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The state of the art of Observational Cosmology

[WMAP-7 1001.4538]

The expansion rate of the Universe is increasing.

Dark energy is introduced to account for this accelerated expansion.

A small positive cosmological constant (vacuum energy) is 
phenomenologically the simplest source of DE.

Its presence indicates that we live in an Asymptotically de Sitter Universe.

[See recently Bousso 1203.0307]
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WMAP 7-year Cosmological Interpretation 3

TABLE 1
Summary of the cosmological parameters of ΛCDM modela

Class Parameter WMAP 7-year MLb
WMAP+BAO+H0 ML WMAP 7-year Meanc

WMAP+BAO+H0 Mean

Primary 100Ωbh
2 2.227 2.253 2.249+0.056

−0.057 2.255 ± 0.054

Ωch
2 0.1116 0.1122 0.1120 ± 0.0056 0.1126 ± 0.0036

ΩΛ 0.729 0.728 0.727+0.030
−0.029 0.725 ± 0.016

ns 0.966 0.967 0.967 ± 0.014 0.968 ± 0.012
τ 0.085 0.085 0.088 ± 0.015 0.088 ± 0.014

∆2
R(k0)

d 2.42 × 10−9 2.42 × 10−9 (2.43 ± 0.11) × 10−9 (2.430 ± 0.091) × 10−9

Derived σ8 0.809 0.810 0.811+0.030
−0.031 0.816 ± 0.024

H0 70.3 km/s/Mpc 70.4 km/s/Mpc 70.4 ± 2.5 km/s/Mpc 70.2 ± 1.4 km/s/Mpc
Ωb 0.0451 0.0455 0.0455 ± 0.0028 0.0458 ± 0.0016
Ωc 0.226 0.226 0.228 ± 0.027 0.229 ± 0.015

Ωmh2 0.1338 0.1347 0.1345+0.0056
−0.0055 0.1352 ± 0.0036

zreion
e 10.4 10.3 10.6 ± 1.2 10.6 ± 1.2

t0
f 13.79 Gyr 13.76 Gyr 13.77 ± 0.13 Gyr 13.76 ± 0.11 Gyr

a The parameters listed here are derived using the RECFAST 1.5 and version 4.1 of the WMAP likelihood code. All
the other parameters in the other tables are derived using the RECFAST 1.4.2 and version 4.0 of the WMAP likelihood
code, unless stated otherwise. The difference is small. See Appendix A for comparison.
b Larson et al. (2010). “ML” refers to the Maximum Likelihood parameters.
c Larson et al. (2010). “Mean” refers to the mean of the posterior distribution of each parameter. The quoted errors
show the 68% confidence levels (CL).
d ∆2

R(k) = k3PR(k)/(2π2) and k0 = 0.002 Mpc−1.
e “Redshift of reionization,” if the universe was reionized instantaneously from the neutral state to the fully ionized
state at zreion. Note that these values are somewhat different from those in Table 1 of Komatsu et al. (2009a), largely
because of the changes in the treatment of reionization history in the Boltzmann code CAMB (Lewis 2008).
f The present-day age of the universe.

TABLE 2
Summary of the 95% confidence limits on deviations from the simple (flat, Gaussian, adiabatic, power-law) ΛCDM model except for dark energy

parameters

Section Name Case WMAP 7-year WMAP+BAO+SNa
WMAP+BAO+H0

Section 4.1 Grav. Waveb No Running Ind. r < 0.36c r < 0.20 r < 0.24
Section 4.2 Running Index No Grav. Wave −0.084 < dns/d ln k < 0.020c −0.065 < dns/d ln k < 0.010 −0.061 < dns/d lnk < 0.017
Section 4.3 Curvature w = −1 N/A −0.0178 < Ωk < 0.0063 −0.0133 < Ωk < 0.0084
Section 4.4 Adiabaticity Axion α0 < 0.13c α0 < 0.064 α0 < 0.077

Curvaton α−1 < 0.011c α−1 < 0.0037 α−1 < 0.0047
Section 4.5 Parity Violation Chern-Simonsd −5.0◦ < ∆α < 2.8◦e N/A N/A
Section 4.6 Neutrino Massf w = −1

∑

mν < 1.3 eVc ∑

mν < 0.71 eV
∑

mν < 0.58 eVg

w #= −1
∑

mν < 1.4 eVc ∑

mν < 0.91 eV
∑

mν < 1.3 eVh

Section 4.7 Relativistic Species w = −1 Neff > 2.7c N/A 4.34+0.86
−0.88 (68% CL)i

