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Inflaton 
• is a BSM scalar field 
• has flat potential 
• reheats the Universe  
• Explains primordial density 

perturbation

Inflation solves 
horizon and flatness  
problems.

A.Guth, 1980; K.Sato, 1980; A.Starobinsky, 1980; Kazanas, 1980; A.Linde, 1981; Albrecht, Steinhardt, 1981; 

slow-roll

Much before the thermal history, there was inflation.
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γ

Inflation predicts 
temperature fluctuation 
in CMB.

Last scattering of photon 
at recombination

slow-roll
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Primordial curvature perturbation and CMB
The temperature fluctuation can be  
explained by LambdaCDM with  
initial condition of inflation. Planck 2018

Acoustic oscilation

Sound horizon angle, 1/∼ θs
Silk damping 

scale

( )∝ k on the 2D last scatteringsurface

𝒫ζ[k] = 𝒫ζ[kCMB]( k
kCMB )

ns−1

The power spectrum of the primordial  
curvature perturbation. 

＋

Acoustic oscillation+Silk damping  
@ around and before last scattering

Doppler shift+ gravitational effect 
(Sachs-Wolfe (SW) effect+ integrated SW effect) 

＋

@ photon propagation around and after last scattering

@ horizon exit during inflation

𝒫ζ[kCMB] =
H2

*

8π2εM2
pl

,



 from redshift vs distance  
SH0ES collaboration, 2112.04510
H0

CMB+ΛCDM

A review by Perivolaropoulos, Skara, 2105.05208 The  tensionH0

θs =
rs

∫ zrec

0
dz /H[z, Ωx, H0] rs = ∫

∞

zd∼zrec

dz
cs[ργ /ρbaryon]
H[z, Ωx, H0]

Sound horizon radius

CMB spectrum tells us, Ωr, Ωc, ργ /ρbaryon, θs

HCMB
0 = 67.4 ± 0.5 km s−1 Mpc−1 .

HSH0ES
0 = 73.04 ± 1.04 km s−1 Mpc−1 .

 5  tension with CMB+  prediction!σ ΛCDM

Sound horizon angle

👁
θs

rs

LSS



Many BSM models modify the history around or after recombination to 
explain the H_0 tension

Schöneberg et al, 2107.10291 (c.f. Tokyo Olympic 2021/7/23)“The H0 Olympics: A fair ranking of proposed models”

Late-time solution

Early time solution, 
changing  

sound horizon,  
i.e.  

the relation between 
CMB power spectrum  

and H_0

https://arxiv.org/search/astro-ph?searchtype=author&query=Sch%C3%B6neberg%2C+N


 
The H0 tension may seriously affect 
the very early Universe model-building.

Takahashi, WY, 2112.06710; D’Amico, Kaloper, Westphal, 2112.13861; Kallosh, Linde, 2204.02425; etc

https://arxiv.org/abs/2112.06710
https://arxiv.org/abs/2112.13861


Some promissing models predict ns ≠ 0.97
Majoron🥈 : Escudero, Witte, 1909.04044New Early Dark Energy 🥈 : Niedermann, Sloth, 2006.06686

 !? ns ≈ 1

In addition, by including the local measured H0 data,   is not excluded even within the   
by varying   Benetti, Graef, Alcaniz, 1702.06509, 1808.09201, etc 

ns = 1 ΛCDM

Neff, YHe



ns = 1
ns = nΛCDM

s

ns = 0.90

ΩDMh2 = 0.12
ΩDMh2 = 0.13

ΩDMh2 = 0.11 ΩΛ = 0.712

ΩΛ = 0.668
ΩΛ = 0.690

 
Calabrese et al, 1103.4132

To compensate the extra Integrated Sachs-Wolfe effect, we need to increase DM density and ns

The reason of  in EDEns > 0.97

rs = ∫
∞

zd∼zrec

dz
cs[ργ /ρbaryon]
H[z, Ωx, H0]

H0 ∝ θmeasured
s /rs ∝ 1/rs

 z

/ρextra ρtot

5%

5000zrec

EDE: A prompt early energy components increase early  and decrease ,  
thus increase 

H rs

H0

, Blas:2011rf𝙲𝚕𝚊𝚜𝚜



Natural  

Inflatio
n

Very early Universe cosmology is sensitive to .ns

✦The scalar should have flat potential but a large coupling for reheating.  
✦A super-Planckian field excursion is questioned from the theoretical viewpoint.  
✦  is the prediction of the inflation. ns ≠ 1

Comments for inflation model-building:
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Natural  

Inflatio
n

Very early Universe cosmology is sensitive to .ns

✦The scalar should have flat potential but a large coupling for reheating.  
✦A super-Planckian field excursion is questioned from the theoretical viewpoint.  
✦  is the prediction of the inflation. ns ≠ 1

Comments for inflation model-building:

tensionH0tensionH0

What is the model for it?

