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Cosmic Microwave Background
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CMB temperature sky




CMB anisotropy angular power spectrum

Multipole moment, ¢
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Temperature fluctuations [ K? ]

Multipole moment, ¢

CMB anisotropy angular power spectrum
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CMB polarization
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B mode

E mode
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1. Scalar ds?>=—(1+2®)dt*® +a%(1+20)dx> Iinflaton
2. Vector
3. Tensor ds* = —dt* +a® (6;; + hij) dz'de’  graviton
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Scalar perturbations
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Inflation
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Guth "81, Sato "80, Starobinsky '80, Kazanas 80, Brout, Englert, Gunzig, 79
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(Slow-roll inflation)Z3%3H, & 7%, BEWLWBHREICH
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Scalar mode
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Tensor mode
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Observation vs Theory

Scalar mode V3
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V. the inflaton potential



It's GUT-scale inflation!

Ving = (2.1 x 10" GeV)* (o= )

1
Hiys~1.0x 10" G V( 4 )2,
f 5 "Y' \0.16



Large-field inflation

he Inflaton excursion exceeds the Planck scale.

After ® |
S
inflation
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GUT-scale, large-field inflation

- Inflation model building in sugra/string
- Shift symmetry is likely.
- High reheating temperature: 75, > 10579 GeV

- Thermal leptogenesis is likely.
- Baryogenesis, dark matter, unwanted relics.
- Symmetry restoration Is possible.

. The inflaton mass is about "int ~ 10°7° GeV,
- Related to SUSY breaking scale or RH neutrino mass?
- Too large isocurvature perturbations.

- The QCD axion less likely? PQ symmetry restoration?
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Various large-field inflation models

Quadratic chaotic inflation

Linde "83

1
V — §m2q§2

m~2x 10 GeV  ¢e0 ~ 16Mp

Natu ral inflatiOn Freese et al, "90
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Polynomial chaotic inflation

Various large-field inflation models

9:3‘553 ................
Destri, de Vega, Sanchez [astro-ph/0703417] 6532/2
Nakayama, FT, Yanagida 1303.7315
(see also Kobayashi, Seto 1403.5055
Kallosh, Linde, Wesphal 1405.0270)
"/7 . EE_ :2(z5:3 _4__ ffi(j&fg _4_. i%t(¢541 __+_ e . w”””“
2 37 ' 4 ]
- - @
o m_ 2w
\/5}\‘ Nakayarz:a, FT, Yanagida, 1303.7315
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Multi-Natural inflation (MNI) Natural Inflatior
2.5/| ® Horizon crossing for f/M,
Czerny, FT 1401.5212
Czerny, Higaki FT 1403.0410, 1403.5883 2.0t 2.5¢
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“”§ 1.5
4 4
V(#) = C — Acos(g/f2) — Aycos(é/fa+6), ~,) 9
05 0 =2m/27 |
Sub-Planckian decay constants are allowed 50.G 0 = 4r/9
as hilltop inflation can be realized. 0.0 1 5 3 4 5
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. )/ f Czerny, FT, 1401.5212



Polynomial chaotic inflation

Various large-field inflation models

Destri, de Vega, Sanchez [astro-ph/0703417]
Nakayama, FT, Yanagida 1303.7315

(see also Kobayashi, Seto 1403.5055
Kallosh, Linde, Wesphal 1405.0270)
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Polynomial chaotic inflation
Destri, de Vega, Sanchez [astro-ph/0703417]
Nakayama, FT, Yanagida 1303.7315
(see also Kobayashi, Seto 1403.5055
Kallosh, Linde, Wesphal 1405.0270)
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Kawasaki, Yamaguchi, Yanagida, hep-ph/0004243 ,hep-ph/0011104

To have a good control over the inflaton field values greater than
the Planck scale, we impose a shift symmetry;

» — ¢ +1C,
which Is explicitly broken by the superpotential.
1
King = c(¢ +¢") + (6 +6")" + | X" — k[ X|* + - -
Winf — mX¢a

Vugra = X ((DiW)Kﬁ (D, W)* — 3|W|2) .

v = v/2Im|¢]

even for ¢ > M,



Z2 or not Z27

- One can impose a Z2 symmetry on the inflaton and X.

/2. O0—>—0 X ——-X

1
King = (¢ + ") + 5(6+ )" + | X[° — k|IX[* +---
Winf — ngb,




Z2 or not Z27

- One can impose a Z2 symmetry on the inflaton and X.

/2. O0—>—0 X ——-X

1
Kint = c{645) + 5 (6 + 612 + X2 — KX |* + -
Winf — qub,




Z2 or not Z27

- One can impose a Z2 symmetry on the inflaton and X.