Section 6 Gaussianityj Local −10 < f local
NL < 74k N/A N/A

Equilateral −214 < fequil
NL < 266 N/A N/A

Orthogonal −410 < forthog
NL < 6 N/A N/A

a “SN” denotes the “Constitution” sample of Type Ia supernovae compiled by Hicken et al. (2009b), which is an extension of the “Union” sample
(Kowalski et al. 2008) that we used for the 5-year “WMAP+BAO+SN” parameters presented in Komatsu et al. (2009a). Systematic errors in the
supernova data are not included. While the parameters in this column can be compared directly to the 5-year WMAP+BAO+SN parameters, they may
not be as robust as the “WMAP+BAO+H0” parameters, as the other compilations of the supernova data do not give the same answers (Hicken et al.
2009b; Kessler et al. 2009). See Section 3.2.4 for more discussion. The SN data will be used to put limits on dark energy properties. See Section 5 and
Table 4.
b In the form of the tensor-to-scalar ratio, r, at k = 0.002 Mpc−1.
c Larson et al. (2010).
d For an interaction of the form given by [φ(t)/M ]FαβF̃

αβ , the polarization rotation angle is ∆α = M−1 ∫

dt
a φ̇.e The 68% CL limit is ∆α = −1.1◦ ± 1.4◦ (stat.) ± 1.5◦ (syst.), where the first error is statistical and the second error is systematic.

f ∑

mν = 94(Ωνh
2) eV.

g For WMAP+LRG+H0 ,
∑

mν < 0.44 eV.
h For WMAP+LRG+H0 ,

∑

mν < 0.71 eV.
i The 95% limit is 2.7 < Neff < 6.2. For WMAP+LRG+H0 , Neff = 4.25 ± 0.80 (68%) and 2.8 < Neff < 5.9 (95%).
j V+W map masked by the KQ75y7 mask. The Galactic foreground templates are marginalized over.
k When combined with the limit on f local

NL from SDSS, −29 < f local
NL < 70 (Slosar et al. 2008), we find −5 < f local

NL < 59.

Different mechanisms for generating fluctuations pro-
duce distinctive correlated patterns in temperature and
polarization:

1. Adiabatic scalar fluctuations predict a radial po-
larization pattern around temperature cold spots
and a tangential pattern around temperature hot
spots on angular scales greater than the horizon
size at the decoupling epoch, ! 2◦. On angular

scales smaller than the sound horizon size at the
decoupling epoch, both radial and tangential pat-
terns are formed around both hot and cold spots,
as the acoustic oscillation of the CMB modulates
the polarization pattern (Coulson et al. 1994). As
we have not seen any evidence for non-adiabatic
fluctuations (Komatsu et al. 2009a, see Section 4.4
for the 7-year limits), in this section we shall as-
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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  
implications 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). 

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

[Gibbons and Hawking PRD (1977)]

An object, if released, will accelerate towards the 
horizon. Once it crosses the horizon, it can no 
longer be retrieved. 

It is said that the entropy of ordinary matter is 
lost when it crosses the horizon. 

The de Sitter Horizon has finite non-zero 
entropy.

The total entropy in de Sitter space

The holography argument: the horizon entropy 
is  proportional to area.
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[See recently Conlon 1203.4576]5

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.
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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.

De Sitter Space in a Nutshell

[Bousso 0205177]

The universe with a cosmological constant will 
asymptotically approach a de Sitter space (i.e. an observerÕs 
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.

6

Morals:

Tuesday, June 26, 12



Moduli Dynamics in a Nutshell

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 vevÕs 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.

[see Acharya and Choi talks]

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

Moduli are relatively light and gravitationally coupled to all the other 
species. They are unstable but long-lived.

Moduli commence oscillations when
The scalar condensates behave as pressureless dust and quickly dominate 
the dynamics of the Universe

After they decay, the standard hot big-bang cosmology follows. 
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Asymptotically De Sitter Space

[Fischler et.al 0307031]

If the Universe is dominated by a positive cosmological constant at late 
time, then the entropy of the CMB radiation is bounded.

