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he temperature fluctuation can be

explained by LambdaCDM with
INnitial condition of inflation. pianck 2018
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Primordial curvature perturbation and CMB

The power spectrum of the primordial
curvature perturbation.
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Doppler shift+ gravitational effect

£ (o k on the 2D last scatteringsurface)

(Sachs-Wolfe (SW) effect+ integrated SW effect)



A review
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Many BSM models modify the history around or after recombination to
explain the H_O tension

“The HO Olympics: A fair ranking of proposed models”

Gaussian QpMAP

Schoneberg et al, 2107.10291 (c.f. Tokyo Olympic 2021/7/23)

Model A Nparam Mg _ ) Ax? AAIC Finalist
Tension  Tension
ACDM 0 ~19.416 £ 0.012  4.4¢ dog.. X 0.00 0.00 X X
AN, 1 ~19.395+0.019  3.60 38 X [ 2610 410X 5,4
Early time solution, SIDR 1 —~19.385+0.024  3.20 330 - X | ~987 @ 757 Vv @
changing mixed DR 2 —19.413 £ 0.036 3.30 340 X | —883 —483 X X
sound horizon,  DR-DM 2 —~19.388 +0.026  3.20 310 X | 892 49 X X
€. SIv+DR 3 ~19.44010%7 384 30 X | 408 102 X[ X
the relation BEtween  yr,ioron 3 ~19.38010027 304 L v R ST e
CMB power spectrum - mordial B 1 slashian . 5 a0 R i 0l 1§
and H_O varying me 1 ~19.391+0.034  2.90 29¢ | 1227 -1027 v |
varying me-+$£Qx 2 —19.368 £+ 0.048 2.00 1.90 v | =17.26 -13.26 V v
EDE 3 —19.39015-03° 3.60 160 v |—-2198 -—1598 v
NEDE 3 —19.3801 0 050 3.10 190 | -1893 -1293 v v
EMG 3 1930t 3.70 230 | -1856 -1256 v |
CPL 2 —19.400 £ 0.020  3.70 41c X | —-494 —094 X X
Late-time solution PEDE 0 —19.349 £+ 0.013 2.70 2.80 v 2.24 224X X
GPEDE 1 —19.400 +£0.022  3.60 460 X | —045 155- X X
DM — DR+WDM 2 ~19.420+0.012  4.50 45¢ X | —=0.19 28 X X
DM — DR 2 ~19.410+£0.011  4.3¢ doc. %X.| 053 347 X X



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

The HO 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

New Early Dark Energy & : Niedermann, Sloth, 2006.06686

Treio
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ns 0.968673-9937 (0.9698) |0.966173-5938 (0.9672)|0.98897-599 (0.9912)%0.9792+9:978 (0 9794)
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log,o(m/mo) - - 25610 2 (2.57) 2.58 (fixed)
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Ss 0814 Joi0 p824 o1 1 G830 0.
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5100135 (5110)

Tension SHoES
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fNEDE # 0

4.3 0
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0
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-15.6
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TABLE I. The mean value and +1 o error (with bestfit value in parentheses) of the cosmological parameters

TABLE 1. Mean (best-fit) values with +10 errors of the cosmological parameters reconstructed from our combined analysis of
Planck20184+BAO+SHES data in each scenario. For comparison, the best-fit x* we find for ACDM using Planck2018+BAO
data only with (R — 1)min = 0.007 is: Xiign_¢ = 2340.25, Xiow1 = 22.54, Xiowe = 395.74, Xiensing = 8-92, XBao = 3.57,

ome promissing models predict n_# 0.97

Majoron & : Escudero, Witte, 1909.04044

Parameter ACDM ACDM+ANqg Majoron + ANeg
AN.g = 0.43 (0.358) £0.18 0.52 (0.545) +0.19
mg/eV — — (0.33)

| — — (8.1)

100 Qy h? 2.252 (2.2563) + 0.016 2.270 (2.2676) £ 0.017 2.280 (2.2765) =+ 0.02
Qecdmh? 0.1176 (0.11769) & 0.0012 0.125 (0.1243) 4 0.003 0.127 (0.1279) =+ 0.004
100 6 1.0421 (1.04223) 4 0.0003 | 1.0411 (1.04125) 4 0.0005 | 1.0410 (1.04102) + 0.0005
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X2, lensing 9.91 9.21 10.69
Y2, BAO 4.74 4.5 4.69
X2, SHoES 12.34 5.82 3.10
x>, CMB 2769.6 2772.1 2766.7
x2.. TOT 2786.7 2782.4 2774.5
. Gl 0 -4.3 12.2

