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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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spectrum.
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infaton o Matter dominated by a slowly rolling scalar field .
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oo @ in order to obtain equation of state p ~ —p.

Dark Energy o Quantum vacuum fluctuations during the inflationary
Alternatives phase evolve into an almost scale-invariant spectrum
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e of cosmological perturbations (V. Mukhanov and G.
Conclusions Chibisov, 1982)
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o Large field range d¢ > my, required if inflation is to be a
local attractor in initial condition space (R.B.,
arXiv:1601.01918 for a review).
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o Swampland conjectures: Inflation hard to realize in
superstring theory.

@ Trans-Planckian Censorship Conjecture: causality and

unitarity problem for inflation.
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What are conditions for habitable islands sticking out from
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o The effective field theory is only valid for Ay < dmy,

(field range condition).

o The potential of p obeys (de Sitter conjecture)
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Note: d, ¢y, c> constants of order 1.
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e o Field range condition: move §p ~ mp, — tower of
string states becomes massless and must be included
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Coupling of the S-brane to Standard Model gauge fields —
gauge field production during S-brane decay.
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Idea: At the string scale a new tower of string states
becomes comparable in mass to the usual low energy
degrees of freedom;

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

Included as an S-Brane.

1

S = /d4X\/—g[F1’—|— 5@@8"3@— V(np)]
—/d4Xm5(T — BV

= Nrg,

Note: The S-brane has p = 0 and p < 0 — can mediate the
transition between contraction and expansion. 5576
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String Gas

Conclusions @ momentum modes: E, = n/R

@ winding modes: E,, = mR
@ oscillatory modes: E independent of R
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T-Duality

Introduction

Inflation @ Momentum modes: E, = n/R
Swampland Q W|nd|ng modes: Em — mR
TcC @ Duality: R—1/R (n,m) — (m,n)

Dark Energy .
Alternatives o MaSS SpeCtrum Of Strlng States unChanged

i o Symmetry of vertex operators

S o Symmetry at non-perturbative level — existence of
D-branes
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R < 1: length measured in terms of |x >

R ~ 1: both |x > and |X > important.
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Swampland

TCC

©

Dark Energy
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Conclusion: At string scale densities usual effective field
e 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.
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Structure formation in string gas cosmology

N.B. Perturbations originate as thermal string gas
fluctuations.
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F— phase (neglecting the metric fluctuations)

TCC o For fixed k, convert the matter fluctuations to metric
Dark Energy fluctuations at Hubble radius crossing t = tj(k)

Alternatives
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TCC

S Inserting into the perturbed Einstein equations yields
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(JO(K)[2) = 1672G2k~ (6T % (k)d T%(K)) ,

Conclusions

(Ih(K)[?) = 1672 GPKk=*(5T' (K)o T';(K)) .
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Power spectrum of cosmological fluctuations

Po (k)
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Power spectrum of cosmological fluctuations

Po(k) = 8G?k™' < |dp(k)|? >
= 8G?k? < (0M)? >R
= 8G*k* < (6p)? >R

T 1
_ 2 1
- &G B1-T/Ty

Key features:

o scale-invariant like for inflation
o slight red tilt like for inflation
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Key features:

o scale-invariant (like for inflation)
@ slight blue tilt (unlike for inflation)
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Swampland o Inflation is highly fine tuned assuming validity of the
TCC TCC.
EE“ E':ergy o Ekpyrosis and String Gas Cosmology are consistent
with the swampland criteria and the TCC.

" o Alternatives to Inflation appear more promising in light
of fundamental physics.
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e o Quintessence as Dark Energy is constrained.
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eet o momentum modes prevent contraction
— Ver(R) has a minimum at a finite value of
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R. Branden- @ winding modes prevent expansion

eet o momentum modes prevent contraction
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Swampland

@ in heterotic string theory there are enhanced symmetry
states containing both momentum and winding which

Aot are massless at Rnin

S 0 — Vert(Rmin) =0

String G

Conclusions @ — size moduli stabilized in Einstein gravity background
Shape Moduli [Y-K. Cheung, S. Watson and R.B., 2005]
@ enhanced symmetry states

@ — harmonic oscillator potential for 8
@ — shape moduli stabilized

TCC
Dark Energy
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Dilaton stabilization in SGC
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@ The only remaining modulus is the dilaton.

@ Make use of gaugino condensation to give the dilaton a
potential with a unique minimum.

Introduction
Inflation
Swampland
TCC o — diltaton is stabilized.

DarklEnergy o Dilaton stabilization is consistent with size stabilization
flemaes [R. Danos, A. Frey and R.B., 2008].

@ Gaugino condensation induces (high scale)

supersymmetry breaking [S. Mishra, W. Xue, R.B. and
U. Yajnik, 2012].
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