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form we observe has proven 
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Cosmic Inflation:

Č Great phenomenology, but 

Č Original goal of explaining why 
the cosmos is *likely* to take the 
form we observe has proven very 
difficult to realize. 

Č OR:  Just be happy we have 
equations to solve?
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1. Big Bang & inflation basics

2. Eternal inflation

3. de Sitter Equilibrium cosmology

4. Cosmic curvature from de Sitter Equilibrium 
cosmology
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Evolution of Cosmic Matter
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Evolution of Cosmic Matter
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Evolution of Cosmic Matter
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Gravitational instability: The Jeans Length

I.0 What is Cosmic Inflation? 
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SBB Homogeneity:

On very large scales the Universe is highly homogeneous, 
despite the fact that gravity will clump matter on scales 

greater than RJeans

At the GUT epoch the observed Universe consisted 
of 1079 RJeans sized regions.

ČThe Universe was very smooth to start with.

NB: Flatness & Homogeneity Č SBB Universe starts in 
highly unstable state.

35 35 210 10 4Univ bh Max UnivS S Mp- -

-º =

i

I.0 What is Cosmic Inflation? A. Albrecht Phy 262 2016
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SBB Monopoles

i

I.0 What is Cosmic Inflation? 

ÅA GUT phase transition (or any other process) that 
injects stable non -relativistic matter into the universe 
at early times (deep in radiation era, ie T i =1016 GeV) 
will *ruin* cosmology:
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t=0

Here & 
Now

SBB Horizon

1080 causally disconnected regions 
at the GUT epoch

i

I.0 What is Cosmic Inflation? 
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Horizon:  The distance light has 
traveled since the big bang:
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32I.0 What is Cosmic Inflation? 

The flatness, homogeneity & horizon features become 
òproblemsó if one feels one must explain initial 
conditions.   

Basically, the SBB says the universe must start in a 
highly balanced (or òfine tunedó) state, like a pencil on 
its point.

Must/can one explain this?

Inflation says òyesó

A. Albrecht Phy 262 2016
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The inflaton:

~Homogeneous scalar field        obeyingf

()3H Vff f f f¡+ =-G -

() ()2 01
.

2
I V V const ar f f f º= + º º ´

!ƭƭ ǇƻǘŜƴǘƛŀƭǎ ƘŀǾŜ ŀ άƭƻǿ Ǌƻƭƭέ όoverdamped) regime 
where

Cosmic damping Coupling to ordinary matter

f

V
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With inflation, initially large curvature is OK:

A. Albrecht Phy 262 2016 40



-60 -40 -20 0 20
-20

0

20

40

60

80

100

120

log(a/a
0
)

lo
g
( r

/ r
c0
)

 

 

r
I

r
r

r
m

r
L

Monor

With inflation, early production of large amounts of non-relativistic 
matter (monopoles) is ok :

A. Albrecht Phy 262 2016 41



-60 -40 -20 0 20
-20

0

20

40

60

80

100

120

log(a/a
0
)

lo
g
( r

/ r
c0
)

 

 

r
I

r
r

r
m

r
L

Monor

With inflation, early production of large amounts of non-relativistic 
matter (monopoles) is ok :

A. Albrecht Phy 262 2016 42



Inflation detail:
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Evolution of Cosmic Length
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Evolution of Cosmic Length



-60 -50 -40 -30 -20 -10 0 10
-70

-60

-50

-40

-30

-20

-10

0

10

log(a/a
0
)

lo
g
[(

R
H
/R

H0
)-1

]

BBN

A. Albrecht Phy 262 2016 61

Evolution of Cosmic Length
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Evolution of Cosmic Length
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Evolution of Cosmic Length
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The Basic Tools of Inflation:

Consider a scalar field with:
1

( ) ( )
2

Vm

mj j j j= µ µ -L

If ( )V j>>all space and time derivative 
(squared) terms

Then
( ) 0 0 0

0 ( ) 0 0

0 0 ( ) 0
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~ Hta e Inflation 

w=-1

i
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A period of early inflation gives:

Flatness:
2
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Homogeneity

At horizon crossing:

510Hd
-ºA suitably adjusted potential will give :

i

I.0 What is Cosmic Inflation? 
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A period of early inflation gives:

Monopoles:
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I.0 What is Cosmic Inflation? 
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Inflation Horizon:

Here & Now

Inflation starts

Inflation ends

i
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I) Inflation in the era of WMAP

I.0 What is Cosmic Inflation?

I.1 Successes

III) Conclusions

II) Inflation and the arrow of time

II.1 Introduction

II.2 Arrow of time basics

II.3 Inflation and the arrow of time

II.4 Implications

II.5 Can the Universe Afford Inflation?