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

The Entropy of the CMB ineNefold ! Hinf

mPl

(
mPl

H0

)29/54

ζ−1N1/3
Hubble (45)

eNefold ∼
(
Hinf

Heq

)1/2 (Heq

H0

)1/3

∼
(
Hinf

H0

)1/2 ( H0

Heq

)1/6

(46)

eNefold ∼
(
Hinf

Heq

)1/2 (Heq

H0

)1/3

∼
(
Hinf

mPl

)1/2 (mPl

H0

)1/2 ( H0

Heq

)1/6

(47)

Hinf

mPl
"

(
H0

Heq

)1/3 ( H0

mPl

)2/27

ζ2N−2/3
Hubble ∼ 10−6· ζ2N−2/3

Hubble

(48)

Nefold ! 25

54
ln

(
mPl

H0

)
−1

3
ln

(
Heq

H0

)
+ln(ζN−1/3

Hubble) ∼ 64+ln(ζN−1/3
Hubble)

(49)

τϕ ≪ τuniverse (50)

ϕ̈+ (3H + Γϕ)ϕ̇+m2
ϕϕ = 0 (51)

Treheat

Hreheat
(HreheatLreheat) ∼

T0

H0
N1/3

Hubble (52)

N1/3
Hubble ∼ O(1) (53)

N reheat
Hubble " 1027 (54)

Hosc ∼ mϕ (55)

Hdecay ∼ Γϕ ∼ mϕ

(
mϕ

mPl

)2

(56)

Treheat " TBBN ∼ 1MeV (57)

mϕ " 10 TeV (58)

R = (3/Λ)1/2 (59)

H0 ∼ 10−33 eV (60)

mϕ ∼ 50 TeV (61)

H−1
0 (62)

5

9

Tuesday, June 26, 12



rSchwarzschild ! H ! 1
0 (30)

T2
0 ! mPlH0 (31)

S0 ∼
(

T0

H0

)3

!
(

mPl

H0

)3/ 2

(32)

(TreheatL reheat)3 ∼ (T0L 0)3 ∼
(

T0

H0

)3

NHubble (33)

NHubble ∼ (L 0H0)3 (34)

L osc ∼
eH inf t

H inf
(35)

L reheat ∼ L osc

(
mϕ

Γϕ

)2/ 3

∼ L osc

(
mPl

mϕ

)4/ 3

(36)

Treheat ∼ mPl

(
mϕ

mPl

)3/ 2

(37)

L reheat ! H ! 1
0

(
mPl

mϕ

)3/ 2 ( H0

mPl

)1/ 2

N 1/ 3
Hubble (38)

L osc ! H ! 1
0

(
mPl

mϕ

)1/ 6 ( H0

mPl

)1/ 2

N 1/ 3
Hubble (39)

eN efold !
H inf

H0

(
mPl

mϕ

)1/ 6 ( H0

mPl

)1/ 2

N 1/ 3
Hubble (40)

(
Treheat

H0

)3

−
(

T0

H0

)3

∼
(

mPl

H0

)2

(41)

(
mϕ

mPl

)3/ 2

∼
(

H0

mPl

)1/ 3

(42)

eN efold !
H inf

mPl

(
mPl

H0

)29/ 54

N 1/ 3
Hubble (43)

eN efold ∼
(

H inf

H eq

)1/ 2 (H eq

H0

)1/ 3

∼
(

H inf

H0

)1/ 2 ( H0

H eq

)1/ 6

(44)

H inf

mPl
" N ! 2/ 3

Hubble

(
H0

H eq

)1/ 3 ( H0

mPl

)2/ 27

(45)

Nefold !
25
54

ln
(

mPl

H0

)
−1

3
ln
(

H eq

H0

)
−1

3
ln NHubble ∼ 64−1

3
ln NHubble

(46)

Treheat

H reheat
(H reheatL reheat) ∼

T0

H0
N 1/ 3

Hubble (47)

N 1/ 3
Hubble ∼ O(1) (48)

N reheat
Hubble " 1027 (49)

4

rSchwarzschild ! H−1
0 (30)

T 2
0 ! mPlH0 (31)

S0 !
!
T0

H0

" 3

!
!
mPl

H0

" 3/2

(32)

(TreheatLreheat)
3 ! (T0L0)

3 !
!
T0

H0

" 3

NHubble (33)

NHubble ! (L0H0)
3 (34)

Losc !
eHinf t

Hinf
(35)

Lreheat ! Losc

!
m!

! !

" 2/3

! Losc

!
mPl

m!

