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Modern Cosmology










Observations




Large Scale Structure

* Measures:
- the abundance of
3 | galaxy clusters
B - their size, etc ...

* [ests:
- the history of the
Cosmic expansion
- the growth of matter,
s i structure formation,
clustering

.




Large Scale Structure

* Probes:
A -2dFGRS &
- Sloan Digital Sky
Survey




Kepler

Type la Supernovae

* Measures:
- the redshift of the
supernovae

* Tests:
- the expansion of the
Universe

* Probes:
CIT1O. CEHY_ESO_HST.
VLT, Keck, UKIRT,
WIYN., APO. ...




lType la Supernovae

* Measures:
- the redshift of the
supernovae

* Tests:
- the expansion of the
Universe

* Probes:
CTIO. CPFRT_ESO. LSI.
VLT, Keck, UKIRT,
WIYN. APO. ...




Gravitational Lensing

* Measures:
- matter density through
its gravitational pull

* Tests:
- the composition of the
Universe

* Probes:
- CFHT
- William Herschel

telescope
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>

Cosmic Microwave Background §

¥ . -

e, + Measures:
- the radiation ematted at
the period of last scattering &

* Tests:
- the cosmic expansion
history
- the composition of the
Universe

* Probes:
: COBE, WMAP, Planck
balloons (EDDNEE.RanG, MAXTNA. )

2 Olllld (Tenm'ife., South Pole, Saskatoon. )



The standard model of Cosmology

Dark Energy
Accelerated Expansion
Aftergiow Light %
Pattern Dark Ages Development of '
400,000 yrs. Galaxies, Planets, etc. \

Fluctuations

1st Stars
about 400 million yrs.

Big Bang Expansion

13.7 billion years

WMAP 2006 press release




An expanding Universe

* Observations show that
the Universe 1s
expanding,

* and must have started
with a Hot Big Bang




An expanding Universe

* Observations show that
the Universe 1s
expanding,

* and must have started
with a Hot Big Bang.

* Today, the Universe
appears extremely
homogeneous and
1sotropic on large scales.




An expanding Universe

* The evolution of the early
Universe 1s dominated by one
or more fields,

* whose quantum fluctuations
seed the large scale structure |
of the current Universe s RN

spatial curvature perturbations : g




An expanding Universe

* The evolution of the early
Universe 1s dominated by one
or more fields,

* whose quantum fluctuations
seed the large scale structure

of the current Universe A el

* Matter 1s then created at .
reheating when the energy of
the dnving field 1s transferred
to the matter.




* As the Universe expands, the

The standard model of Cosmology

photons decouple from the
plasma of hydrogen and
helium: period of last
scattering.

Dark Energy
Accelerated Expansion

Dark Ages Deveiopment of X .
/ Galaxies, Planets, etc. :

Large scale structure starts
forming and give birth to first
galaxies

The current Universe
accelerating and 1s composed |
1st Stars

abowut 400 million yrs.
of

Big Bang Expansion

- 5% Matter
- 25? LmJ. 1\_ \'I’Idmu
- 70% Dark Energy

13.7 hillion years



The standard model of Cosmology

Dark Energy

Accelerated Expansion

Aftergiow Light
Pattern Dark Ages Development of )
400.000 yrs. / Galaxies, Planets, etc.

-

about 400 million yrs.

Big Bang Expansion

13.7 biillion years

WMAP 2006 press release




An expanding Universe

* The evolution of the early

Universe 1s dominated by one
or more fields,

* whose quantum fluctuations
seed the large scale structure
of the current Universe

spatial curvature perturbations ' e



The standard model of Cosmology

* As the Umiverse expands, the
photons decouple from the
plasma of hydrogen and
helium: period of last
scattering.

Dark Energy
Accelerated Expansion

Dark Ages Development of
i Galaxies, Planets. etc.

* Large scale structure starts
forming and give birth to first
galaxies

* The current Universe
accelerating and 1s composed |
1st Stars

abowut 400 million yrs.
of

Big Bang Expansion

13.7 hillion years

- 5% Matter
= ?*ﬂ D Tk \;[&.
- 70% Dark Energ}'




Cosmic Triangle

——0.5
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* As the Universe expands, the

The standard model of Cosmology

photons decouple from the
plasma of hydrogen and
helium: period of last
scattering.

