Title: Explorationsin Cosmology - Lecture 1
Date: Mar 12, 2012 10:15 AM

URL: http://pirsa.org/12030023

Abstract:

Pirsa: 12030023 Page 1/51



® Preview File FEdit View Go Tools Bookmarks Window Help g€ O O % = 4 |+ (FF(Charged) Mon 10:19 AM Louis Leblond Q

an on
Q @ | @& AN i) 2 Elo m@E|Q

Explorations in Cosmology

w syllabus.pdf (page 1 of 3)

Instructors
Matt Johnson
email: mjohnson@perimeterinstitute.ca
pffice: 228

N Louis Leblond
. email: 1leblond@perimeterinstitute.ca
office: 473

Course Schedule
March 12 through March 30.
: lecture: 10:15 - 11:15, M-Ir
Tutorial: 3:30, March 12, 15, 20, 22, 26, and 27

Course Description

. The course will focus on quantum effects in cosmology. An important paradigm in modern
cosmology is inflation, a postulated epoch of accelerated expansion in the early universe.
Inflation can produce a large, homogeneous, and isotropic universe, explaining the gross
features of our observable universe. It also gives rise to a phenomenologically successful
spectrum of density fluctuations that can seed the growth of structure. Understanding the |
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Louis Leblond
email: 1leblond@perimeterinstitute.ca
office: 473

Course Schedule {
March 12 through March 30.
lecture: 10:15 - 11:15, M-Fr
Tutorial: 3:30, March 12, 15, 20, 22, 26, and 27

Course Description

The course will focus on quantum effects in cosmology. An important paradigm in modern
cosmology is inflation, a postulated epoch of accelerated expansion in the early universe.
Inflation can produce a large, homogeneous, and isotropic universe, explaining the gross
features of our observable universe. It also gives rise to a phenomenologically successful
spectrum of density fluctuations that can seed the growth of structure. Understanding the
production of these density fluctuations is the first pillar of this course. However, inflation
is such a good homogenizer that, once unleashed, in many cases it becomes eternal, ending
only within local pockets or bubbles. Because space is expanding between the pockets
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Week 1
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e March 12: Review of the standard model of cosmology.

e March 13: QFT in curved space.

e March 14: Unruh effect and particle production.

e March 15: Friedmann Robertson Walker (FRW) universes.
e March 16: de Sitter (dS) space.

Week 2 4

e March 19: Inflation: the homogeneous limit.
e March 20: Density perturbations produced during slow-roll inflation.
e March 21: Imprint of inflation on the Cosmic Microwave Background radiation.

e March 22: Stochastic eternal inflation.
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e March 29:
e March 30:

Tutorials
Week 1

e March 12:
e March 15:

Week 2

e March 20:
e March 22:

Week 3

e March 26:
e March 27:

Reading:
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Quantum cosmology and wave function of the universe.

Challenges for inflation, alternatives to inflation.

Conformal diagrams
de Sitter space and temperature of the vacuum.
|

Solving the problems of standard big bang cosmology.

Inflationary model building.

Eternal inflation.

Finding the decay rate of the universe.

e Quantum field theory in curved spacetime (Week 1):
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e March 27: Finding the decay rate of the universe.
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Reading;:
e Quantum field theory in curved spacetime (Week 1):

1. Mukhanov and Winitzki, Introduction to quantum effects in gravity, Cambridge
’ Univ. Press, 2007. Chapters 1, 3, 4, 6, 7, 8.

e Cosmological perturbation theory (Week 1-2):

1. J. Maldacena, Nén-Gaussian features of primordial fluctuations in single field
inflationary models, arxiv:astro-ph/0210603. Only section 2.

e Eternal inflation (Week 2-3):
1. S. Winitzki, Predictions in eternal inflation, arxiv: gr-qc/0612164.
e Vacuum decay (Week 2-3):
1. S. Coleman, The uses of instantons, chapters 1, 2, 6. Full text available at:

http://ccdbbfs.kek. jp/cgi-bin/img_index?7805043

- 2. S. Coleman and F. de Luccia, Gravitational effects on and of vacuum decay,
Phys. Rev. D21, 3305.
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e Quantum cosmology (Week 3):
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1. A. Vilenkin, The quantum cosmology debate, arxiv:gr-qc/9812027.