" 4/3

(36)

Treheat ! mPl

!
m!

mPl

" 3/2

(37)

Lreheat ! H−1
0

!
mPl

m!

" 3/2 !
H0

mPl

" 1/2

N1/3
Hubble (38)

Losc ! H−1
0

!
mPl

m!

" 1/6 !
H0

mPl

" 1/2

N1/3
Hubble (39)

eNefold ! Hinf

H0

!
mPl

m!

" 1/6 !
H0

mPl

" 1/2

N1/3
Hubble (40)

!
Treheat

H0

" 3

"
!
T0

H0

" 3

!
!
mPl

H0

" 2

(41)

!
m!
mPl

" 3/2

!
!

H0

mPl

" 1/3

(42)

eNefold ! Hinf

mPl

!
mPl

H0

" 29/54

N1/3
Hubble (43)

eNefold !
!
Hinf

Heq

" 1/2 !
Heq

H0

" 1/3

!
!
Hinf

H0

" 1/2 !
H0

Heq

" 1/6

(44)

Hinf

mPl
" N−2/3

Hubble

!
H0

Heq

" 1/3 !
H0

mPl

" 2/27

(45)

Nefold ! 25

54
ln

!
mPl

H0

"
"
1

3
ln

!
Heq

H0

"
"
1

3
lnNHubble ! 64"

1

3
lnNHubble

(46)

Treheat

Hreheat
(HreheatLreheat) !

T0

H0
N1/3

Hubble (47)

N1/3
Hubble ! O(1) (48)

N reheat
Hubble " 1027 (49)

4

Asymptotically De Sitter Space
The Entropy of the CMB in

r Schwarzschild ! H ! 1
0 (30)

T2
0 ! mPl H0 (31)

S0 !
!

T0

H0

" 3

!
!

mPl

H0

" 3/ 2

"
!

mPl

H0

" 2

(32)

(Treheat L reheat )3 ! (T0L 0)3 !
!

T0

H0

" 3

NHubble (33)

NHubble ! (L 0H0)3 (34)

L osc ! !
eH inf t

H inf
(35)

L reheat ! L osc

!
m!

! !

" 2/ 3

! L osc

!
mPl

m!

" 4/ 3

(36)

Treheat ! mPl

!
m!

mPl

" 3/ 2

(37)

L reheat ! H ! 1
0

!
mPl

m!

" 3/ 2 !
H0

mPl

" 1/ 2

N 1/ 3
Hubble (38)

L osc ! H ! 1
0

!
mPl

m!

" 1/ 6 !
H0

mPl

" 1/ 2

N 1/ 3
Hubble (39)

eN efold !
H inf

H0

!
mPl

m!

" 1/ 6 !
H0

mPl

" 1/ 2

! ! 1N 1/ 3
Hubble (40)

!
Treheat

H0

" 3

#
!

T0

H0

" 3

!
!

mPl

H0

" 2

(41)

!
m"
mPl

" 3/ 2

!
!

H0

mPl

" 1/ 3

(42)

4

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

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

At the verge of black hole formations
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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 total entropy released in the Universe

Adiabatic expansion thereafter

The number of Hubble spheres in the present Universe
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The observed homogeneity and isotropy are explained if
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Adiabatic expansion

The reheating temperature

The physical size of the universe at the time of reheating
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The physical size of the universe at the beginning of oscillations

Energy conservation in expanding universe
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Asymptotically De Sitter Space
The Entropy of the Horizon in

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 
information 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.
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Asymptotically De Sitter Space
The Entropy of the Horizon in
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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

If it is caused by moduli dynamics, then
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Asymptotically De Sitter Space
Moduli Dynamics in

15

R = (3 / ! )1/ 2 (61)

H0 ! 10! 33 eV (62)

m! ! 50 TeV (63)

H ! 1
0 (64)

NHubble > 102 (65)

! (" 1) (66)

# 0.0133< " k < 0.0084 (95% CL) (67)

Nefold = Hinf t (68)

10! 27 !
!

H0

mPl

" 25/ 54

!
L osc

H ! 1
0 N 1/ 3

Hubble

!
!

