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The state of the art of Observational Cosmolog

Class

Parameter WMAP 7-year MLP WMAP+BAO+Hg ML WMAP 7-year Mean® WMAP+BAO+Hgy Mean

Primary 10092, h? 2.227 2.253 2.24910:02° 2.255 + 0.054
Q.h? 0.1116 0.1122 0.1120 4 0.0056 0.1126 + 0.0036
Qa 0.729 0.728 0.72712-059 0.725 & 0.016
ng 0.966 0.967 0.967 £ 0.014 0.968 + 0.012
T 0.085 0.085 0.088 + 0.015 0.088 + 0.014
AZ (ko) 2.42 x 107 2.42 x 1077 (2.43 +£0.11) x 1072  (2.430 £ 0.091) x 10~
Derived o8 0.809 0.810 0.8117 000 0.816 + 0.024
Hy 70.3 km/s/Mpc 70.4 km/s/Mpc 70.4 £ 2.5 km/s/Mpc 70.2 4+ 1.4 km/s/Mpc
o 0.0451 0.0455 0.0455 4 0.0028 0.0458 + 0.0016
Q. 0.226 0.226 0.228 + 0.027 0.229 + 0.015
Q. h? 0.1338 0.1347 0.13451 00029 0.1352 & 0.0036
Zreion® 10.4 10.3 10.6 + 1.2 10.6 + 1.2
to' 13.79 Gyr 13.76 Gyr 13.77 4+ 0.13 Gyr 13.76 4+ 0.11 Gyr

[WMAP-7 1001.4538]
The expansion rate of the Universe Is increasing.

Dark energy is introduced to account for this accelerated expansion.

Qa = 0.725 + 0.016 w = 1.10 + 0.14(68%CL)
A small positive cosmological constant (vacuum energy) Is
phenomenologically the simplest source of DE.  [See recently Bousso 1203.030

Its presence indicates that we live in an Asymptotically de Sitter Universe
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Aim of the Talk

To study the consequences of the fact that the Universe asymptotes to
a de Sitter space.

Of particular interest for string phenomenology/cosmology, the
iImplications it might have for the moduli dynamics and inflation in
the early Universe.

Turned-around stand point: what should be the initial conditions for
a universe to asymptote to de Sitter space.
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De Sitter Space in a Nutshell

De Sitter space Is the maximally symmetric solution of the vacuum Einstein
equations with a positive cosmological constant (it is positively curved).

- N

An observer in de Sitter space Is surrounded by a cosmological horizon.
The static coordinates cover the causal patch (operationally meaningful
portion of de Sitter space, a region that can be probed by an observer).
The horizon Is observer dependent.
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De Sitter Space in a Nutshell

An object, If released, will accelerate towards the
norizon. Once It crosses the horizon, it can no
onger be retrieved.

t Is said that the entropy of ordinary matter is
ost when it crosses the horizon.

The de Sitter Horizon has finite non-zero
entropy. [Gibbons and Hawking PRD (1977)

The total entropy In de Sitter space

Stotal ! SdS! Sbqu ‘|‘Shorizon

The holography argument: the horizon entropy
IS proportional to area. , | "
Mg, Mpr °
I H
It also Implies that there is a bound on the entropy of any matter system can
be put In a causal domain of an asymptotically de Sitter universe.
5 [See recently Conlon 1203.4576]

The entropy of empty de Sitter Sys !
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De Sitter Space in a Nutshell

We understand that, the growth of the de Sitter horizon to its asymptotic
value at late times Is a response to the matter that crosses the horizon.
However, the horizon has no knowledge of the entropy of matter that

was already beyond it to start with.
[Bousso 0205177]

Morals:

The universe with a cosmological constant will

asymptotically approach a de Sitter space (i.e. an observerOs
causal domain agrees with an empty de Sitter space at late
times) and any observer will eventually be surrounded by

an event horizon.

For a universe to asymptote to de Sitter space, there is a
bound on the amount of stored entropy that a local
observer can ever measure.

