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OUTLINE

¢ Lecture 1: Standard Cosmology

¢ Lecture 2: Inflation & the CMB

¢ Lecture 3:
Dark Matter & Structure Formation

¢ Lecture 4: Other open problems:

Dark |

Hnergy, Baryogenesis, ...



LECTURE 1: OUTLINE

¢ Cosmology as a science
¢ The Standard Cosmological Model
¢ The History of our Universe

¢ Standard Candles and Standard Rulers

¢ Problems of Standard Cosmology



COSMOLOGY
AS A SCIENCE



IS COSMOLOGY SCIENCE

“Real science”

(Physics)

Many experiments
at different scales

Reproducible
Prepared/measured initial state
Measured final state
(very good statistics &
controlled systematics)

Cosmology

Few observations
at selected scales

Single Universe
Unknown 1nitial state
Measured final state

(with limited statistics &
unknown systematics...)



IS COSMOLOGY SCIENCE

“Real science” Cosmology

(Physics)

Many experiments Few observations
at different scales at selected scales
Reproducible Single Universe
Prepared/measured initial state Unknown iitial state
Measured final state Measured final state
(very good statistics & (with imited statistics &
controlled systematics) unknown systematics...)

BUT luckily not as bad as it looks | Why ?



IS COSMOLOGY SCIENCE ?

Cosmology at Cosmology
Late Times at Early Times
classical evolution: small quantum fluctuations:
deterministic linearized semiclassical
“hydrodynamics” with friction evolution
or Boltzmann equation each mode/scale independent
Newtonian approximation Quantum nature encoded
often sufficient (for DIM) in stochastic gaussian

initial conditions
Initial condition problem,
if not fixed by previous “Ergodic hypothesis”™:

evolution quantum average = spatial average



EINSTEIN’S EQUATION:
ENERGY IS GEOMETRY

Einstein’s Tensor: Energy-momentum Tensor:
Geometry of Space-time ALL the Physics content
Classical so far... Quantum

The birth of Cosmology as a science:
the Universe’s dynamics and fate 1s determined
by its Energy (Particle) content,
both the known and the unknown....



THE STANDARD MODEL

Our present understanding of the forces and particles 1s based

on the symmetry group SU(3)C X SU(Z)L X U(1)y

Standard Model
Matter | Forces

GHTW
vaw*,z + h
uct g
dSbl

It describes perfectly the data so far, but it 1s incomplete:

- theoretically it does not explain flavour and the presence of 3
generations, nor why the Higgs 1s light...
- it lacks a Dark Matter and inflaton candidate and also a
mechanism to generate the baryon number...



WHICH MODEL BEYOND THE SM ?

s

\_

weakly
coupled

~

J

Cosmology

r

<

> strongly
coupled

(Collider-based)
Particle Physics

['o pinpoint the completion of the SM, exploit the

complementarity between Cosmology and Particle Physics

to explore all the sectors of the theory:

the more Weakly coupled and the more strongly coupled to
the Standard Model fields...

Best results if one has information from both sides,

e.g. neutrinos, axions, etc... 7?77



STANDARD MODEL
OF COSMOLOGY



STANDARD COSMOLOGY

Cosmological Principle (nowadays also experimental result...):
The Universe 1s homogeneous and 1sotropic

on large scales (i.e. larger than ~100 Mpc)

3

[t 1s described by the Friedmann-Robertson-Walker Metric:

d 2
de = — o) ( . | r2dﬂ>

1 — Kr?

conformal to Minkowski for dtz = CL2 (n)d772 =2l

2 Only one dynamical varable: the scale factor [(a(t)

¢ One constant parameter: the spatial curvature| &



Cosmic MICROWAVE BACKGROUND SPECTRUM FROM COBE
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HOMOGENEI'FY: less striieture at large redshifts |

2dF Galaxy Redshift Survey




HUBBLE FLOW

A FRW metric immediately gives for static objects

Hubble Flow !
Hy ~ 500 km /s/Mpc

Nowadays
Hy ~ 72 km /s /Mpc

E. Hubble 1929
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REDSHIFT MEASUREMENT

Due to the Universe’s expansion

| |
400nm S00nm 600nm 700nm

Ared shiftof sbout 100 A (10 nm) coresponds to a recessional Aboutl 3 100 A =hift

o _ allors) _ ;| QI
,4

A em CL ( t em ) 400nm S00nm 60[|lmn 700nm

A larger red shift, here about 780 A (76 nm) conesponds toz About 3 760 A =hift
recessiona velocity of sbtout 135,000 kmhcur, o about 24 000 mivhour.

Redshift can be used to -‘ III | _

parametrize the time g So0am 600nm. 700nm

all spectra of astrophysical
object are red-shifted !

of emission !