H0

mPl

" 1/ 2 !
mPl

TBBN

" 1/ 9

! 10! 28

(69)

6

R = (3/ Λ)1/2 (61)

H0 ∼ 10! 33 eV (62)

mϕ ! 50 TeV (63)

H ! 1
0 (64)

NHubble > 102 (65)

ζ(≥ 1) (66)

− 0.0133 < Ωk < 0.0084 (95% CL) (67)

Nefold = H inf t (68)

10! 27 ∼
(

H0

mPl

)25/54

! L osc

H ! 1
0 N 1/3

Hubble

!
(

H0

mPl

)1/2 ( mPl

TBBN

)1/9

∼ 10! 28

(69)

(
TBBN

mPl

)2/3

! mϕ

mPl
!

(
H0

mPl

)2/9

(70)

10 TeV ! mϕ ! 50 TeV (71)

6

R = (3/Λ)1/2 (61)

H0 ∼ 10−33 eV (62)

m! ! 50 TeV (63)

H−1
0 (64)

NHubble > 102 (65)

ζ(≥ 1) (66)

− 0.0133 < Ωk < 0.0084 (95% CL) (67)

Nefold = Hinft (68)

10−27 ∼
(

H0

mPl

)25/54

!
Losc

H−1
0 N1/3

Hubble

!
(

H0

mPl

)1/2 ( mPl

TBBN

)1/9

∼ 10−28

(69)

(
TBBN

mPl

)2/3

!
m!

mPl
!

(
H0

mPl

)2/9

(70)

10 TeV ! m! ! 50 TeV (71)

6

Tuesday, June 26, 12



Eternal Inflation and

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.

Asymptotically De Sitter Space

[See Recently, Bousso 1203.0307]

The inflation takes place in a false 
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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           depends on the detailed history of the Universe right after inflation 
until moduli oscillations.
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Eternal Inflation and
Asymptotically De Sitter Space

Number of e-folds to reach to observable limit

eN efold !
H inf

mPl

!
mPl

H0

" 29/ 54

! ! 1N 1/ 3
Hubble (45)

eN efold !
!

H inf

Heq

" 1/ 2 !
Heq

H0

" 1/ 3

!
!

H inf

H0

" 1/ 2 !
H0

Heq

" 1/ 6

(46)

eN efold !
!

H inf

Heq

" 1/ 2 !
Heq

H0

" 1/ 3

!
!

H inf

mPl

" 1/ 2 !
mPl

H0

" 1/ 2 !
H0

Heq

" 1/ 6

(47)

H inf

mPl
"

!
H0

Heq

" 1/ 3 !
H0

mPl

" 2/ 27

! 2N ! 2/ 3
Hubble ! 10! 6á! 2N ! 2/ 3

Hubble

(48)

Nefold !
25
54

ln
!

mPl

H0

"
"

1
3

ln
!

Heq

H0

"
+ln( ! N ! 1/ 3

Hubble ) ! 64+ln( ! N ! 1/ 3
Hubble )

(49)

"! # "universe (50)

¬# + (3 H + ! ! ) ú# + m2
! # = 0 (51)

Treheat

Hreheat
(Hreheat L reheat ) !

T0

H0
N 1/ 3

Hubble (52)

Treheat

Hreheat
(Hreheat L reheat ) !

T0

H0
(53)

L reheat # H ! 1
reheat (54)

N 1/ 3
Hubble ! O(1) (55)

N reheat
Hubble " 1027 (56)

Hosc ! m! (57)

Hdecay ! ! ! ! m!

!
m!

mPl

" 2

(58)

Treheat " TBBN ! 1MeV (59)

m! " 10 TeV (60)

R = (3 / " )1/ 2 (61)

H0 ! 10! 33 eV (62)

m! ! 50 TeV (63)

H ! 1
0 (64)

NHubble > 102 (65)

! ($ 1) (66)

" 0.0133< # k < 0.0084 (95% CL) (67)

Nefold = Hinf t (68)

5

The physical size of the universe at the beginning of oscillations

17

SdS !
m2

Pl

!
!

! mPl

H

" 2
(30)

Stotal ! SdS ! Sbulk + Shorizn (31)

r Schwarzschild ! H ! 1
0 (32)

T2
0 ! mPl H0 (33)

S0 !
#

T0

H0

$ 3

!
#

mPl

H0

$ 3/ 2

"
#

mPl

H0

$ 2

(34)

(Treheat L reheat )3 ! (T0L 0)3 !
#

T0

H0

$ 3

NHubble !
#

mPl

H0

$ 3/ 2

NHubble

(35)

NHubble ! (L 0H0)3 (36)

L osc ! !
eN efold

H inf
(37)

L reheat ! L osc

#
m!

" !