Tuesday, June 26, 12



Moduli Dynamics in a Nutshell

[see Acharya and Choi talks]

Moduli are ubiquitous in M/String Theory compactifications.

They parametrize the geometric properties (the moduli space) of the compact
manifold.

The low energy phenomenological parameters in 4 dimensions are functions
of them.

They need to get vevOs and gain mass through some dynamical stabilization
and supersymmetry breaking mechanism.

Phenomenological and observational data greatly constrain the mechanism.

In string phenomenological models, when the supersymmetry breaking
mediation mechanism is via gravity, the masses of moduli and all the other
scalars of the SSM are about the graviton mass.

Not very far from few/tens of TeV.

[Many authors, see recently Acharya,Kane,Kuflik 1006.3272]
7
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Moduli Dynamics in a Nutshell

Moduli commence osclillations when H. .. ! m
The scalar condensates behave as pressureless dust and quickly dominate

the dynamics of the Universe

Moduli are relatively light and gravitationally coupled to all the other

species. They are unstable but long-lived. ! -

m
Hdecay ! 11 ! my P
Pl

The decay of moduli releases a huge amount of entropy in the Universe
and dilutes its content. The entropy release must necessarily be followed
by the observable (the last) nucleosynthesis.

Teen ! 1Mev my ° 10 TeV

Treheat

After they decay, the standard hot big-bang cosmology follows.
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The Entropy of the CMB In
Asymptotically De Sitter Space

If the Universe Is dominated by a positive cosmological constant at late

time, then the entropy of the CMB radiation is bounded.
[Fischler et.al 0307031]

In the presence of a cosmological constant, any local observer eventually
perceives the space as a box of sizer; ' .

This box Is the region that is causally accessible to the local observer living
IN asymptotic de Sitter space.

This box stores a limited amount of entropy. Any attempt to squeeze more
entropy meets with black hole formation and absorbed by the horizon.

Therefore, there is also a threshold on the amount of entropy of the CMB.
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The Entropy of the CMB In
Asymptotically De Sitter Space

Pack the CMB photons in a box of the size of the horizon, the causal patch

11
I'Schwarzschild | Hy

At the verge of black hole formations T2 < mp1H,

Y

A local observer in the Universe with a positive cosmological constant will
never see more entropy in the CMB than

| o o 1
! 3 32 !
S | To . Mp " Mp)
O .

Ho = Ho Ho

2
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Moduli Dynamics In
Asymptotically De Sitter Space

In the moduli dominated cosmology, the reheating after the moduli decay
triggers the standard hot big-bang cosmology.

The CMB radiation has also resulted from the moduli decay.
So the entropy bound should tell us about the moduli dynamics.

The observed homogeneity and isotropy are explained if L eneat # H .

reheat
Treheat TO

(Hreheat Lreheat) ' —
Hreheat HO

The total entropy released in the Univerge $ 5

T m
(Treheat I—reheat)?) ! (TOLO)3 ! _O |\lHubee ! —PI I\IHubee
Ho Ho |

Adiabatic expansion thereafter
Nyusbie ! (LoHo)® The number of Hubble spheres in the present Universe

Observational lower bound Nyppie > 107 [Silk et.al 1101.5476]
11
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Moduli Dynamics In
Asymptotically De Sitter Space

Adiabatic expansion #_ $3 . $ao
To Mp|
(Treneat Lreneat)” ! (ToLo)” ! == Nuubbie ! 7= Nhuobie
0 0
! m, 32
The reheating temperature  T,epeat | Mpy m—
Pl

The physical size of the universe at the time of reheating

3/ 2! 1/ 2
Mp Ho N Y3

| 1 1
L reheat ! Ho —m| Mpy Hubble

Energy conservation in expanding universe

2/3 4/3
m; Mp)
Lreheat | Losc (%) | Losc (ﬁ)

The physical size of the universe at the beginning of oscillations
: m - 1/6° H 1/2
o 0 NEE

11
LOSC! HO m; Mp) Hubble
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The Entropy of the Horizon In
Asymptotically De Sitter Space

Objects passing through the horizon to the outside do not experience anything
dramatic from the point of view of the static coordinates.