Favored 
by  

EDE etc



2. Stochastic axionic curvaton for ns = 1
Takahashi, WY, 2112.06710; 

https://arxiv.org/abs/2112.06710


ρσ ∼ (σ*0 )2m2
a /2

Review of curvaton scenario 
Linde, Mukhanov, 9610219; Enqvist, Sloth, 0109214; 
Lyth, Wands, 0110002;  Moroi, Takahashi, 0110096;

σ*0

ma ∼ HV[σ] ≃ m2
aσ2/2

σ → SM

δσ
=

H *
/2

π

ma ≪ H*

σ*0
@ horizon exit of inflation @ onset of oscillation after inflation @ Reheating by curvaton

𝒫ζ ∼ H2
*

σ*0
2

See the case with negative curvature and non-gausianity: 
Kawasaki, Nakayama and Takahashi, 0810.1585;  
Kawasaki, Kobayashi and Takahashi, 1107.6011;

• Inflaton drives inflation. 
• Curvaton explains primordial curvature perturbation and reheating. 
• Prediction depends on its initial field value.  
• String theory goes very well with the curvaton scenario c.f. moduli problem.   
• The scenario naturally explains . 

• Thus it is difficult to explain   😖

ns ≃ 1

ns ∼ 0.97

Inflaton +curvaton +SMϕ σ



•Given the Hubble tension preference of 
, the curvaton scenario becomes 

important. We revisit the curvaton 
scenario with 

ns = 1

ns ≈ 1. Takahashi, WY, 2112.06710; 

https://arxiv.org/abs/2112.06710
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during (long enough) inflation

Light scalar distribution during inflation
Light scalar has a prefered field value during the inflation due to the equilibrium  
between classical motion and quantum diffusion. 

σ

Starobinsky 1986, Starobinskym Yokoyama 9407016, 

For stochastic axion dark matter,  
Graham, Scherlis, 1805.07362, Takahashi, WY, Guth, 1805.08763, Takahashi, WY 1908.0607; Ho, Takahashi, and WY 1901.01240; etc

https://arxiv.org/abs/astro-ph/9407016
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σ0 ∼ σBD ≡
3H4

inf

8π2m2
a

P[σ0] ∝ exp[−
σ2

0

2σ2
BD

]

σ

Light scalar distribution during inflation
An equilibrium distribution is formed during the long inflation.

V
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https://arxiv.org/abs/astro-ph/9407016


Stochastic curvaton

-0.10 -0.05 0.00 0.05 0.10
�=a/fa

ma ∼ HV[σ] ≃ m2
aσ2/2

σ → SM

δσ
=

H *
/2

π

mσ ≪ H*

σ*0 ∼ H2
* /ma

@ horizon exit of inflation @ onset of oscillation after inflation @ Reheating 
by curvaton

𝒫ζ ∼ H2
*

H4
* /m2

a

Takahashi, WY, 2112.06710

We include the stochastic effect to the curvaton scenario that 
predicts . The resulting power spectrum is    
(in contrast to ordinary case .) 

ns ≈ 1 𝒫ζ ∝ H−2
*

∝ H2
*

https://arxiv.org/abs/2112.06710
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Stochastic axionic curvaton

1. The heavy mass region is incompatible.  
2. . 

3.  consistent with string axion.

subplanckian fa, σ0, inflaton field

fa

𝒫ζ[k*] too large

V[σ] = Λ4(1 − cos[σ/fa])

Takahashi, WY, 2112.06710

https://arxiv.org/abs/2112.06710


Short summary 

1. The 5  Hubble tension may indicate .  

2. This significantly affects the very early Universe  
model-building. 

3. If , the axionic curvaton scenario is important.  

4. We found a new parameter region  
“stochastic axionic curvaton”,  
where the initial condition is set by equilibrium distribution.