$ 2/ 3

! L osc

#
mPl

m!

$ 4/ 3

(38)

Treheat ! mPl

#
m!

mPl

$ 3/ 2

(39)

L reheat ! H ! 1
0

#
mPl

m!

$ 3/ 2 #
H0

mPl

$ 1/ 2

N 1/ 3
Hubble (40)

L osc ! H ! 1
0

#
mPl

m!

$ 1/ 6 #
H0

mPl

$ 1/ 2

N 1/ 3
Hubble (41)

eN efold !
H inf

H0

#
mPl

m!

$ 1/ 6 #
H0

mPl

$ 1/ 2

! ! 1N 1/ 3
Hubble (42)

#
Treheat

H0

$ 3

#
#

T0

H0

$ 3

!
#

mPl

H0

$ 2

(43)

m"
mPl

!
#

H0

mPl

$ 2/ 9

(44)

4

eN efold !
H inf

mPl

!
mPl

H0

" 29/ 54

! ! 1N 1/ 3
Hubble (45)

eN efold !
!

H inf

Heq

" 1/ 2 !
Heq

H0

" 1/ 3

!
!

H inf

H0

" 1/ 2 !
H0

Heq

" 1/ 6

(46)

eN efold !
!

H inf

Heq

" 1/ 2 !
Heq

H0

" 1/ 3

!
!

H inf

mPl

" 1/ 2 !
mPl

H0

" 1/ 2 !
H0

Heq

" 1/ 6

(47)

H inf

mPl
"

!
H0

Heq

" 1/ 3 !
H0

mPl

" 2/ 27

! 2N ! 2/ 3
Hubble ! 10! 6á! 2N ! 2/ 3

Hubble

(48)

Nefold !
25
54

ln
!

mPl

H0

"
"

1
3

ln
!

Heq

H0

"
+ln( ! N ! 1/ 3

Hubble ) ! 64+ln( ! N ! 1/ 3
Hubble )

(49)

"! # "universe (50)

¬# + (3 H + ! ! ) ú# + m2
! # = 0 (51)

Treheat

Hreheat
(Hreheat L reheat ) !

T0

H0
N 1/ 3

Hubble (52)

Treheat

Hreheat
(Hreheat L reheat ) !

T0

H0
(53)

L reheat # H ! 1
reheat (54)

N 1/ 3
Hubble ! O(1) (55)

N reheat
Hubble " 1027 (56)

Hosc ! m! (57)

Hdecay ! ! ! ! m!

!
m!

mPl

" 2

(58)

Treheat " TBBN ! 1MeV (59)

m! " 10 TeV (60)

R = (3 / " )1/ 2 (61)

H0 ! 10! 33 eV (62)

m! ! 50 TeV (63)

H ! 1
0 (64)

NHubble > 102 (65)

! ($ 1) (66)

" 0.0133< # k < 0.0084 (95% CL) (67)

Nefold = Hinf t (68)

!
H0

mPl

" 25/ 54

!
L osc

H ! 1
0 N 1/ 3

Hubble

!
!

H0

mPl

" 1/ 2 !
mPl

TBBN

" 1/ 9

(69)

5

Previously we found

Tuesday, June 26, 12



Eternal Inflation and
Asymptotically De Sitter Space

18

R = (3 / ! )1/2 (61)

H0 ! 10−33 eV (62)

mϕ ! 50 TeV (63)

H −1
0 (64)

NHubble > 102 (65)

ζ(" 1) (66)

# 0.0133< " k < 0.0084 (95% CL) (67)

Nefold = Hinf t (68)

10−27 !
(

H0

mPl

)25/54

! L osc

H −1
0 N 1/3

Hubble

!
(

H0

mPl

)1/2 ( mPl

TBBN

)1/9

! 10−28

(69)

(
TBBN

mPl

)2/3

! mϕ

mPl
!

(
H0

mPl

)2/9

(70)

10 TeV ! mϕ ! 50 TeV (71)

(
H0

Heq

)1/3 (TBBM

mPl

)2/9

! Hinf

mPl
(N 2/3

Hubble ζ−2) !
(

H0

mPl

)2/27

(72)

6

R = (3/Λ)1/2 (61)

H0 ∼ 10−33 eV (62)

mϕ ! 50 TeV (63)

H−1
0 (64)

NHubble > 102 (65)

ζ(≥ 1) (66)

− 0.0133 < Ωk < 0.0084 (95% CL) (67)

Nefold = Hinft (68)

10−27 ∼
!

