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C Great phenomenology, but

C Originalgoal of explaining why
the cosmos is *likely* to take the
form we observe has proven
very difficult to realize.
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Cosmic Inflation:

4

C Great phenomenology, but

C Originalgoal of explainingvhy
the cosmos is *likely* to take the
form we observénas proven very
difficult to realize.

C OR: Just be happy we have
equations to solve?



OUTLINE

. Big Bang & inflation basics

. Eternal inflation

. de Sitter Equilibrium cosmology

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

Jeans

Sound speed

AOverdense regions of size > R

12
apc 0

£%5r 2

Average energy
density

Jeans

collapse under their own welight.

fthe sizeis < Ry ihey just
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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 Rjo e

At the GUT epoch the observed Universe consisted
of 107 R, 4, Sized regions.

C The Universe was very smooth to start with.

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

aJniv ° 10 > %h Max :10-354? |\/ISniv
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SBB Monopoles

AA 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 , =10'° GeV)
will *ruin* cosmology:
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Monopole dominated Universe
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SBB Horizon

1080 causally disconnected M

at the GUT epoch

Horizon: The distance light has Here &
traveled since the big bang: Now
t
e
dy, = () dt
o a(t’)
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The flatness, homogeneity & horizon features become

oprobl emsd 1 f onregplahmbal s o
conditions.

Basically, the SBB says the universe must start in a

highly balanced (or ofine
Its point.

Must/can one explain this?

Il nfl ati on says oyesbo

N €

t
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Now add cosmic inflation
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Now add cosmic inflation
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The inflaton:

~Homogeneous scalar field obeying

f+3H f= -, GVit )

Cosmic damping Coupling to ordinary matter
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The inflaton:

~Homogeneous scalar field obeying

f+3H f= -, GVit )

Cosmic damping Coupling to ordinary matter

£t LI2GSYUALl feverdamp@dpregime af 2 g |

WhererI :%? V() 9() fc%ms//\
7

> [

A. Albrecht Phy 262 2016 38




Add a period of Inflation:
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With inflation, early production of large amounts of noglativistic
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Perturbations from inflation
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The Basic Tools of Inflation:

Consider a scalar field with:

LG)=> i W/ VE)

|:> f V()> : @allspace and time derivative
(squared) terms

av(G) O 0 0
Then .
E> '|'f7o$0 'V(/) 0 0
" &0 0 -V(¢) O
o 0o 0 -vf)

C) Whichimplies pP= + w=1

dr
da

°0

} Inflation

1.0 What is Cosmic Inflation? A AlbrechtPhy 262 2016




A period of early inflation gives:

-
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A period of early inflation gives:

p
Monopoles: W er— -1
ada ‘e . 8o, K C
& @ H 3 =2 1 a
/_
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Inflation Horizon:

Inflation starts

Inflation ends

Here & Now
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) Inflation in the era of WMAP

.0 What is Cosmic Inflation?

II) Inflation and the arrow of time

[I.1 Introduction

1I.2 Arrow of time basics

1I.3 Inflation and the arrow of time
1I.4 Implications

1.5 Can the Universe Afford Inflation?

lIl) Conclusions

; . A. Alb Phy 262 2016
Cosmic Inflation and the Arrow of Time
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U Inflation:

AAn early period of nearly exponential
(Oosuperl uminal 6) expansi o
oinitialo conditions for
bang
U Predictions:
AW,_.., =1 (to one part in 100,000 as measured)
ACharacteristic oscillations in the CMB power
ANearly scale invariant perturbation spectrum
ACharacteristic Gravity wave, CMB Polarization etc

Aetc

A. Albrecht Phy 262 2016
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WMAP

1J ]

Table 3. “Best” Cosmological Parameters

Description Svimbaol Value +uncertainty  — uncertainty
Total density LA 1.02 (.02 (.02
Equation of state of quintessence W < —0.78 Q5% CL -
Dark energy density Ve 0.73 0.04 004
Baryon density 00, 0 00224 {1, 0009 (0, 0009
Baryon density o, 0.044 0,004 0,004
Barvon density (cm™) n, 2.5% 1077 0.1 s 1077 0.1 3¢ 1077
Matter density b i1 0.135 0008 0,009
Matter density 18, 0.27 (.04 .04
Light neutrino density €, h? < 00076 95% CL —

Bennet't et a l
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power

« Characteristis
oscillations in the CMB
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WMAP

olNearly scale invariant
perturbation spectrum

Table 3. “Best” Cosmological Parameters

Description Svimbol Value +uncertainty  — uncertainty
Power spectrum normalization [_m kg = 0,05 Mpehye 4 0833 (086 (0.083
Scalar spectral index (at &y = 0.05 Mpe™! Hy .93 (.03 .03
.Running index slope (at o = 0.05 Mpe 7 dngfdnk 0031 0.016 0.018 .
¥ < .71 DA L
Z der [ (=5 I I
Az |95 2 2
I (.71 (.04 0.03
Bennett et al
A. Albrecht Phy 262 2016 81