σ ns ≠ 0.97

ns = 1



3. ALP miracle, , and DM massns

Daido, Takahashi WY, 1702.03284, 1710.11107; 
 



slow-roll inflation 

ϕ

Vϕ

Success of the CDM model relies on the two unknown degrees of freedom 
(except for the origin of ).

⇤

⇤

•Inflaton

•Dark matter (DM)

Inflaton and DM are similar: neutral, dominating early Universe, density 
fluctuations. The very difference is that inflaton decays but DM does not.

Very flat potential  
for slow-roll inflation. 
Reheat the Universe.  
Induce primordial density perturbation. 

Neutral, cold, and long-lived. 
Suppressed isocurvature  
DM modes. 

Inflaton vs dark matter (DM)

wikipedia

Neutral field
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Kolb,Turner 

ϕ → SM

⇢

time

DM

radiation

this talk

Inflaton                

slow-

ϕ

Vϕ

 
 
Longevity of inflaton  
in the vacuum due to 

• Symmetry 
 
 

• Slow-roll condition in axion  
inflation

Inflaton = DM?

Incomplete  
reheating

Kofman et al, hep-ph/9704452, hep-th/9405187;  
Bastero-Gil. et al, 1501.05539 ;  
Hooper, et al 1807.03308; etc

Daido, Takahashi WY, 1702.03284, 1710.11107; 
 



Axion inflation

Natural inflation: single cosine
Freese, Frieman, Olinto `90

 and excluded due to too  

high scale for inflation… 

fϕ > Mpl

The slow-roll flat direction is stable under radiative corrections  
if  is an axion featuring a discrete shift symmetry:ϕ

Vinf(ϕ) = Vinf(ϕ + 2πfϕ)

RealizaFon of axion inflaFon:

Vinf = Λ4(1 − cos(ϕ/fϕ))

ϕ → ϕ + 2πfϕ

Natural  

Inflatio
n

BICEP and Keck Collaborations, 2110.00483

→



Multi-natural inflation:   from 2 or more cos terms Vinf
Czerny, Takahashi 1401.5212; Czerny, Higaki, Takahashi 1403.0410, 1403.5883; Daido, Takahashi, and WY 1702.03284; 1710.11107; Takahashi and WY, 1903.00462; 
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The inflaton masses depend on the parity of n.

Vinf(ϕ) = Λ4 cos ( ϕ
fϕ

+ θ) −
κ
n2

cos ( nϕ
fϕ ) + const

In multi-natural inflation, CMB data can be well explained with .fϕ ≪ Mpl
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• Almost quartic hilltop inflation. 

•  corrected from non-vanishing  

• Upside-down symmetry when  

ns θ

n = odd

n = odd, κ ∼ 1, θ ∼ 0

Axion Hilltop inflation
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κ
n2

cos ( nϕ
fϕ ) + const

≃ V0 − λϕ4 − Λ4θ
ϕ
fϕ

+ ⋯ .

In multi-natural inflation, CMB data can be well explained with .fϕ ≪ Mpl
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+ ⋯ . A linear term can give better fit of .  
Takahashi,1308.4212

ns

In multi-natural inflation, CMB data can be well explained with .fϕ ≪ Mpl
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• Almost quartic hilltop inflation. 

•  corrected from non-vanishing  
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Inflaton decays due to large effective mass 
Just after inflation,  acquires an effective massϕ
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Cold ALP DM from incomplete reheating.

γ, W, Z
Moroi, Mukaida, Nakayama and Takimoto,1407.7465;
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C=O(10) to take account of self-resonance,  Lozanov, and Amin, 1710.06851;

Reheating proceeds due to thermal scattering when . eT ≳ meff

|c�/cY | > 0.3

0.1 < |c�/cY | < 0.3

0.05 < |c�/cY | < 0.1

 Daido, Takahashi, WY, 1710.11107
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gϕγγ ≳ 10−11GeV−1

Inflaton = DM = ALP 

significantly overlapping with  
future reach of axion  
helioscopes, IAXO/TASTE.

“The ALP miracle”.