< -
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In addition, by including the local measured HO data, »n, =1 Is not excluded even within the ACDM

by varying N, Y. Benetti, Graef, Alcaniz, 1702.06509, 1808.09201, etc
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2. Stochastic axionic curvaton for n, = 1

Takahashi, WY, 2112.06710;


https://arxiv.org/abs/2112.06710

Review of curvaton scenario

Linde, Mukhanov, 9610219; Engvist, Sloth, 0109214;
Inflaton ¢+Curvaton c+SM Lyth, Wands, 0110002; Moroi, Takahashi, 0110096;

Vol ~ m?6%/2 m <H. m, ~ H

@ horizon exit of inflation @ onset of oscillation after inflation @ Reheating by curvaton
- 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 natura”y eXplalnS n, = 1. See the case with negative curvature and non-gausianity:
Kawasaki, Nakayama and Takahashi, 0810.158b;

. Thus It Is difficult to explain n, ~ 0.97 Gs Kawasaki, Kobayashi and Takahashi, 1107.6011;



. Glven the Hubble tension preference of
n. = 1, the curvaton scenario becomes

Important. We revisit the curvaton
scenario with n,~ 1. Takahashi, WY, 2112.06710;


https://arxiv.org/abs/2112.06710

nght scalar dlstrlbutlon durlng inflation

nght scalar has a prefered fleld value durmg the mflatlon due to the equmbrlum
between classical motion and quantum diffusion. starobinsky 1986, Starobinskym Yokoyama 9407016,

during (long enough) inflation

O

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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__Light scalar distribution during intlation

An equilibrium distribution is formed during the long inflation.
Starobinsky 1986, Starobinskym Yokoyama 9407016,

Ploy] « expl ]

9)
ZGBD

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

Stochastic curvaton

Viol ~ m>6*/2 m,<H. m, ~ H

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

We include the stochastic effect to the curvaton scenario that

predicts n, & 1. The resulting power spectrum is ﬂ’g x H;?

(in contrast to ordinary case Hf.)


https://arxiv.org/abs/2112.06710

Stochastic axionic curvaton

Takahashi, WY, 2112.06710

logo[H./GeV](ogp <7 [ /3)
/7 8 9 10 11 1213141516

Vel = A*(1 — cos[o/f,]) 1

1. The heavy mass region is incompatible. | 11

2. subplanckian f, o, inflaton field.

3. f, consistent with string axion.

10 12 14
logyo[ma/GeV]


https://arxiv.org/abs/2112.06710

Short summary

1. The 5 ¢ Hubble tension may indicate n, # 0.97.

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

3. If n, =1, the axionic curvaton scenario Is important.

4. We tound a new parameter region
"stochastic axionic curvaton’,
where the Initial condition is set by equiliorium distribution.



3. ALP miracle, n, and DM mass



Inflaton vs dark matter (DM)

Success of the ACDM model relies on the two unknown degrees of freedom

(except for the origin of A).

. |ﬂf|at0n S‘I/(;w roll inflation
Very flat potential — Neutral field ~Qy
for slow-roll inflation.

Reheat the Universe.

Induce primordial density perturbation.

-Dark matter (DM)

Neutral, cold, and long-lived.

Suppressed Isocurvature
DM modes.

L G AR rReo | wikipedia
Inflaton and DM are similar: neutral, dominating early Universe, density
fluctuations. The very difference Is that inflaton decays but DM does not.
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Inflaton vs dark matter (DM)

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

. Inflaton slow-roll inflation

Vo o
Very flat potential — Neutral field -2
for slow-roll inflation.
Reheat the Universe.
Induce primordial density perturbation.

-Dark matter (DM)

Neutral, cold, and long-lived.

Suppressed Isocurvature
DM modes.

68.3% Dark
Energy

L G AR rReo | wikipedia
Inflaton and DM are similar: neutral, dominating early Universe, density
fluctuations. The very difference Is that inflaton decays but DM does not.



Inflaton = DM?
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INn the vacuum due to

. Symmetry

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

Hooper, et al 1807.03308; etc

. Slow-roll condition In axion
INflation thlS talk

Daido, Takahashi WY, 1702.03284, 1/710.11107;



Axion Inflation

The slow-roll flat direction Is stable under radiative corrections
It ¢ 1S an axion featuring a discrete shift symmetry:

BICEP and Keck Collaborations, 2110.00483

0.25 - anc TE, owE+lensin

¢ — ¢ T Zﬂf 1) ) e EE+I+BIIE<-'1-I8+BA(€)J
—> Vil @) = Viud +2afy) ooy R ®
Realization of axion inflation: 0.15 -

r0.002

Natural inflation: single cosine

Freese, Frieman, Olinto “90 0.10 -

Ving = A*(1 — cos(¢/fy))
Jy > M and excluded due to too

0.05 -

0.00

high scale tor inflation--:



Multi-natural inflation: v

. from 2 or more cos terms

Czerny, Takahashi 1401.5212; Czerny, Higaki, Takahashi 1403.0410, 1403.5883; Daido, Takahashi, and WY 1702.03284; 1710.11107; Takahashi and WY, 1903.00462;

In multi-natural inflation, CMB data can be well explained with f, < M.

