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Eternal in�ation and predictions

� Eternal in�ation: de�nition, types, scenarios

� Geometry of the universe in the very large:
fractal causal structure

� Probability measure problem, comparison of cutoffs



Eternal in�ation

Quantum �uctuations generate “jumps” on top of slow roll:
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Evolution of �eld values

Surfaces � = const :

t

horizon-size region

Inhomogeneities develop on scales & H � 1



Qualitative features of eternal in�ation

Spacetime geometry is homogeneous on scales . H � 1

In�ation does not �nish everywhere ( � = � � ) at the same
time

Random walk of � ) “self-reproduction”

“Jumps” �� � H
2� dominate over slow roll if
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In�ation lasts arbitrarily long in some regions  “eternal”



Eternal in�ation in a box

Discrete spacetime simulation in 2+1 dimensions:

in�ating regions

thermalized regions

� Imitates bubble nucleation in de Sitter spacetime

� Eternal in�ation is present if thermalization is not too
frequent



Fractal structure of the in�ating domain I



Fractal structure of the in�ating domain II

Fractal dimension can be computed [Winitzki 2002]



In�ationary scenarios

Eternal in�ation of random walk type:

� Potential-driven; hybrid; k-in�ation; braneworld in�ation

Eternal in�ation of tunneling type:

� “Old” in�ation; open in�ation; “landscape”

Generically, in�ation is eternal in many scenarios
(not in braneworld)



Surface of reheating

Surface has in�nite 3-volume arising from �nite initial pat ch

Observable parameters may �uctuate across the surface



Thermalized domains

Thermalized domains may be topologically disconnected
[Winitzki 2004]



Causal structure

Future in�nite boundary has fractal structure [Winitzki 20 05]



Distribution of observable parameters
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Would like to predict the distribution of � at the reheating
surface � = � �

(parameter � may be continuous or discrete)



Measure proposals I. Single surface

1. Probability proportional to 3-volume

� Independent of initial conditions

� Need a volume cutoff

2. Comoving probability distribution (along a comoving
worldline)

� Depends on initial conditions

� No need for cutoff



Volume cutoff proposals

� Equal-time cutoff: compute the volume thermalized
before t = tmax , then set tmax ! 1 [Linde et al. 1993]

� Results depend sensitively on time slicing!

� “" -prescription”: Cutoff at time t " when a fraction " is
still in�ating [Vilenkin 1995]

� Results still depend on time slicing

� “Spherical cutoff”: take a sphere of radius R within
the reheating surface, then set R ! 1 [Vilenkin 1998;
Vanchurin, Vilenkin, Winitzki 1999]

� OK, but not easy to implement calculations



Dependence on time slicing

Equal-time cutoff gives problematic answers [Tegmark 2004]

There is no “correct” time slicing [Winitzki 2005]



Comoving probability distribution

x

Count the fraction of lines that �nish in regions of a given
kind

� Ignores the growth of 3-volume

� Depends on initial state



Measure proposals II. Multiple surfaces

“Recycling universe”: Each bubble has its own (in�nite!)
reheating surface
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� The measure needs to prescribe a weight wk for each
kind (k = 1 , 2, 3, ...) of bubble



Recycling universe
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Each bubble contains an in�nite number of other bubbles
(except for “terminal” kinds)



Landscape of string theory
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� Each pocket universe is a bubble of FRW spacetime

� Transition rates are known [Bousso, Polchinsky 2000]



Bubble counting proposals

� Count the number of “reference markers” [Garriga,
Vilenkin 2001]

� Results depend on initial state and properties of markers!

� Comoving size cutoff: Exclude bubbles of asymptotic
comoving size < " , then set " ! 0 [Garriga et al. 2005;
Easther, Lim, Martin 2005]

� Results are independent of initial conditions and of time
slicing

� “Worldline-based” probability: computed along a ran-
dom comoving line [Bousso et al. 2005, Bousso 2006]

� No cutoff needed; results depend on initial conditions



Comoving size cutoff

t

x

Count every bubble intersected by at least 1 line

� Independent of the distribution of lines



Worldline-based prescription
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x

Count every intersection separately

� Depends sensitively on the initial state



Conclusions

Eternal in�ation is generic in most in�ationary scenarios
(not in braneworld)

A complicated structure of spacetime on very large scales

Proposals for probability measure are not yet completely
understood

Have good proposals for single-surface and multi-surface
scenarios

Physical considerations needed to choose between volume-
based and worldline-based prescriptions