Cosmic Inflation and the Arrow of Time
A. Albrecht Phy 262 2016



78I.1 Successes

ü Inflation:

ÅAn early period of nearly exponential 
(òsuperluminaló) expansion set up the 
òinitialó conditions for the standard big 
bang

üPredictions:

ÅWtotal =1 (to one part in 100,000 as measured)

ÅCharacteristic oscillations in the CMB power 

ÅNearly scale invariant perturbation spectrum 

ÅCharacteristic Gravity wave, CMB Polarization etc

Åetc

A. Albrecht Phy 262 2016



ωWtotal=1

Bennett et al Feb 11 ô03

WMAP
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ωCharacteristic 
oscillations in the CMB 
power 

Adapted from 

Bennett et al Feb 11 ô03

WMAP

òActiveó models
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ωNearly scale invariant 
perturbation spectrum

Bennett et al Feb 11 ô03

WMAP

() 1 sn

H k

k Ak
dr
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=
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ωCharacteristic Gravity wave, 
CMB Polarization etc

Bennett et al Feb 11 ô03

WMAP

òActiveó models

Inflation

TxE polarization 
power
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OUTLINE

1. Big Bang & inflation basics

2. Eternal inflation

3. de Sitter Equilibrium cosmology

4. Cosmic curvature from de Sitter Equilibrium 
cosmology
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OUTLINE

1. Big Bang & inflation basics

2. Eternal inflation

3. de Sitter Equilibrium cosmology

4. Cosmic curvature from de Sitter Equilibrium 
cosmology
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Does inflation make the SBB 
natural?

How easy is it to get inflation to 
start?

What happened before inflation?

A. Albrecht Phy 262 2016 85



HR

Quantum fluctuations during slow roll: 

A region of one field coherence 
length (           ) gets a new quantum 
contribution to the field value from 
an uncorrelated commoving mode 
of size                 in a time                 
leading to a (random) quantum rate 
of change:

Thus

measures the importance of 
quantum fluctuations in the field 
evolution

HR=

HfD = 1t H-D =

2
Q Hf

f f
=

2

Q H
t

f
f

D
¹ =

D
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Quantum fluctuations during slow roll: 

A region of one field coherence 
length (           ) gets a new quantum 
contribution to the field value from 
an uncorrelated commoving mode 
of size                 in a time                 
leading to a (random) quantum rate 
of change:
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For realistic 
perturbations the 
evolution is very 
classical 
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Quantum fluctuations during slow roll: 

A region of one field coherence 
length (           ) gets a new quantum 
contribution to the field value from 
an uncorrelated commoving mode 
of size                 in a time                 
leading to a (random) quantum rate 
of change:
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For realistic 
perturbations the 
evolution is very 
classical 

89A. Albrecht Phy 262 2016

(But not as classical 
as most classical 
things we know!)
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It seems reasonable 
to assume the field 
was rolling up here 
beforehand (classical 
extrapolation)
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Evolution of Cosmic Length
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Evolution of Cosmic Length (zooming out)
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Evolution of Cosmic Length (zooming out)
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Evolution of Cosmic Length (zooming out)
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Evolution of Cosmic Length (zooming out)
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Evolution of Cosmic Length (zooming out)
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Evolution of Cosmic Length (zooming out)
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Evolution of Cosmic Length (zooming out)
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Evolution of Cosmic Length (zooming out)
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Evolution of Cosmic Length (zooming out)
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Evolution of Cosmic Length (zooming out)
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Steinhardt 1982, Linde1982, Vilenkin
1983, and (then) many others
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At end of self-reproduction our observable length scales were 
exponentially below the Plank length (and much smaller than that 
*during* self-reproduction)!
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!ǘ άŦƻǊƳŀǘƛƻƴέ όIǳōōƭŜ ƭŜƴƎǘƘ ŎǊƻǎǎƛƴƎύ ƻōǎŜǊǾŀōƭŜ ǎŎŀƭŜǎ ǿŜǊŜ Ƨǳǎǘ 
above the Planck length

(Bunch Davies Vacuum)



-4 -3 -2 -1 0

x 10
5

-6

-4

-2

0

2

4

6

x 10
5

log(a/a
0
)

lo
g
[(

R
H
/R

H0
)]

 

110
dr

r

-º

S
e

lf-re
p

ro
d

u
ctio

n
 re

g
im

e

Substantial probability of 
fluctuating up the potential and 
continuing the inflationary 
expansion Č ά9ǘŜǊƴŀƭ LƴŦƭŀǘƛƻƴέ 

1
Qfdr

r f
= º

A. Albrecht Phy 262 2016 107



-200 -100 0 100 200
0

0.5

1

1.5

2

2.5
x 10

4

f/M
P

V
/M

G
U

T

4

In self-reproduction regime, 
quantum fluctuations compete 
with classical rolling 

A. Albrecht Phy 262 2016 108

Q



A. Albrecht Phy 262 2016 109

Self-reproduction is a generic feature of almost 
any inflaton potential: 

()3H Vff f f f¡+ =-G -

During inflation 
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Self-reproduction is a generic feature of almost 
any inflaton potential: 

