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Did the universe begin with inflation and an initial singularity? 
(Past geodesic incompleteness)

Or was there a bounce?



 

A third possibility? 
A Lingering Universe
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FLRW with positive spatial curvature

We will consider two fluids, one standard matter and the 
other sector obeying the Null Energy Condition.
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Early models of cosmology



FLRW with positive spatial curvature

Spatial curvature?  What about observations?



Linger leads to inflation (which wipes out spatial curvature).

Two fluid model



Linger leads to inflation (which wipes out spatial curvature).



Depending on the duration of inflation there could be a small amount 
of spatial curvature observable today (recall Planck 2018 results)

https://arxiv.org/abs/1807.06209

Provocatively: Could this be a signal of a lingering universe?

However…



Linger leads to inflation (which wipes out spatial curvature).

Two fluid model



Many outstanding questions
Origin of initial conditions?

What determines the abundance of each fluid?

Including spatial curvature leads to new models, but 
where is the fundamental motivation?

Can you have a lingering universe without spatial 
curvature?

Summary: such solutions are possible 
And can lead to inflation without initial singularity 

(kinda of — we need to explore further).



Lingering Initial Conditions

Departure from lingering 
Initial conditions



Lingering Initial Conditions



PLAN

Part One: 
Lingering in a classical Universe

Part Two: 
Lingering from String Theory



Some of the motivation for this part:

Waiting for Inflation: A New Initial State for the Universe
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Model independent String Cosmology

String frame action

Einstein frame action



Model independent String Cosmology

These equations lead to cosmological solutions that 
have been used to argue for alternatives to inflation.

Examples: String Gas Cosmology, Pre-Big Bang

Such approaches violate the Null Energy Condition (NEC), 
resulting in catastrophic instabilities and fine-tuning of initial conditions

WHAT I AM NOT 
TALKING ABOUT



Hagedorn Cosmology

Key point: There is a limiting temperature in string theory  
And therefore limiting energy.

Cosmological Dynamics
Shifted dilaton 
(Helps manifest dualities)
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Energy
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� = ln a(t)

Hagedorn Cosmology



Hagedorn Cosmology

Particles behave as strings at high temperature (early universe)

Cosmological Dynamics



Hagedorn Cosmology

One can find exact solutions



Hagedorn Cosmology

Repeller

One solution is asymptotic inflation driven by dilaton



Dynamics come with “branches” (super-selection sectors)



Post Hagedorn Cosmology

“Stringy matter phases”



The Problem with String Gas Cosmology is NEC violation
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Hs
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Hs



Null Energy Condition

To make this issue quantitative we can introduce the “egg function”
(Let me explain how my graduate thesis was wrong — kinda)

You can not change branches!

You can not change branches! 
(Without NEC violation and violations  
of conservation of Energy,  
a.k.a. the Hamiltonian constraints,  
Such solutions are not viable.)



Null Energy Condition

Egg Function



Egg Function

Violating the NEC is not enough. 
The path in the phase space must violate it long 
enough and escape



Egg Function

Branch choice

Branch change

Escape Negative Branch to positive



Egg Function

Branch change

Escape Negative Branch to positive

Positive, definite volume  
of the phase space.
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�̇ = Hs Always positive



Egg Function

Positive, definite volume  
of the phase space.
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⇢s + ps < 0

Must have NEC violation and for long enough to escape the egg
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⇢s + ps < 0
Must have NEC violation and for long enough to escape the egg

Is this bad?

There are several reasons this is problematic.
NEC violation implies instabilities in GR.

Null convergence condition 
(Geodesic completeness of light)

Fine-tuning of initial conditions and perturbations.

- Problems with causality of observers (S-matrix)

- Problems for cosmological perturbations

- Attractor behavior of the solutions
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In both models we consider 
we do not violate the NEC.



Null Energy Condition

In PART ONE (classical GR),  
we didn’t violate the NEC due to SPATIAL CURVATURE



PART TWO:  We simply remain on the same branch



Challenges for PART TWO

How long does lingering last?

(Determined by string dynamics and dilaton evolution)

How does inflation end? And how long does that last?

Nature of the Hagedorn phase? Is there a phase transition?



Motivation for the approach

A lingering universe gives a new cosmological paradigm.

No initial singularity (unlike inflation… to be discussed with Damien).

The approach can also address the landscape / multiverse.

During the Hagedorn phase the motion of fields is expected

to be ergodic (hyperbolic moduli space). Sampling the 
phase space leads to preferred values of the fields (localized 
at enhanced symmetry points). This dynamics can then 
determine the size of extra dimensions, the nature of 
inflation, etc…

We can address initial conditions for inflation (can avoid subtleties of dS).

Can one address the initial singularity and issues with the 
S-matrix via this approach (even the classical model)?





Thank you
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