Vine() = A* [cos (]ii; -+ 9) — % COS (%)] + const

The inflaton masses depend on the parity of n.
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Axion Hilltop inflation

In multi-natural inflation, CMB data can be well explained with f, < M.

Vine(#) = A* [cos <£+9) ——cos <@>]+const . Almost quartic hilltop inflation.

. n, corrected from non-vanishing ¢

. Upside-down symmetry when n = odd
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CMB normalization:
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. n, corrected from non-vanishing ¢
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Axion Hilltop inflation

In multi-natural inflation, CMB data can be well explained with f, < M.

Vine(#) = A* [cos (fw) — — cos <—¢>]+const . Almost quartic hilltop inflation.

J4
“ A linear term can give better fit of n,. CMB normalization:

5 }Takahashi,1308.4212 )
A~ AYfy~ 107"
. n, corrected from non-vanishing &

. Upside-down symmetry when n = odd




n. In ALP Inflation with varying é.

A linear term can give better fit of n..
Takahashi, 1308.4212

100k—=1=0 *ALP Inflation can explain

various r, in its parameter region.

0.98|

Disfavored by
running of n..

Daido, Takahashi, and WY
1710.11107

0.000 0.005 0.010 0.015
‘9 (j\4pl/f)3



Axion Hilltop inflation

In multi-natural inflation, CMB data can be well explained with f, < M.

Vine(#) = A* [cos (fw) — — cos <—¢>]+const . Almost quartic hilltop inflation.

J4
“ A linear term can give better fit of n,. CMB normalization:

5 }Takahashi,1308.4212 )
A~ AYfy~ 107"
. n, corrected from non-vanishing &

—2Vit o /3Hz ~ (ng — ny(6 = 0))*°

inf inf

7 ~ 2
Vinf‘hilltop ~ —0(0.1 - 1)I_Iinf

. Upside-down symmetry when n = odd




Upside-down symmetry in axion hilltop inflation

Daido, Takahashi, WY 1702.03284, 1710.11107; Takahashi and WY,1903.00462;

UV model for hilltop condition: e.g. Croon and Sanz 141 1.7809; Higaki Takahashi 1501.02354;

Vine() = A* [cos (% + 6’) — % COS (%)] + const

~ VO—/1¢4—A49£+

. Almost quartic hilltop inflation.

CMB normalization:
A~ AHfy ~ 1071

. n, corrected from non-vanishing ¢

—2V! J3HZ . ~ (n,— n(0 = 0))*>

7 ~ 2
Vinf‘hilltop ~ —0(0.1 - 1)I_Iinf

. Upside-down symmetry when n = odd



Upside-down symmetry in axion hilltop inflation

Daido, Takahashi, WY 1702.03284, 1710.11107; Takahashi and WY,1903.00462;

UV model for hilltop condition: e.g. Croon and Sanz 141 1.7809; Higaki Takahashi 1501.02354;

~ Vi, —

—+0

V. (@) = A? [cos (;b

— A%0

. Almost quartic hilltop inflation.

CMB normalization:
A~ AHfy ~ 1071

. n, corrected from non-vanishing ¢

—2V! J3HZ . ~ (n,— n(0 = 0))*>

1nf

inf

| /I(self-couphng) ~ 10—12

V”f‘hllltop — 0.1 - 1)
Upsmle -down symmetry when n = odd
m ~1O_6n — n (0 = 0))73 (ﬁ
y (ny — ny(6 = 0)) i,

+

; |



ALP(axion Coupled to ohoton)=inflaton
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—> sup-eV or eV-scale

ALP DM candidate.
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Inflaton decays due to large effective mass

Just after inflation, ¢ acquires an effective mass

Pam
Megg ~ \/ Aymp ~ 10GeV ( = ).

107 GeV
1'53 l /lelf—ouphng) 130-12 i
0.52- » (m(
0.0| R




Inflaton decays due to large effective mass

Just after inflation, ¢ acquires an effective mass

Pam
Mgy ~ \ Ay ~ 10GeV (—p .

