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The axion window opens up to large fa
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Low-scale inflation model with Hinf ≲ ΛQCD

V(φ) = V0 − κφ4 + λ
φ6

M2
*

1×1011 2×1011 3×1011 4×1011 5×1011

5.0×1043

1.0×1044

1.5×1044

2.0×1044

2.5×1044

3.0×1044

3.5×1044

φ
φmin

−φ4

V0

+φ6

mφ

Hinf ∼ 100 MeV, mφ ∼ 106 GeV, φmin ∼ 1012 GeV

Nakayama, FT, 1108.0070,  FT 1308.4212 

Spectral index                 can be realized by including either a linear term 
or Coleman-Weinberg correction.

ns ≃ 0.96
FT,  Wen Yin, Alan H. Guth, arXiv:1805.08763 

http://arxiv.org/abs/arXiv:1805.08763


Successful reheating is possible
We introduce a coupling to right-handed neutrinos,

with                    

The decay rate is                          if kinematically allowed.

ℒ = yNi
φ ν̄c

RiνRi

yN ∼ 10−7.

Γφ = ∑
y2

Ni

8π
mφ

TR ∼ ( 90
π2g* )

1
4

MplΓφ

≃ O(10)TeV ( 106.75
g* )

1
4

( yN

10−7 ) ( mφ

106GeV )
1
2

( Neff
R

2 )
1/2

cf. Even Inflation with                         is possible. In this case the reheating  
proceeds through thermal dissipation.

Hinf = O(1) eV
“ALP miracle”, Daido, FT, Yin, 1702.03284, 1710.11107 



Cosmological adiabatic conversion 
btw. QCD axion and ALP DM

July 26@Brown University 
Identification of Dark Matter 2018

S-Y Ho, K. Saikawa, FT, 1806.09551 submitted to JCAP

Fumi Takahashi  
(Tohoku/Kavli IPMU/MIT)



What if QCD axion      and ALP  
     coexist in nature?

a φ
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High T Low T
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mL(T)0/00ma

� 0aL � ≃ aL

� 0aL � ≃ φL� 0aH � ≃ φL

� 0aH � ≃ aL

T0 ⟶

+ mass mixing+ ALP with mφ < ma(T = 0)QCD axion

Similar to MSW effect 
in neutrino physics!

The comoving number is 
the adiabatic inv.



What if QCD axion      and ALP  
     coexist in nature?

a φ

Adiabatic conversion can take place!

a φ
Then, the axion abundance is suppressed 
by the mass ratio.

Kitajima and FT, 1411.2011  
cf. Hill and Ross, `88

http://arxiv.org/abs/arXiv:1411.2011


Set-up
Mass mixing{•Axion potential
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Mass matrix:

Mass eigenstates and mixing angle:

VQCD(a) = m2
a(T ) f 2

a 1 − cos ( a
fa ) Vmix(a, φ) = m2

φ f 2
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Level crossing
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Level crossing
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Δt

The mixing angle changes 
quickly within     .Δt



Adiabatic condition
The adiabatic invariants are the (comoving) number of the two massive 
scalars. For the adiabatic invariant to be conserved, one needs

External time scale >> Intrinsic time scale

Δt = ( d ln cos ξ
dt )

−1

l.c.

≫ Max [ 2π
mH

,
2π
mL

,
2π

mH − mL ]
Beat frequency

γ ≡ β
fφ
fa

mφ

H (Tlc)
≫ 1

β ≡
1

nπ [1 +
1
3

d ln gs(T )
d ln T ]

T=Tlc



Axion DM abundance

ℛ f ∝ ℛm
-0.46

ℛ f ∝ ℛm
-1

θ0 � 1
Θ0 � 0

fa = 1013 0GeV
ΩDMh2

= (1.5, 0.5, 0.12) γ � 1

10010-110-210-310-4

102

101

100

10-1

10-2

ℛm

ℛ f

ΩDMh2 = ΩHh2 + ΩLh2

mφ/ma

f φ
/f a

We consider       fa = 1013 GeV
for which the QCD axion  
abundance would exceed  
the obs. DM abundance, if 
there were not for adiabatic 
conversion.

The lighter axion (mainly ALP) 
is the main DM component in 
the allowed region.
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Axion coupling to photons

fa = 3 × 1012 GeV
fa = 5 × 1012 GeV
fa = 1013 GeV

Ω a+φh
2 = 0.12

ALP coupling to photons can be enhanced by a few orders of magnitude.



Summary
• If the adiabatic conv btw QCD axion and ALP takes place, the 
axion abundance gets suppressed by the mass ratio,                .  

•The ALP produced by the adiabatic conv of the QCD axion can 
explain DM, and the ALP-photon coupling can be enhanced 
by a few orders of magnitude, compared to a single ALP DM 
scenario.
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