Dark Energy
Accelerated Expansion

Dark Ages Deveiopment of ki,
Galaxies, Planets. etc.

Large scale structure starts
forming and give birth to first
galaxies

The current Universe
accelerating and 1s composed |
1st Stars

abowut 400 million yrs.
of

Big Bang Expansion

- 5% Matter
5% Dark Matter
0

13.7 hillion years



Cosmic Triangle

—L5

20
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Cosmological Puzzles




1. What happened at the Big Bang?

Aftergiow Light

Pattern Dark A Deveio
* Wh at ] S th e B‘B? 400,000 yrs. s Galaxi:s.
* What created it? —— eraion T
* What are the implications for
Planck scale physics?

1st Stars
ahout 400 million yrs.

* Did time begin?
* [s there anything before the BB?




2. What generated the large scale
structure? s, 2

* Strong evidence that the primordial power
spectrum 1s very close to
- gaussian
- scale invariant ngs = 0.95 £ 0.015




2. What generated the large scale
Structure? e - e

* Strong evidence that the primordial power
spectrum 1s very close to
- gaussian
- scale invariant ngs = 0.95 £ 0.015

* The most commonly “accepted” hypothesis 1s
that the Universe underwent a period of “inflation™

dominated by the potential energy of ®
one or several scalar field(s) in an A \\\
expanding Universe.
\-.
i s \_~
p V'(9) ”




2. What generated the large scale
structure? S, e

* Strong evidence that the primordial power
spectrum 1s very close to
- gaussian
- scale invariant ns = 0.95 = 0.015

* The most commonly “accepted” hypothesis 1s
that the Umiverse underwent a period of “inflation™
dominated by the potential energy of ®
one or several scalar field(s) in an ) TN
expanding Universe. \ \

* What is the inflaton scalar field? /




Inflation from String Theory

String theory can provide Cosmology with explicit
realizations of inflationary scenario:




Inflation from String Theory

String theory can provide Cosmology with explicit
realizations of inflationary scenario:

- ST comes with many moduli fields that can play
the role of the inflaton, eg. inflation from closed
string moduli 1n a Calabi-Yau compatification



Inflation from String Theory

String theory can provide Cosmology with explicit
realizations of inflationary scenario:

- ST comes with many moduli fields that can play
the role of the inflaton, eg. inflation from closed
string moduli in a Calabi-Yau compatification

- ST implies the presence of
branes. on which matter fields
can be localized

=P [)-brane inflation

MEHET)



1.J. Blanco-Pillado, C. Burgess. J. Cline, C. Escorda,
M. Gomez-Remo, R. Kallesh, A Lmde. F. Quevedo

D-Brane Inflation

* At low energies, the dynamics of branes can be described
by scalar fields representing the positions of the branes

* Typically these scalars are very light (moduli)

—> can be used as inflaton candidates.

* D-branes are charged objects

I D-branes and ant1 D-branes attract each other

*» When the branes are far away, the mteraction 1s weak
giving rise to a naturally slow-rolling potential

» When the branes are close, the system becomes unstable
gives rise to a graceful exit of inflation and leading to the
brane anti-brane annihilation.

Chiff Burgess



2. What generated the large scale
StrUCture‘? o e

* Strong evidence that the primordial power
spectrum 1s very close to
- gaussian
- scale invariant ng = 0.95 £ 0.015

* The most commonly “accepted” hypothesis 1s
that the Universe underwent a period of “inflation™
dominated by the potential energy of o
one or several scalar field(s) in an ] T
expanding Universe. |




1.J. Blanco-Pillado. C. Burgess, J. Cline, C. Escorda,
M. Gomez-Remo, K. Kallesh, A Linde. F. Quevedo

D-Brane Inflation

* At low energies, the dynamics of branes can be described
by scalar fields representing the positions of the branes
* Typically these scalars are very light (modul)

@) can be used as inflaton candidates.

* D-branes are charged objects

I D-branes and anti D-branes attract each other

*» When the branes are far away, the mteraction 1s weak
giving rise to a naturally slow-rolling potential

*» When the branes are close, the system becomes unstable
gives rise to a graceful exit of inflation and leading to the
brane anti-brane annihilation.

Cliff Burgess
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D-Brane Inflation

* At low energies, the dynamics of branes can be described
by scalar fields representing the positions of the branes
* Typically these scalars are very light (moduli)

_"—"> can be used as inflaton candidates.