0.01 eV . m� . 1 eV

IAXO collaboration, 
1904.09155

Daido, Takahashi, WY 1702.03284,1710.11107

Korochkin et al,1911.13291

“The ALP miracle”

•  probed in the future CMB and BAO experiments. 

• Overlapping with a cooling hint of HB stars. 

• O(1) eV ALP with  is hinted by EBL analysis

ΔNeff ≈ 0.03

gϕγγ ∼ 10−10GeV−1
Ayala, Dominguez, Giannotti, Mirizzi and Straniero, 1406.6053, DESY- PROC-2015-02 

In particular, in eV range, measuring isotropic/anisotropic EBL  
or optical photon from dSph may find it.
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1. The 5  Hubble tension may indicate .  
2. This significantly affects the very early Universe model-building. 
If , the curvaton scenario is promising, and we proposed 
“stochastic curvaton scenarios” 
 
3. In a class of ALP inflation models, ALP inflaton can be the DM, 
whose stability is due to the slow-roll conditions. The mass is  
linked to  
4. The Hubble tension affects the DM mass region. 

σ ns ≠ 0.97

ns = 1

ns .

Conclusions

Daido, Takahashi, WY, 1702.03284, 1710.11107;

Takahashi, WY, 2112.06710; 

https://arxiv.org/abs/2112.06710
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Axionic curvaton,  . 
(e.g. inflation is not long enough, axion-inflaton mixing)

σ0 ∼ fa

Interestingly, 
1.  

2.  consistent with string axion

subplanckian fa, σ0, inflaton field
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H* ∼ 1.2 × 104 ma

H* ≈ 4.4 × 1012GeV ( σ0*

1016GeV ) .

σ*0 ∼ σBD ≡
3H4

*

8π2m2
a

ns − 1 = O(10−9)

ns − 1 ≃
2
3

m2
a

H2
*

(by neglecting 2 ·H/H2) .

We obtain

σ0 ∼ σBD

⇢

time

radiation

Inflaton 

Curvaton

H* ∼ 1.2 × 104 ma

H* ≈ 4.4 × 1012GeV ( σ0*

1016GeV ) .

δns ∼ 4.6 × 10−9

We 

V(σ)

σ → SM

δσ
=

H *
/2

π

Stochastic curvaton for ns ≈ 1



ns = 1
ns = nΛCDM

s

ns = 0.90

ΩDMh2 = 0.12
ΩDMh2 = 0.13

ΩDMh2 = 0.11 ΩΛ = 0.712

ΩΛ = 0.668
ΩΛ = 0.690

 
Calabrese et al, 1103.4132

To compensate the extra Integrated Sachs-Wolfe effect, we need to increase DM density and ns

: case of EDEns ≠ nΛCDM
s

rs = ∫
∞

zd∼zrec

dz
cs[ργ /ρbaryon]
H[z, Ωx, H0]

H0 ∝ θmeasured
s /rs ∝ 1/rs

 z

/ρextra ρtot

5%

5000zrec

EDE: A prompt early energy components increase early  and decrease ,  
thus increase 

H rs

H0

, Blas:2011rf𝙲𝚕𝚊𝚜𝚜



Primordial curvature perturbation and CMB

𝒫ζ[k] = 𝒫ζ[kCMB]( k
kCMB )

ns−1

The power spectrum of  
the primordial curvature perturbation is 

＋

Acoustic oscilation+Silk damping  
@ around and before last scattering

( )∝ k on the 2D last scatteringsurface

Doppler shift+ Gravitational red-shift 
                                                          i.e. Sachs-Wolfe (SW) effect+ integrated SW effect 

＋

@ photon propagation around and after last scattering

@ inflation

Sound horizon angle, 1/∼ θs

Acoustic oscillation

Silk damping 
scale

The resulting temperature fluctuation 
in Lambda CDM

Lewis1204.5018



𝒫measured
ζ [kCMB] ≈ 2 × 10−9

Planck 2018, 

nmeasured
s = 0.965 ± 0.004

ns = 1
ns = nmeasured

s

𝒫ζ[kCMB] ≈ 1 × 10−9

𝒫ζ[kCMB] ≈ 3 × 10−9

𝒫ζ[kCMB] ≈ 𝒫measured
ζ

Superhorizon modes at LSS can constrain inflaton potential.

ns = 0.90

, Blas:2011rf𝙲𝚕𝚊𝚜𝚜