In fact, nothing Is intrinsic with the horizon, not even its existence.

It IS defined relative to the an observer it can communicate with in the future.

The growth of the de Sitter horizon to its asymptotic value at late times is a
response to the matter that crosses the horizon. The horizon encodes

iInformation about matter that has passed to the outside of the cosmological
horizon of the local observer.

A detector localized at the position of the horizon can accumulate and send
data to a local observer within the horizon distance. However, it has no

knowledge of the entropy of matter that was already beyond it to start with.
13
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The Entropy of the Horizon In
Asymptotically De Sitter Space

The amount of entropy that has passed through the horizon (hereafter the
horizon entropy) as can be seen by a local observer in a universe dominated
by a cosmological constant H
1t $4 #
Treheat i E

# |
Hy Hy Hy

b3 # b o
mpi

If it Is caused by moduli dynamics, then

H P9o/9g
my | Ho

mp1 mpi
Immediate observation Ho! 10733 eV my I 50 TeV
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Moduli Dynamics In
Asymptotically De Sitter Space

( l 10 TeV! m; ! 50 TeV

— 2% | | oi\
] O
A0 ) -
P B N
0 _4
@/ N\
— —> A
AT SOTV !
= 25/ 54 = 12 1/9
10 27| Ho | L osc , Ho Mpi | 10 28
Mp1 Ho "N fioble Me Teen
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Eternal Inflation and
Asymptotically De Sitter Space

False vacuum eternal inflation is generic in the sting theory landscape of
metastable de Sitter vacua. The tiny cosmological constant is also
explainable in this framework. [See Recently, Bousso 1203.0307]

The inflation takes place in a false \/(@A
minimum, it ends locally through a
first-order phase transition (decay by
bubble nucleation).

Inside each bubble there Is an open
homogenous and isotropic RW universe
with negative spatial curvature.

This curvature has to be dilute away by
a subsequent inflationary (non-eternal,
not necessarily slow-roll) era.
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Eternal Inflation and
Asymptotically De Sitter Space

Number of e-folds to reach to observable limit " 0.0133< #, < 0.0084 (95% CL

! 12" /3 ! 12" /2" 1/6
N H int Heq H int Mp| Ho
e efold | | -
Heq Ho Mp Ho - Heq
Nefold = Hinft

The physical size of the universe at the beginning of oscillations

Eﬁqemm

Losc ! |
0SC Hi

| (# 1) depends on the detailed history of the Universe right after inflation
until moduli oscillations.

" 25/ 54 : T 12! T 19
: Ho | L osc I Ho Mp
Previously we found o— N . =
Pl Ho "Nyupble Pl BBN
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Eternal Inflation and
Asymptotically De Sitter Space

The Hubble scale during the non-eternal inflation

(Ho )1/3 (TBBI\/I )2/9 < Hinf (N 2/3 C_Z) < <ﬂ)2/27
Heq Mp) ~ Mp, Hubble ~ mp! |

10" GeV (N, b 1) ! Hing ! 10 GeV (N, hpa )

The number of e-foldings

25 : mp) 1 | Heq

1 :mpl 1 :He 1 mpi ~1/3
—In — —=1n  — —|—1n(CNHubble)§Nefold§5—41n o —éln 27

2 HO 3 H() 9 TBBN
11+ (1 NA Y2 ) < Neto < 63 +In(1 N2 )
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Conclusions

Moduli dynamics is studied in a universe which is asymptotically de Sitter
spacetime in the far future.

Holographic bounds have been used to constrain the mass of the moduli
and the physical size of the Universe.

Eternal inflation has also been studied in this framework. Bounds have
been put on the scale and duration of non-eternal inflation following
bubble nucleation.

The study Is based on reheating after moduli decay. There are other
contributions to the entropy of the Universe: e.g. field theory
configurations, structures formed from density perturbations (can be
generated from different mechanisms), etc; they need to be studied in
future.
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