107 GeV

1 5[ - A(self-coupling) ~ 10712 {i
T e —
1 O i F¢—>7}’ ‘reheating
- 13, 10'GeV .
: OSClllate Y (N 107°( 7, T lvacun m> }/
O O - S (meff)




Cold ALP DM from incomplete reheating.

Reheating proceeds due to thermal scattering when eT > m;.

Imposing Qgemnam>h2 ~ Qp,h* We obtain

CAST

Dissipation effect for reheating

¢(Condensate) ‘P 1

. o Yo

baby IAXO,e & © =%
S

MRS 2

| ey /ey] > 0.3
0.1 < |ey/ey| < 0.3

0.05 < |ey/cy| < 0.1

2080

Fdis,v C 87T2f2 e4 T2 Moroi, Mukaida, Nakayama and Takimoto,1407.7465;

C=0(10) to take account of self-resonance, Lozanov, and Amin, 1710.06851;



Successful reheating means two typical
momenta of DMV.

Dissipation effect for reheating

Thermal production of hot DM

Thermal ¢ ot DM
Plasma (hot )

\ 2
2
2
2
, 2
N ‘
R ‘
\ 2
2
2
“
R ‘

Ther A
Plasma

y, W, Z

DM components: Cold ALP condensate + hot ALP with AN, ~ 0.03



Hot DM bound: m, 5 1eV
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0.06

[— L

' baby IAXO&,

v R S %

%~

L I
I @ ommemeee .----‘- ¥
IAXOy00® 8%

‘ “"““‘ .

”.7¢[eV]

Daido, Takahashi, WY, 1710.11107
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Hot DM bound: m, 5 1eV

Thermal production of hot DM

Thermal ¢ ot DM
Plasma (hot )

[— L

' baby IAXO&,

L I

10'%,, [GeV)

Plasma




o

.IO,

Hot DM bound: m, 5 1eV
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Hot DM bound: m, 5 1eV

Several independent conditions point to the region!
Thermal production of hot DM

Thermal ¢ ot DM
Plasma (hot )
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((The ALP miraCle”. Daido, Takahashi, WY 1702.03284,1710.11107
Inflaton = DM = ALP 2
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. AN~ 0.03 probed in the future CMB and BAO experiments.

. Overlapping with a cooling hint of HB stars.

Ayala, Dominguez, Giannotti, I\/IlrIZZI and Straniero, 1406.6053, DESY- PROC-2015-02

. O(1) eV ALP with g, , ~ 10~ 10Gev~! is hinted by EBL analysis

Korochkin et al,1911.13291
In particular, in eV range, measuring isotropic/anisotropic EBL

or optical photon from dSph may find it.
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. AN,; ~ 0.03 probed in the future CMB and BAO experiments.

. Overlapping with a cooling hint of HB stars.

Ayala, Dominguez, Giannotti, Mirizzi and Straniero, 1406.6053, DESY- PROC-2015-02

. O(1) eV ALP with g, ~ 107'%GeV~" is hinted by EBL analysis

Korochkin et al, 1 9]_1..1 3291
In particular, in eV range, measuring Isotropic/anisotropic EBL

or optical photon from dSph may find it.




Conclusions

Takahashi, WY, 2112.06710;
1. The 5 ¢ Hubble tension may indicate n, # 0.97.

2. This significantly affects the very early Universe model-building.
It n, =1, the curvaton scenario Is promising, and we proposed

“stochastic curvaton scenarios’

Daido, Takahashi, WY, 1702.03284, 1710.11107;

3. In a class of ALP inflation models, ALP inflaton can be the DM,
whose stability 1s due to the slow-roll conditions. The mass Is
inked to n, .

4. The Hubble tension affects the DM mass region.


https://arxiv.org/abs/2112.06710
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Axionic curvaton, 6, ~ | .

(e.g. inflation is not long enough, axion-inflaton mixing)
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1. subplanckian f, 6, inflaton field
2. f, consistent with string axion 13/ fe° &% 10
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n.# n’PM: case of EDE

EDE: A prompt early energy components increase early H and decrease r,,

thus increase H,

pextra/ pto;
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Zrec 5000 Z
To compensate the extra Integrated Sachs-Wolfe effect, we need to increase DM density and n,
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The power spectrum of
the primordial curvature perturbation is
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Acoustic oscilation+Silk damping

_|_
Doppler shift+ Gravitational red-shift

.e. Sachs-Wolfe (SW) effect+ integrated SW effect

Primordial curvature perturbation and CMB

The resulting temperature fluctuation
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Superhorizon modes at LSS can constrain inflaton potential.
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