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1. Era of precision cosmology
o Big Bang theory has been firmly established
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@ Strong evidence for Inflation
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 almost scale-invariant spectrum: n, =0.960+0.0073 (68% CL)
» highly Gaussian fluctuations: i =27+58 (68% CL)

only to be confirmed (by tensor modes?!)



Discovery(?) of primordial GWs
BICEP2 (2014)

spacetime vacuum fluctuations from inflation
Starobinsky (1979)

m) B-mode polarization in CMB anisotropy
Seljak & Zaldarriaga (1996)

LV * E-mode (even parity)
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BICEPZ2 result
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If confirmed, It “proves” (large field models of)

primordial inflation & quantum gravity!
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What's next?



2. String theory landscape

Lerche, Lust & Schellekens ('87), Bousso & Pochinski ('00),
Susskind, Douglas, KKLT ('03), ...

> There are ~ 10°% vacua in string theory
* Vacuum energy p, may be positive or negative

e typical energy scale ~ Mp*

- some of them have p, <<My*




Is there any way to know what kind of
landscape we live In?

Or at least to know what kind of
neighborhood we live In?



Cosmic Landscape

string theory landscape implies an intriguing
picture of the early universe

[Maybe we live in one of these vacua. ]
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» A universe jJumps around in the landscape by quantum

tunneling

* It can go up to a vacuum with larger p,,
( dS space ~ thermal state with T'=H/2n : cf BH Lee’s talk)

* If it tunnels to a vacuum with negative p,,
it collapses within t ~ M/|p, |Y2.

* SO we may focus on vacua with positive p,: dS vacua

Sato et al. ('81)
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» Most plausible state of the universe before inflation is
a dS vacuum with p, ~ M. dS =0(4,1) = O(5) ~ S*

false vacuum decay via O(4) symmetric (CDL) instanton

Coleman & De Luccia (‘80)
O(4) = O(3,1)

iInside bubble is an open universe

bubble wall




creation of open universe
MS, Tanaka, Yamamoto & Yokoyama (1993)

ds vacuum :0(4,1)

a8
Euclidean bubble: O(4)

@ /
nucleated bubble: O(3,1)
=open universe

dS vacuum
/L
71 ]

bubble wall




3. Open inflation In the landscape

- universe is inside nucleated bubble = open universe
- observational data indicate 1-Q < 102 : almost flat

> two possibilities

1. inflation after tunneling was long enough (N>>60)

1—-C), <1  “flat universe”

signatures from bubble collisions?
- tunneling rate may be enhanced in the landscape
Tye & Wohns (2009)

last scattering surface
<= colliding bubbles

- non-Gaussianity from bubbles
Sugimura, Yamauchi & MS (2012)
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2. Inflation after tunneling was short enough (N = 50 ~ 60)

1-Q = 10> ~10 2 “open universe”

any signatures in large angle CMB anisotropies?

-

.

Here we argue that we are already
seeing a couple of such signatures
on large angle CMB

~

» dipolar statistical anisotropy
» tensor-scalar ratio: Planck vs BICEP2



4. Dipolar statistical anisotropy
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dipole asymmetry observed by WMAP/Planck
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Planck XXIlI
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creation of open universe &

supercurvature mode
MS, Tanaka & Yamamoto (1994)

wavelength > curvature radius
“supercurvature” mode

a ‘\

dS vacuum
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bubble wall




a field over the horizon scale
urvature mode in open inflation

observable
universe

ate the amplitude of
)n depending on the direction.

19
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a viable model

Kanno, MS & Tanaka (2013)

SV V@ (Vo) miot [ (o)(Va) iy

(o, y )-sector ~ "axion"-like

L=

¢ . inflaton
o : isocurvature mode with super-curvature perturbation Ao
¥ . curvaton

2 2 2 " 2
H, : Hubble at = Hp>m_~H >V'(§)>m
false vacuum

» curvature perturbation is almost Gaussian

1
Re=Ngpdp+ N,ox + sz +

2\ _ 172 2\ _ H*
<5¢ >~H ’ <5Z >~f2(G+AG)
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H2
O [Cr——

T

dipolar modulation through f (o)

k/a=H

y-field is a “free” field (no direct coupling to inflaton)
— no significant non-Gaussianity, nor quadrupole

c-fleld eventually dies out ( because m_~ H )

—> modulation is larger on larger scales
= consistent with Planck 2013
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5. r-controversy? Planck vs BICEP2
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resolved if dn,/dInk<o0 (running spectral index)
@ cf. QG Huang’ talk

broken spectrum is more favored than running
Abazajian et al. (2014)



running spectrum

observational indication

broken spectrum
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fast-roll phase in open inflation

> curvature dominant phase

. | . . 1
right after tunneling, His  V(9) H>=—F_, -
: _ 4 3M a
dominated by curvature: P
R 74
axt, ¢g=- (¢)t \
4

Qst-}roll phase
—~———

curvature dominance ends

at t.~H.,"~M,\3/V slow-roll phase
< ) >
for &,. <1 ME (V" ¢
Ey =
2 \V

» fast-roll phase

lasts for a few e-folds until &, becomes small.
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duration of fast-roll phase AN

approximate estimate:

dlneg LV
av e =My
D &y R Eps exp[—ZL n,dN }
model for ny, :

v =Ty eXp[_IBN] +77V,slow-ro|l; 1851 ’ 77V,slow-ro|| <<l

for &, ~n,«~ 1, above estimate gives g, ~ g e“N
where AN =HAt ~ 2-4 e-folds of fast-roll phase
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0g L length scales

current Hubble radius

curvature radius

HL
// log N
curvature " fast-roll phase | slow-roll phase

dominated phase
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theoretical (qualitative) predictions

e suppression of curvature perturbation during the first
few e-folds («large scales) of open inflation

P(k)=—r o o= (24
2¢(2x)"M H

* N0 suppresion in tensor perturbation

S8H* P
() (27)’ M7, :>[ =g T }

e curvature scale at the beginning of fast-roll phase t = t.

RCUI’V RCUFV
e e®? (say ~ 5) < e

:>O[ Q, <004

-2
— QK
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scalar & tensor spectrum Iin open inflation

(IR, 1U,P) p*/(2n?)
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;) {3 tensor

(no suppression)

Indeed at smaller scales

[scalar suppression begins}

radius - g 1if o ~0.01



6. Summary

1. Dipolar statistical anisotropy requires a
non-standard inflation scenario

o Modulation of the fluctuation amplitude by
supercurvature mode in open inflation

2. Tension between Planck & BICEP2 may be
resolved if P_(k) Is suppressed on large scales

2 Suppression due to fast-roll phase at the
beginning of in open inflation

[ These may be signatures from string landscape 1
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embedding models in string theory?
How accurately can QO be determined?
any other testable predictions?

other features in CMB? LSS? ...?

N
We are beginning to test

string landscape!
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