Optional reading:

. e W. Hu and S. Dodelson, Cosmic microwave background anisotropies, arxiv: astro-

. ph/0110414. (Inflation and CMB).

e A. Linde, Particle physics and inflationary cosmology, arxiv:hep-th/0503203: Chap-
ters 1, 7, and 10. (Inﬂ;ﬁtion, eternal inflation, and vacuum decay)

e A. Aguirre, Eternal inflation, past and future, arxiv:0712.0571. (Eternal inflation)

e S. Carroll and J. Chen, Does inflation provide natural initial conditions for the uni-
verse?, arxiv: gr-qc/0505037. (Problems with inflation)

e P. Steinhardt The inflation debate, Scientific American, April 2011, Pgs. 36-43. (Al-
ternatives to inflation)

e J-L. Lehners Ekpyrotic and cyclic cosmology, arxiv:0806.1245. (Alternatives to infla-
. tion)
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Cosmology as an observational science
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ACDM

Concordance Model, Standard Big-Bang

We live in a nearly flat, accelerating
universe, composed almost entirely of
dark energy and dark matter.
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Concordance Model, Standard Big-Bang

We live in a nearly flat, accelerating
universe, composed almost entirely of
dark energy and dark matter.
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Penzias, Wilson

1019 photons per baryon but
their energy is negligible today

T ~ 273K
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Problems with ACDM

* Flatness

® Horizon

* Monopole

e What’s up with those initial conditions?

¢ What'’s up with A?
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Problems with ACDM

Universe tends to curve. If its flat now, it had to
/ be even flatter in the past. why?

* Flatness

s Horlzon The question is really why did the universe start
radiation dominated

 Monopole /

e What’s up with those initial conditions?

e What's up with A?
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Problems with ACDM

Universe tends to curve. If its flat now, it had to
/ be even flatter in the past. why?

* Flatness

e Horizon The question is really why did the universe start
radiation dominated

 Monopole /

e What’s up with those initial conditions?

¢ What's up with A?

\.
The cosmological constant problem
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Problems with ACDM

¢ Flatness

| * Horizon |

* Monopole

| e What’s up with those initial conditions?

¢ What'’s up with A?
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Cosmic Microwave Background (CMB) radiation

The radiation released when neutral atoms were formed.
A basic prediction of the standard big bang cosmology.
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Cosmic Microwave Background (CMB) radiation

The radiation released when neutral atoms were formed.
A basic prediction of the standard big bang cosmology.
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Cosmic Microwave Background (CMB) radiation

The radiation released when neutral atoms were formed.
A basic prediction of the standard big bang cosmology.
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Horizon problem

time

Big Bang
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Horizon problem

time

-

How are these regions at
nearly the same temperature?

Big Bang
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Like dark energy

time

space .

A
A 4

CMB formed - MeV 0 ey

Inflation!

As long as inflation last
long enough, we can
make sure that al
?Big Bang? observablels were in causal
contact in the far past
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Like dark energy

time

space

A
A 4

CMB formed - MeV 10~ ¥4\

Inflation!

As long as inflation last
long enough, we can
make sure that al
?7Big Bang? observablels were in causal
contact in the far past
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Negative pressure fluid P = —P

simplest model is a scalar field with a large potential energy.

o V(o) L
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Problems with ACDM

¢ Flatness
* Horizon

* Monopole

e What's up with those initial conditions?

e What's up with A?
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Initial conditions
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Initial conditions
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To match data, ACDM must be given initial perturbations.

