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Fig. la. Diagram of gravitational instability in the ‘big-bang” model. The region of instability is

located to the right of the line M (¢); the region of stability to the left. The two additional lines of

the graph demonstrate the temporal evolution of density perturbations of matter: growth until the

moment when the considered mass is smaller than the Jeans mass and oscillations thereafter. It is

apparent that at the moment of recombination perturbations corresponding to different masses
correspond to different phases.
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degrees of freedom;

— they must be included in the low energy effective action.

Included as an S-Brane.
1
S = /d4X\/—g[R+ 50up0"0 = V()]
—/d4Xm5(T — BV
k = Nng,

Note: The S-brane has p = 0 and p < 0 — can mediate the

transition between contraction and expansion. g
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Conclusion: At string scale densities usual effective field
theory (EFT) based on supergravity will break down.

Conclusions

Conclusion: If an effective field theory description is valid, it
must be an EFT in 18 spatial dimensions.

28/53



Physical length operator

String
Cosmology

R. Branden-
berger

Introduction

Examples
Ekpyrotic Bounce
Emergent
Cosmology

Swampland
and TCC

ture

Conclusions

29/53



Physical length operator

String
Cosmology

R. Branden-
berger

Introduction

Examples

Ekpyrotic Bounce

Emergent

Cosmology

Swampland

and TCC
land

Conclusions

Conclusion: Resolution of the Cosmological Singularity.

29/53



Absence of a Temperature Singularity in String
Cosmology

String

B Temperature-size relation in string gas cosmology

R. Branden-

T-dual Phase

T

~

Iy

Conclusions

InR

30/53



Emergent Universe from String Cosmology

String
Cosmology

R. Branden-
berger

Emergent
Cosmology

Conclusions

SilISS




Fluctuations from String Cosmology

String
Cosmology

R. Branden-
berger

o Perturbations arise as thermal fluctuations of the string
Introduction gas

e o Thermodynamic quantities have holographic scaling.

Comnaon o — scale invariant spectrum of curvature fluctuations,

e red tilt.

e o — scale invariant spectrum of gravitational waves, blue
ilt.

Conclusions

@ Consistency relation: n; ~ 1 — ng
o Consistency relation: r ~ (1 — ns)?

32/53



Some Key Steps in the Calculation

String
Cosmology

R Branden- (|0(K)[2) = 1672GPk= (T (k)ST(K)),

berger

Introduction

Examples

ooooo gy

Swampland
and TCC

Conclusions

88lSS



Some Key Steps in the Calculation

String
Cosmology

R Branden- (|0(K)[2) = 1672GPk= (T (k)ST(K)),

berger

Introduction
Examples
S 0 0 T2
ooooo b (0To (K)o Tg (k)) = £5Cv -

Swampland
and TCC

Conclusions

88lISS



Some Key Steps in the Calculation

String
Cosmology

R Branden- (|0(K)[2) = 1672GPk= (T (k)ST(K)),

berger

Introduction
Examples
o 0 0 T?
(TSI T(K)) = =5Cv
2?amggmd
- 2 /13
Conclusions CV ~ R /IS
T(1=T/Th)

88lISS



Some Key Steps in the Calculation

String
Cosmology

R Branden- (|0(K)[2) = 1672GPk= (T (k)ST(K)),

berger

Introduction
Examples
0 0 T2
EEEEE (TS (K)STY(K)) = £5Cv
Swamggmd
= 2 /13
Conclusions CV ~ R /IS
T(1=T/Th)

([h(K)[?) = 1672G2k=*(6T](K)ST](K)), i #].

88lISS



String
Cosmology

R. Branden-

berger

Introduction

Examples
El otic Bounce

Swampland
and TCC

Swampland

Conclusions

@ Swampland and TCC Constraints on Cosmology
@ Swampland Criteria
o Trans-Planckian Censorship Conjecture

34/53



Obstacles to Obtaining Inflation

String
Cosmology

R. Branden-
berger

Introduction

Examples

o Swampland conjectures: Inflation hard to realize in
superstring theory.
Swampland

and TCC @ Trans-Planckian Censorship Conjecture: causality and
: unitarity problem for inflation.

Conclusions

851158



Swampland

String
Cosmology

R. Branden-
berger

Introduction o There is a vast landscape of effective field theories.

Examples

Swampland
and TCC

Swampland

Conclusions

36/53



Swampland

String
Cosmology

R. Branden-
berger

Introduction o There is a vast landscape of effective field theories.

e @ Any space-time dimension, and number of fields, any
: shape of the potential, any field range.

Swampland
and TCC

Swampland

Conclusions

36/53



Swampland

String
Cosmology

R. Branden-
berger

Introduction o There is a vast landscape of effective field theories.

Rl @ Any space-time dimension, and number of fields, any
shape of the potential, any field range.
Swampland o Superstring theory is very constraining.

Swampland

o @ Only a small subset of all EFTs is consistent with
‘ string theory.

Conclusions

36/53



Swampland

String
Cosmology

R. Branden-
berger

Introduction o There is a vast landscape of effective field theories.

Rl @ Any space-time dimension, and number of fields, any
shape of the potential, any field range.
Swampland o Superstring theory is very constraining.

Swampland

o @ Only a small subset of all EFTs is consistent with
‘ string theory.

Conclusions

o The rest lie in the swampland.

36/53



String
Cosmology

R. Branden-
berger

Introduction

xamples

Swampland
and TCC

Swampland

String Theory

Energy scale (Quantum Gravity)

Set of consistent low-
energy effective
Quantum Field Theories

Conclusions

SWE] m\pla nd

Landscape / / |

SSS



String
Cosmology

R. Branden-

berger

Introduction

Examples

Swampland
and TCC

Swampland

Conclusions

What are conditions for habitable islands sticking out from
the swamp?

38/53



String
Cosmology

R. Branden- What are conditions for habitable islands sticking out from
berget the swamp?

Introduction

o The effective field theory is only valid for Ay < dmy,
(field range condition).

o The potential of p obeys (de Sitter conjecture)

Swampland
and TCC
V/
|=7|Mp > ¢y or
Conclusions V
i
V"t o, -
Vs T

Note: d, ¢y, c> constants of order 1.

38/53



Consequences

String
Cosmology

R. Branden-
berger

Introduction

o No canonical single field inflation.
Examples
E¥pyrtc Boune o No eternal inflation.

Swampland
and TCC

Swampland

Conclusions

39/53



Consequences

String
Cosmology

R. Branden-
berger

Introduction

o No canonical single field inflation.
@ No eternal inflation.
@ No bare positive A.
Swampland
2o Tee o Dark Energy is not a bare cosmological constant.

Swampland

Examples

Conclusions

39/53



Consequences

String
Cosmology

R. Branden-
berger

Introduction

o No canonical single field inflation.
o No eternal inflation.
@ No bare positive A.
o Dark Energy is not a bare cosmological constant.
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Note: Secondary tensors will be larger than the primary
ones.
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S o String theory — breakdown of effective field theory at
Introduction string scale.
Examples o String theory — constraints on low energy effective field
theory (“Swampland” program).
o Inflation does not naturally emerge from superstring

Swampland
and T(?C theory
' o Inflation is highly fine tuned assuming validity of the
TCC.

Conclusions

o String Cosmology models which do not involve inflation
and which are consistent with the Swampland Criteria
and the TCC exist (e.g. String Gas Cosmology,

S-Brane Ekpyrosis).

o Superstring Cosmology models yield a scale-invariant

spectrum of gravitational waves with a slight blue tilt. ., ..
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