ ≃ − λΦv2
Φ

Treh <
λΦ

β
fa ≡ Trestore

For and ,  we get the upper bound λH1Φ, λH2Φ ∼ 10−10 yN ∼ 10−6 Trestore ≃ 0.57fa

with



Post-inflationary Noether Charge
• If  , we never have early matter dominationϕ(aRH) > 3fa
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nθ(TRH) = nθ,end ( π2g*(TRH)T4
RH

45VE(ϕend) )
3/4

• If reheating is delayed

nθ(TRH) = nθ,end ( aend

ac )
3

( ac

aRH )
3

= nθ,end ( π2g*(TRH)T4
RH

45VE(ϕend) )
3/4

( TRH

Tc
RH )
Suppression due to MD



Results.
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·θ(T*) ≥ 6H(Tosc)
·θ(T*) ≥ 6H(Tosc)

Condition for kinetic misalignment
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·θ(T*) ≥ 6H(Tosc)
·θ(T*) ≥ 6H(Tosc)

Condition for kinetic misalignment

Restoration of the PQ symmetry for large Treh

Results.
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·θ(T*) ≥ 6H(Tosc)
·θ(T*) ≥ 6H(Tosc)

Condition for kinetic misalignment

Restoration of the PQ symmetry for large Treh

For too low ,  extra fields NOT decoupledTreh

Results.
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·θ(T*) ≥ 6H(Tosc)
·θ(T*) ≥ 6H(Tosc)

Condition for kinetic misalignment

Restoration of the PQ symmetry for large Treh

For too low ,  extra fields NOT decoupledTreh

Detectable Dark Radiation

Results.



Domain walls

• The PQ violating potential gives rise to a nonzero pressure


• Domain walls never become dominant if ΔV ≳
σ2

M2
P

(t*/0.1 s)

24

c = |c0,l,k |( fa
2qΦMP )

l

( MP

ΛQCD )
4

× 1010

ΔV = c Λ4
QCD × 10−10

• for , there is no domain wall problem as long as ,
σ ∼ Λ3
QCD c ≳ 10−13

ΔV ≳ ρwalls ∼
σ
t

≳
σ

0.1sec



A word on iscocurvature
• the power spectrum of the isocurvature perturbation depends only on 


•



•
 with     


• The large effective decay constant suppresses isogurvature perturbations.

Ya,mis

Piso(k*) = ( 1
Ya

∂Ya

∂θ* )
2

⟨δθ2
*⟩ =

4
θ* (

Ya,mis

Ya )
2

+
1
4 ( 1

ϵθ,*

∂ϵθ,*

∂θ* )
2

( Ykin
Ya )

2

⟨∂θ2
*⟩

⟨δθ2
*⟩ =

1
f 2
a,eff ( HI

2π )
2

fa,eff ≡ 6 sinh ( ϕ*

6MP )
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Summary
• We built a consistent framework for the axion kinetic misalignment in the 

DFSZ axion set up.


• Inflation is driven by the radial direction.


• The PQ violating terms induce the non-zero velocity.


• We can reproduce the observed amount of Dark Matter.


• Domain walls never dominate due to the pressure of the PQ violating terms.


• Isocurvature perturbations are negligible due to a large fa,eff
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Back up slides



2HDM
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PQ conserving: If the PQ charges satisfy ,   is invariant.pqϕ − q1 + q2 H†
1 H2Φp

VPQV = ∑
n,l

[l/2]

∑
k=0

cn,l,k

2M2n+l−4
(H†

1 H2)n |Φ |2k Φl−2k + h . c . n(q2 − q1) + qΦ(l − 2k) ≠ 0

PQ violating terms:

 for PQ symmetry breaking qϕ ≠ 0



Yukawa interactions
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PQ Type II: ℒY = − YuqLH̃2uR − YdqLH1dR − YelLH1eR .

Z even neutrinos: ℒ(1)
ν = − YνlLH̃2NR −

1
2

yNNc
RΦNR .

Z odd neutrinos: ℒ(2)
ν = − YνlLH̃1NR −

1
2

yNNc
RΦNR



Pure PQ inflation: decoupling
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m2
± =

1
4 [λ1Φ + λ2Φ − 4λΦ ± (λ1Φ − λ2Φ)2 + 4ρ2p−4κ2

p ]ρ4,

(λ1Φ − 2λΦ)(λ2Φ − 2λΦ) > ρ2p−4κ2
p ≃ 6p−2κ2

p .

m2
±,eff =

m2
±

6 sinh2( ϕ

6 )
≃

3
2 [λ1Φ + λ2Φ − 4λΦ ± (λ1Φ − λ2Φ)2 + 4κ2

2 ] ⋅
sinh2( ϕ

6 )
cosh4( ϕ

6 )



Inflationary dynamics
·ϕ ≃ −

1
3H

∂VE

∂ϕ
= − 2ϵϕ MPH

·θ ≃ −
1

3H

∂VE

∂θ

6M2
P sinh2( ϕ

6MP
)

= −
2ϵθ H

6 sinh2( ϕ

6MP
)

ϕ ≫ 6MP

Angular velocity suppressed ns = 1 −
4N + 3

2(N2 − 9
16m2 )

r =
12

N2 − 9
16m2

For N=60,   and ns = 0.966 r = 0.0033

Predictions insensitive to m

3mβm = (3.1 × 10−8) r = 1.0 × 10−10

CMB bounds 

For ,   during inflation m = 2 βm = λΦ ⟹ λΦ = 1.1 × 10−11

Vn(θi)/M4
P = 3n/2

[n/2]

∑
k=0

|ck |cos((n − 2k)θi + Ak) < 1.0 × 10−10

From PQ conservation
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Post inflationary dynamics

0 20 40 60 80 100

0.0

0.5

1.0

1.5

ωt

ϕ(
t)
/M

P
,θ
(t
)

fa=1011 GeV, n=10, c0=10-13, A0=0.5

··ϕ + 3H ·ϕ − ϕ ·θ2 ≃ −
∂VE

∂ϕ

ϕ2(··θ + 3H ·θ) + 2ϕ ·ϕ ·θ ≃ −
∂VE

∂θ
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Post inflationary dynamics

0 20 40 60 80 100

0.997

0.998

0.999

1.000

ωt

a3
n θ

fa=1011 GeV, n=10, c0=10-13, A0=0.5

··ϕ + 3H ·ϕ ≃
C2

a6ϕ3
− λΦϕ3

The PQ terms are small

Noether charge approximately conserved
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Reheating
After inflation, the inflation condensate oscillates around the minima

|H | ≪ 6MPVE(ϕ) ≃ αmϕ2m General equation of state

ρϕ = ⟨1
2

·ϕ2⟩ + ⟨VE(ϕ)⟩ = (m + 1)⟨VE(ϕ)⟩

pϕ = ⟨1
2

·ϕ2⟩ − ⟨VE(ϕ)⟩ = (m − 1)⟨VE(ϕ)⟩

⟨wϕ⟩ =
pϕ

ρϕ
=

m − 1
m + 1

The particular dynamics depends on the value of m
-2 -1 1 2

1

2

3

4

5

6

For , m ≠ 1 ωϕ ≠ 0
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