Basic properties
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Properties of initial conditions

Pk
J1OHN)

Perturbations in gravitational potential. All
wavelength, amplitude for each wave is drawn |
from a gaussian with variance 10°

When the perturbation enter the

/\/\/\/\/‘\/\/\/\/\/ horizon, dark matter falls in
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Properties of initial conditions

Pk
UMD

Perturbations in gravitational potential. All
wavelength, amplitude for each wave is drawn |
from a gaussian with variance 10

h/Mpx

When the perturbation enter the

/\/\/\/\ r’\/\/\/\/\/ horizon, dark matter falls in
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Properties of initial conditions

Pk
JOOH)

Perturbations in gravitational potential. All
wavelength, amplitude for each wave is drawn |
from a gaussian with variance 10

When the perturbation enter the
horizon, dark matter falls in
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Properties of initial conditions

Pk
1OEH)

Perturbations in gravitational potential. All
wavelength, amplitude for each wave is drawn |
from a gaussian with variance 10

h/Mpx

When the perturbation enter the

/\/\/\/\/\/\/\/\/\/ horizon, dark matter falls in
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Inflation generates perturbations naturally with
these properties

time

space

Surface of last
scattering Quantum fluctuations in the
inflaton provide the initial

perturbations.

Vi)
3

?Big Bang?
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Quantum Perturbations in Picture

Accelerating phase
with nearly constant Hubble

O H = cst

e

1/H
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Quantum Perturbations in Picture

Accelerating phase
with nearly constant Hubble
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Quantum Perturbations in Picture

Accelerating phase
with nearly constant Hubble
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Quantum Perturbations in Picture

Accelerating phase
with nearly constant Hubble

N H =~ cst

H
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1/H 27

/

C-Af Curvature fluctuations
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Quantum Perturbations in Picture

Accelerating phase
with nearly constant Hubble

N H =~ cst
B e

: H
0P ~ —

1/H 27

v

C-AT Curvature fluctuations

In decelerating phase: Our horizon
catches up with the super Hubble

/\8\/ fluctuation seeded during inflation

H
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Quantum Perturbations in Picture

Accelerating phase
with nearly constant Hubble

N H =~ cst
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1/H 2
C-Af Curvature fluctuations
In decelerating phase: Our horizon

catches up with the super Hubble
fluctuation seeded during inflation

H
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Quantum Perturbations in Picture

Accelerating phase
with nearly constant Hubble
H =~ cst
H

f)‘f);. ~ =
v

Ck‘ Curvature fluctuations

-

In decelerating phase: Our horizon
catches up with the super Hubble
fluctuation seeded during inflation
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Ok, good, inflation but what does it imply?

irsa: 12030023 Page 46/51



Stochastic eternal inflation

-

I d0Pe ~ 0,

then in some regions of space inflation never
ends. you will always in some places but no
others.
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Stochastic eternal inflation

I O0De ~ 0,

then in some regions of space inflation never
ends. you will always in some places but no
others.

Pirsa: 12030023 Page 48/51



Tunneling Eternal Inflation

Vo)

@]

vacuum decay
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Vacuum Decay

“The possibility that we are living in a false vacuum has never been a
cheering one to contemplate. Vacuum decay is the ultimate ecological
catastrophe; in a new vacuum there are new constants of nature: after
vacuum decay, not only is life as we know it impossible, so is chemistry
as we know it. However, one could always draw Stoic comfort from the

possibility that perhaps in the course of time the new vacuum would

sustain, if not life as we know it, at least some structures capable of
knowing joy. This possibility has now been eliminated.”
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Vacuum Decay -~ ~B
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“The possibility that we are living in a false vacuum has never been a
cheering one to contemplate. Vacuum decay is the ultimate ecological
catastrophe; in a new vacuum there are new constants of nature; after
vacuum decay, not only is life as we know it impossible, so is chemistry
as we know it. However, one could always draw Stoic comfort from the

possibility that perhaps in the course of time the new vacuum would

sustain, if not life as we know it, at least some structures capable of
knowing joy. This possibility has now been eliminated.”

Sidney Coleman and Frank de Luccia
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