WMAP

«Characteristic Gravity wave,
CMB Polarization etc

v~
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2 o ]
g o ] 1
5 | ; Inflation
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OUTLINE

. Big Bang & inflation basids=m

. Eternal inflation

. de Sitter Equilibrium cosmology

. Cosmic curvature from de Sitter Equilibrium
cosmology
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OUTLINE

. Big Bang & inflation basics
. Eternal inflation¢am
. de Sitter Equilibrium cosmology

. 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
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Quantum fluctuations during slow roll:

— R —

A region of one field coherence
length (=R, ) gets a new quantum
contribution to the field value from
an uncorrelated commoving mode
of size Df =H  inatinpg =+
leading to a (random) quantum rate

of change:
Df . .
Ti_lfQ = *
Thus
fo _H?
o f

measures the importance of
guantum fluctuations in the field
evolutiope? 2016 86



Quantum fluctuations during slow roll:

— R —

A region of one field coherence
length (=R, ) gets a new quantum
contribution to the field value from
an uncorrelated commoving mode
of size Df =H  inatinpg =+
leading to a (random) quantum rate

of change:
Df . .
o e
Thus
2=__ (°— 90
o f ("7 )
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Quantum fluctuations during slow roll:

— R —

For realistic
perturbations the
evolution Is very
classical

A region of one field coherence
length (=R, ) gets a new quantum
contribution to the field value from
an uncorrelated commoving mode
of size Df =H  inatinpg =+
leading to a (random) quantum rate

of change:
%flfQ 2
Thus

guantum fluctuations in the field
evolutiope? 2016 88



Quantum fluctuations during slow roll:

— R —

For realistic
perturbations the
evolution Is very
classical

(But not as classical
as most classical
things we know)

A region of one field coherence
length (=R, ) gets a new quantum
contribution to the field value from
an uncorrelated commoving mode
of size Df =H  inatinpg =+
leading to a (random) quantum rate

of change:
Thus

)
measures the importe
guantum fluctuations in the field
evolutiors? 206 89
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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 (zooming out)
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0

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)

X 104

o]
o

x
g - % ..........
§ /
- -2F d_ro 102
r
A}
-6
6 -5 4 -3 -2 -1 0
log(a/,) « 10"

A. Albrecht Phy 262 2016 98



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)

x 10
6-
Not at all classicall
4_
— 2r
=
o
g | Np— . = 1
o %
- -2r r
-4- /
_6-
-4 -3 -2 -1 0
og(@/a,) < 10°

A. Albrecht Phy 262 2016 102



Substantial probability of
5 fluctuating up the potential and
continuing the inflationary
expansiorC & 9 U SNJY I €
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At end of seHreproduction our observable length scales were
exponentially below the Plank length (and much smaller than that
*during* selfreproduction)!

0]

)]

0
H

log[(R /R

4 -3 -2 -1 0
og(alay) <10

A. Albrecht Phy 262 2016 105



10 GF2NXIOGA2YyE O dzo o f

above the Planck length

10

OF

10k

=

)]

0
H

log[(R,/R

\

102 1,

-60 -50 -40 -30 -20
Iog(a/ao)

(Bunch Davies Vacuum)
A. Albrecht Phy 262 2016

-10

106



)]

0
H

log[(R /R

Substantial probability of
fluctuating up the potential and

continuing the inflationary
expansiorC & 9 U SNJY I €

3 2 1 0
Iog(a/ao) 5

A. Albrecht Phy 262 2016

107



2 5E20
In selfreproduction regime,
5 guantum fluctuations compete
with classical rolling
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Selfreproduction is a generic feature of almost
any inflaton potential:

During inflation
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Selfreproduction is a generic feature of almost
any inflaton potential:

During inflation
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In selfreproduction regime,
guantum fluctuations compete
with classical rolling
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NB: shifting focus tol (t)
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Eternal inflation features

A Most of the Universe is always inflating
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Eternal inflation features

A Most of the Universe is always inflating
A Leads to infinite Universe, infinitely many pocket universes. Tl
seltreproduction phase lasts forever.
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Eternal inflation features

A Most of the Universe is always inflating
A Leads to infinite Universe, infinitely many pocket universes. Tl
seltreproduction phase lasts forever (globally).
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Eternal inflation features
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get landscape story!
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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.
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Or, just be happy we

have equations to
solve?