M. Alishalnha

* An alternative 1s to consider a probe D3-brane evolving
down the throat of a Calabi-Yau (warped throat)

* The brane position plays the role of the inflaton and 1s
driven by the DBI action

Lopr = f(¢)™" [det {—Nab — F(0)Da0Fp0}"/* — 1

—

* The brane can be evolving very fast down the throat, ¢ é 1
and still produce a nearly scale invariant power spectrum

T ¥

V11— f(6)é?

* Also provides a graceful exit ot intlation. s

Mark Wyman
T T e
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D-Brane Inflation

* At low energies, the dynamics of branes can be described
by scalar fields representing the positions of the branes
* Typically these scalars are very light (moduli)

|—"> can be used as inflaton candidates.




M. Alishalnha

DBI Inflation

* An alternative 1s to consider a probe D3-brane evolving
down the throat of a Calabi-Yau (warped throat)

* The brane position plays the role of the inflaton and 1s
driven by the DBI action

Losr = f(¢)™" [det {~Nab — [(0)adpd}'/? — 1

—

* The brane can be evolving very fast down the throat, ¢ < 1
and still produce a nearly scale invariant power spectrum

@

H ~

V11— f(0)e?

* Also provides a gracetul exit of inflation. e s

Mark Wyman
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M. Alishalnha

DBI Inflation

* An alternative 1s to consider a probe D3-brane evolving
down the throat of a Calabi-Yau (warped throat)

* The brane position plays the role of the inflaton and 1s
driven by the DBI action

Losr = f(¢)™" [det {~Nab — [(0)a0dpd}'/? — 1

—

* The brane can be evolving very fast down the throat, ¢ é 1
and still produce a nearly scale invariant power spectrum

i ¥

V11— f(¢)é?

* Also provides a gracetul exit of intlation. o s

Mark Wyman
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Alternatives to inflation

[ ey N Y e e s as o M. Gaspenm
-*. e H4L [F =49 L L) S I %1 1 [ 3 N :
' — LIl Ol 1L G. Veneziano

pmductibn of a scale invariant power spectrum during a
contracting phase before the Big-Bang, with fast-roll,
- singularity at strong coupling (large gs=e?) ;> ]

= —age W T i & T = - E e o BaE a —
I 5, i
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e e S 4 Bl N ) E

= Smgularlty at weak _ - H" Evgeny Buchbinder
e | Justin Khoury

coupling (o’ important) - £ Federico Piazza
J. Khourv. B. Ovrut. P. Steinhardt, N. Turok Andrew Tolley
Neil Turok

W el S - EF 1 o B B St S

- expanding phase in Einstein frame, evolution driven by
string gas.

A Nayeri R Brandenberger C. Vafa




Signatures of Inflation and alternative
scenarios

1. Departure from scale invariance

(CE)C(R2) ) ~ ks 6Oy + Fa)

power spectrum | P(k) ~ k™S~

amount of power on each scale

0.95 = 0.015

observed value: ns
V(o)

for inflation ng¢ —1 ~ TP
(@)

Adrnienne Enckcek



Alternatives to inflation
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- expanding phase in Einstein frame, evolution driven by
string gas.

A Naveri R Brandenberger C. Vafa




Signatures of Inflation and alternative
scenarios

1. Departure from scale invariance

(CR)C(R) ) ~ ks~ 6@ Ky + ks )

power spectrum | P(k) ~ k™S =

amount of power on each scale

observed value: ns = 0.95 £0.015
V(o)

for inflattion ng —1 ~ Ul
‘(@)

Adrnienne Ernckeek



Signatures

1. Departure from scale invariance

b

Tensor to scalar ratio r (Gravity waves)

- Inflation typically produces small r, but
potentially observable (typically red)

- Ekpyrotic produces no tensor

- Hagedorn phase produces small r (typically
blue)

Tom (Giblin



Signatures of Inflation and alternative

scenarios

1. Departure from scale invariance

(CR)C(R) ) ~ ks~ 6@ Ky + ks )

power spectrum | P(k) ~ s

amount of power on each scale

observed value: ns = 0.95 £ 0.015

for inflation ng¢ —1 ~

Adrienne Ernckeek



Signatures

Departure from scale mvarance
Tensor to scalar ratio r (Gravity waves)

- Inf n typically produces si -, but
potentlally observable (ty plcalh )

- Ekpyrotic produces no tensor

- Hagedorn phase produces small r (typically
LIS

Tom (ibhin
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Signatures

Departure from scale mvariance
Tensor to scalar ratio (Gravity waves)

Departure from Gaussianity



Non-Gaussianity

* Measuring the 3-pt function gives some insight on the departure from

gaussianity.