/2. O0—>—0 X ——-X

1
Kint = c($43) + > (6 + 6% + | X[ — kX[ + -
Winf — quS,

The visible sector particles must be also charged under Z>
for successtul reheating.
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- One can impose a Z2 symmetry on the inflaton and X.

/22 0= —¢ X = -X

1
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Winf — quS,

The visible sector particles must be also charged under Z>
for successtul reheating.

The Z2 might be the matter parity! Wg :M%M




Z2 or not Z27

- One can impose a Z2 symmetry on the inflaton and X.

/2. O0—>—0 X ——-X

1
Kint = c{645) + 5 (6 + 612 + X2 — KX |* + -
Winf — qub,

The visible sector particles must be also charged under Z>
for successtul reheating.

The Z2 might be the matter parity! Wg :}M%w

The inflaton might be right-handed snheutrino.

Murayama, Nakayama, FT, Yanagida,1404.3857

W = $LH, # £ (LH,)* Neutrino mass is a low-E
(-)(-) M

conseqguence of the inflaton!



Murayama, Nakayama, FT, Yanagida,1404.3857

We impose an approximate shift symmetry on one of Ni

1

K =[N +|No|* + (N5 + N2 4 ...
1

W = §MijNiN; + hioNi Lo H,

with m 0 0
M= 0 0 M
0O M 0
The inflaton is ¢ = v2ImN;
1. 9 9

All the other directions can be stabilized during inflation.



Natural and Multi-Natural Inflation

- Natu I"al inflatiOn Freese, Frieman, Olinto 90

0}

Only large-field inflation is
possible, and T Is bounded
below:
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Aligned Natural Inflation

Kim, Nilles, Peloso, hep-ph/0409138
Czerny, Higaki, FT 1403.5883, Harigaya and lbe 1404.3511, Choi, Kim, Yun, 1404.6209, Higaki, FT,
1404.6923, Tye, Won, 1404.6988, Kappl, Krippendorf, Nilles, 1404.7127, Bachlechner et al, 1404.7496,
Ben-Dayan, Pedro, Westphal,1404.7773 ,Long, McAllister, McGuirk 1404.7852

The effectively large decay constant can be realized by
the alignment of two (or more) axion potentials.

. TWO axions: ¢1 — ¢1+2nf1 @2 — o+ 27 fo
- N

V(gbi):[\il ll—cos <n1%+ 2?2)] +A4 ll—cos <m1%+ ?j)]

\. J

If n1/n2 = mi1/mz2, there is a flat direction; the corresponding
decay constant would be infinite.

If n1/n2 = m1/mz2, there is a relatively light direction; the
corresponding decay constant can be larger than f1 or f2.
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Alighed Natural Inflation

Taken from 1404.6209 by Choi, Kim, Yun



Aligned Natural Inflation

- Multiple axions: ¢; =¢; +2nf; (¢=1,---,N)

N N "y
Vip;) = E:Af&-l 1 — cos Z n”. /
i=1

For a moderately large N (> 5 or s0), the effective decay
constant can be enhanced w/o hierarchy among the anomaly
coefficients. Choi, Kim, Yun, 1404.6209

Prob. dist. was studied Iin detaill for various cases

INCl. Nsource 7 Naxion Higaki, FT, 1404.6923



Axion Landscape

Higaki, FT 1404.6923
For Nsource > Naxion, Many axions may form a mini-landscape.

Nsource Naxion
Vig;) = Z A cos Z az-j% +0; | +W
i=1 j=1 J

- Eternal inflation takes place in a oes Tunneling

local minimum. —> Rapid-rol £
- A flat direction arises by the > Stowrell {’ N
alignment mechanism. T
- Slow-roll inflation begins after the o | ;\Q“
tunneling event. b

- Negative curvature/suppression
at large scales If the total e-folding
IS jUSt 50-60. Linde “95, Freivogel et al ~05,

Yamauchietal "11, Boussoetal 13
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VFHMEIICA T L—Y 3y (IhERREE) D, CMBIE
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v L r=0(0.001-0.1)THnid 1 OFE?)URICHTD B,
ZDES. See talks by R&AJlISA. I SA

)dEH
s

v GUT AT —ILHhDLarge-field (super-Planckian) inflation
VR EREER L ICHRTF. See talks by ElLZA. TESA
v £ 5% 5 Tinflaton potentialZ &l 5D H 7
VAVIT SR VIEAN?BEERAZa—NV/?TIOIAD?
v—7. BULrA103K D/©NEHh > fz 5small-field inflationTd %,
FERICESHIRT Y Y vI)LDTE LA DSIRFE o foo
v JHBERE ? NINEDIE N & BE ? (e.g. B-L Higgs etc.)