()3H Vff f f f¡+ =-G -

During inflation 
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1² for self-
reproduction 
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Linde & Linde
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NB: shifting focus to ()l t
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Eternal inflation features

ÅMost of the Universe is always inflating
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Eternal inflation features

ÅMost of the Universe is always inflating
ÅLeads to infinite Universe, infinitely many pocket universes.  The 

self-reproduction phase lasts forever.
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Eternal inflation features

ÅMost of the Universe is always inflating
ÅLeads to infinite Universe, infinitely many pocket universes.  The 

self-reproduction phase lasts forever (globally).
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Eternal inflation features

ÅMost of the Universe is always inflating
ÅLeads to infinite Universe, infinitely many pocket universes.  The 

self-reproduction phase lasts forever.
ÅLƴŦƭŀǘƛƻƴ άǘŀƪŜǎ ƻǾŜǊ ǘƘŜ ¦ƴƛǾŜǊǎŜέΣ ǎŜŜƳǎ ƭƛƪŜ ŀ ƎƻƻŘ ǘƘŜƻǊȅ ƻŦ 

initial conditions.
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Eternal inflation features

ÅMost of the Universe is always inflating
ÅLeads to infinite Universe, infinitely many pocket universes.  The 

self-reproduction phase lasts forever.
ÅLƴŦƭŀǘƛƻƴ άǘŀƪŜǎ ƻǾŜǊ ǘƘŜ ¦ƴƛǾŜǊǎŜέΣ seems like a good theory of 

initial conditions.
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Eternal inflation features

ÅMost of the Universe is always inflating
ÅLeads to infinite Universe, infinitely many pocket universes.  The 

self-reproduction phase lasts forever.
ÅLƴŦƭŀǘƛƻƴ άǘŀƪŜǎ ƻǾŜǊ ǘƘŜ ¦ƴƛǾŜǊǎŜέΣ ǎŜŜƳǎ ƭƛƪŜ ŀ ƎƻƻŘ ǘƘŜƻǊȅ ƻŦ 

initial conditions.
ÅNeed to regulate ЊΩǎ ǘƻ ƳŀƪŜ ǇǊŜŘƛŎǘƛƻƴǎΣ ǘȅǇƛŎŀƭƭȅ ǳǎŜ ŀ ŎǳǘƻŦŦΦ
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Eternal inflation features

ÅMost of the Universe is always inflating
ÅLeads to infinite Universe, infinitely many pocket universes.  The 

self-reproduction phase lasts forever.
ÅLƴŦƭŀǘƛƻƴ άǘŀƪŜǎ ƻǾŜǊ ǘƘŜ ¦ƴƛǾŜǊǎŜέΣ ǎŜŜƳǎ ƭƛƪŜ ŀ ƎƻƻŘ ǘƘŜƻǊȅ ƻŦ 

initial conditions.
ÅNeed to regulate ЊΩǎ ǘƻ ƳŀƪŜ ǇǊŜŘƛŎǘƛƻƴǎΣ ǘȅǇƛŎŀƭƭȅ ǳǎŜ ŀ ŎǳǘƻŦŦΦ
ÅFor a specific time cutoff, the most recently produced pocket 

universes are exponentially favored (produced in an 
exponentially larger region). 
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Eternal inflation features

ÅMost of the Universe is always inflating
ÅLeads to infinite Universe, infinitely many pocket universes.  The 

self-reproduction phase lasts forever.
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ÅMost of the Universe is always inflating
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Eternal inflation features

ÅMost of the Universe is always inflating
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Eternal inflation features

ÅMost of the Universe is always inflating
ÅLeads to infinite Universe, infinitely many pocket universes.  The 

self-reproduction phase lasts forever.
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Eternal inflation features

ÅMost of the Universe is always inflating
ÅLeads to infinite Universe, infinitely many pocket universes.  The 
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Eternal inflation features

ÅMost of the Universe is always inflating
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Eternal inflation features

ÅMost of the Universe is always inflating
ÅLeads to infinite Universe, infinitely many pocket universes.  The 

self-reproduction phase lasts forever.
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A problem has been detected and your calculation has been shut down 
to prevent damage

RELATIVE_PROBABILITY_OVERFLOW

If this is the first time you have seen this stop error screen,
restart your calculation. If this screen appears again, follow 
these steps:

Check to make sure all extrapolations are justified and equations 
are valid. If you are new to this calculation consult your theory 
manufacturer for any measure updates you might need. 

If the problems continue, disable or remove features of the theory 
that cause the overflow error. Disable options such as self -
reproduction or infinite time.  If you need to use safe mode to 
remove or disable components, restart your computation and utilize    
to select holographic options.  

SL
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Eternal inflation features

ÅMost of the Universe is always inflating
ÅLeads to infinite Universe, infinitely many pocket universes.  The 

self-reproduction phase lasts forever.
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Or, just be happy we 
have equations to 
solve?