JnL ~

(3)
(SE

* In momentum space, the 3-pt function depends on 3 vectors that add

C(k1)C(k2)C (k3)

LT~

up to zero — tnangles. (

lll\

equilateral local
(squeezed)




Niayesh Afshorc
- - Justin Khoury
Non-Gaussianity Feaberioo Piszs
Andrew Tolley

Neil Turok

* If nG generated at horizon crossing
— dominant contribution n equilateral triangle
Case for single field DBI inflation

* If nG generated at superhorizon scale
spatial gradients are negligible
— local shape 1n real space
large contribution mn the local (squeezed) triangle
Case for multifield scenarios (eg. curvaton, ekpyrosis)

* How , initial conditions can give large contributions in other
shapes as well (eg. flat triangles for excited states) !

* Scale dependence of f; (k;,k,,k;) 1s also important observationaly
and in distinguishing models!




Non-Gaussianity

* Measuring the 3-pt function gives some mmsight on the departure from
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(SE
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* If nG generated at horizon crossing
k,~k, ~k;~aH
— dominant contribution n equilateral triangle
Case for single field DBI inflation

* If nG generated at superhorizon scale
spatial gradients are negligible
— local shape in real space
large contribution n the local (squeezed) triangle
Case for multifield scenarios (eg. curvaton, ekpyrosis)

* How , Initial conditions can give large contributions in other
shapes as well (eg. flat triangles for excited states) !

* Scale dependence of f; (k;,k,,k;) 1s also important observationaly
and in distinguishing models!




Non-Gaussianity

* Measuring the 3-pt function gives some insight on the departure from

gaussianity.
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(SE

* In momentum space, the 3-pt function depends on 3 vectors that add
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* If nG generated at horizon crossing
k,~k,~k;~aH
— dominant contribution i equilateral triangle
Case for single field DBI inflation

* If nG generated at superhorizon scale
spatial gradients are negligible
— local shape 1n real space
large contribution m the local (squeezed) triangle
Case for multifield scenarios (eg. curvaton, ekpyrosis)

* However, initial conditions can give large contributions in other
shapes as well (eg. flat triangles for excited states) !

* Scale dependence of fy; (k;,k;.k;) 1s also important observationaly
and in distinguishing models!




Non-Gaussianity

* Measuring the 3-pt function gives some insight on the departure from

gaussianity.

f NL ™

(¢°)

f 2N 2
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* In momentum space, the 3-pt function depends on 3 vectors that add

<FC(E1 )¢ (k2)C( k'??*)>
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up to zero — tnangles.
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Non-Gaussianity F b P
Andrew Tolley

Neil Turok

* If nG generated at horizon crossing
ki ~k~k;~ aH
— dominant contribution mm equilateral triangle
Case for single field DBI inflation

* [f nG generated at superhorizon scale
spatial gradients are negligible
— local shape in real space
large contribution mn the local (squeezed) triangle
Case for multifield scenarios (eg. curvaton, ekpyrosis)

* How , initial conditions can give large contributions in other
shapes as well (eg. flat triangles for excited states) !

* Scale dependence of fy; (k;,k,.k;) 1s also important observationaly
and in distinguishing models!
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Signatures

Departure from scale mvariance
Tensor to scalar ratio (Gravity waves)
Departure from Gaussianity

Cosmic Strings



lide from Mark Wyman

Brane intlation:
New source for cosmic strings

+ Annihilation of inflating branes can
produce strings (actual 1-D objects or
‘wrapped” higher-D objects)

- Predicts 107! < Gu < few x 1077

» caveat: possible stability problems

- Not ruled out; potentially detectable

Tye and Sarangl 2002,
Jones, Stoica, and Tye 2002,

e — V==t % = =k PSS Y Sy




A possible observable:
source of CMB B-modes!

Could be seen in the
next couple of years!




Other Cosmological Puzzles

*~ What happened at the Big Bang?

* What generated the large scale
structure?

* What 1s 95% of the current Universe
made off ?
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