H0

mPl

" 25/54

! Losc

H−1
0 N1/3

Hubble

!
!

H0

mPl

" 1/2 !
mPl

TBBN

" 1/9

∼ 10−28

(69)

!
TBBN

mPl

" 2/3

! mϕ

mPl
!

!
H0

mPl

" 2/9

(70)

10 TeV ! mϕ ! 50 TeV (71)

!
H0

Heq

" 1/3 !
TBBM

mPl

" 2/9

! Hinf

mPl
(N2/3

Hubbleζ
−2) !

!
H0

mPl

" 2/27

(72)

1

2
ln

!
mPl

H0

"
−1

3
ln

!
Heq

H0

"
−1

9
ln

!
mPl

TBBN

"
+ln(ζN−1/3

Hubble) ! Nefold ! 25

54
ln

!
mPl

H0

"
−1

6
ln

!
Heq

H0

"
+ln(ζN−1/3

Hubble)

(73)

6

R = (3/! )1/2 (61)

H0 ! 10! 33 eV (62)

m! ! 50 TeV (63)

H ! 1
0 (64)

NHubble > 102 (65)

! (" 1) (66)

# 0.0133 < " k < 0.0084 (95% CL) (67)

Nefold = Hinf t (68)

10! 27 !
!

H0

mPl

" 25/54

! Losc

H ! 1
0 N1/3

Hubble

!
!

H0

mPl

" 1/2 !
mPl

TBBN

" 1/9

! 10! 28

(69)

!
TBBN

mPl

" 2/3

! m!

mPl
!

!
H0

mPl

" 2/9

(70)

10 TeV ! m! ! 50 TeV (71)

!
H0

Heq

" 1/3 !
TBBM

mPl

" 2/9

! Hinf

mPl
(N2/3

Hubble ! ! 2) !
!

H0

mPl

" 2/27

(72)

1

2
ln

!
mPl

H0

"
#
1

3
ln

!
Heq

H0

"
#
1

9
ln

!
mPl

TBBN

"
+ln(! N ! 1/3

Hubble ) ! Nefold ! 25

54
ln

!
mPl

H0

"
#
1

6
ln

!
Heq

H0

"
+ln(! N ! 1/3

Hubble )

(73)

41 + ln(! N ! 1/3
Hubble ) ! Nefold ! 63 + ln(! N ! 1/3

Hubble ) (74)

6

The Hubble scale during the non-eternal inflation

The number of e-foldings

R = (3 / Λ)1/ 2 (61)

H0 ! 10! 33 eV (62)

m! ! 50 TeV (63)

H ! 1
0 (64)

NHubble > 102 (65)

! (" 1) (66)

# 0.0133< Ωk < 0.0084 (95% CL) (67)

Nefold = Hinf t (68)

10! 27 !
!

H0

mPl

" 25/ 54

!
L osc

H ! 1
0 N 1/ 3

Hubble

!
!

H0

mPl

" 1/ 2 !
mPl

TBBN

" 1/ 9

! 10! 28

(69)

!
TBBN

mPl

" 2/ 3

!
m!

mPl
!

!
H0

mPl

" 2/ 9

(70)

10 TeV ! m! ! 50 TeV (71)

!
H0

Heq

" 1/ 3 !
TBBM

mPl

" 2/ 9

!
H inf

mPl
(N 2/ 3

Hubble ! ! 2) !
!

H0

mPl

" 2/ 27

(72)

1011 GeV (N ! 1/ 3
Hubble ! ) ! H inf ! 1016 GeV (N ! 1/ 3

Hubble ! )
(73)

1
2

ln
!

mPl

H0

"
#

1
3

ln
!

Heq

H0

"
#

1
9

ln
!

mPl

TBBN

"
+ln( ! N ! 1/ 3

Hubble ) ! Nefold !
25
54

ln
!

mPl

H0

"
#

1
6

ln
!

Heq

H0

"
+ln( ! N ! 1/ 3

Hubble )

(74)

41 + ln( ! N ! 1/ 3
Hubble ) ! Nefold ! 63 + ln( ! N ! 1/ 3

Hubble ) (75)

6
Tuesday, June 26, 12



Conclusions

19

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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