EINSTEIN’S EQUATION:
ENERGY IS GEOMETRY

Einstein’s Tensor: Energy-momentum Tensor:
Geometry of Space-time ALL the Physics content
Classical so far... Quantum

The birth of Cosmology as a science:
the Universe’s dynamics and fate 1s determined
by its Energy (Particle) content,
both the known and the unknown....



ENERGY MOMENTUM TENSOR

Perfect fluid approximation T" = (p + p)utu, — po*

where p and p are the fluid density and pressure, while u is the fluid 4-velocity. So in the rest-frame of
the fluid, where u = (1, 0), i.e. assuming that the fluid is at rest in the Universe, we have

(p 0 0 0 )
0 —p 0 0
0 0 —p O

\0 0 0 —p)

Moreover the energy-momentum tensor is covariantly conserved:

D,T"" =0 — p+3H(p+p)=0 continuity equation

This can be solved if we know the equation of state p(p) = wp then

F = —3(1+wH = pxa30tw
p

So the different energy types are modeled by perfect fluids with equation of state w; = p; / s



FRIEDMANN EQUATION:

2

H2 = g = 8 N et A K
a 3 a”
¢ The energy density — * ' '

Dark Matter + Dark Energy
effect the expansion of the universe

& curvature decree

s 18 Q,
[ ] ° 3 B
the time evolution 22 2;

1.0 0.0

of the scale factor

¢ Key parameter 1s
the critical density:

Relative size of the universe

FEF Qe Pi

= 0
8mG N Pc -10 Now 10 20 30

(), :density In ~ 1046\/' / cm® S Billions of Years

Pe

~ 10 protons/m3



THE HISTORY OF
THE UNIVERSE



DIFFERENT ENERGY TYPES

Depending on the pressure and the equation of state,

the energy densities give different expansion rates:

A

radiation

matter

Tyoe | p/p  pla) a(t)
Generic w g 3tw) $2/(1+w))
Radiation | 1/3 x a o $1/2
Matter 0 x a~° o 12/3
A —1 const. gl
-1/3 a2 o t!

Always decelerating !

[ Difterent epochs of the Universe history ]




PRESENT

First Supemovae

MATTER DOMINATED ERA

INATED ERA



IMPORTANT EPOCHS

¢ Today: T = 27K~ 105 eVainee il
¢ First stars: T ~10-° z~15—20

€ Photon decoupling: CMB 1= =10.4 e oar= A 18

¢ Matter and Radiation equality: T'=1eV 2z ~ 1300

€ Neutrino decoupling: C B Jha i e
¢ QCD phase transition T ~ 0.3 GeV
¢ EW phase transition T ~ 100 GeV

2 2777



BiIG BANG NUCLEOSYNTHESIS

¢ Laght elements

abundances obtained
as a function of a single

parameter ()p h?

¢ Perfect agreement with

WMAP determination

¢ Some trouble with

Lithium 6/7

[Fields & Sarkar PDG 07]
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STANDARD CANDLES
AND RULERS



HOwW CAN WE MEASURE
THE EXPANSION OF THE
UNIVERSE ?

Standard Candle Standard Ruler

Measuring Distances with Standard
Light Bulbs

/ Sound
1 metre 3
Horizon
Flat :

0.Smetre

An Object becomes fainter by the square
of its distance



LUMINOSITY DISTANCE

D2 o 7y Intrinsic Luminosity
& A d Measured Flux

For a FRW universe it 1s given simply by

2 il
e

where Hz(z) = Hg Z Q’i,O(l I Z)3(1—|-’wi)

D7 = (1+2)

determination of the cosmological parameters

QDM(”LU == O), QA(”LU — —1),



SN-IA AS STANDARD CANDLES

Type Ia supernova is the explosion of a

20 =
white dwarf star in a binary star system. _ i/ *‘""‘"x
. 2 : & <19k / a «
Material from a companion red giant star = e
is dumped on the white dwarf until the £ st :
smaller star reaches a precise mass limit. = W
= 17} L I8
S, 9
= 161 _
15 1
20
, b sy
R -19F ;(:
; -18 &
;: 0.\3 :
- 17 e *
The spectra can be corrected to = oy
lie on the same line and follow a # 5} '
relation between peak luminosity 5 1 1 1

and width of the light curve... | DAYS



SUPERNOVAE IA

AS
STANDARD
CANDLES

¢ Measure the
apparent magnitude
as a function of the
redshift z and test
the first correction

to the Hubble flow

¢ The Universe 1s
accelerating !

Nl

effective mp

mag. residual
from empty cosmology

Supernova Cosmology Project

Knop et al. (2003) Qpp, Q0
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SN-IA AS STANDARD CANDLES

46 L] T L T L T
Suzuki et al. (The Supernova Cosmology Project), ApJ (2011); Union 2.1.
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ANGULAR DISTANCE

R Standard Ruler

d Distance to the Ruler

For a FRW universe it 1s given simply by

Ds=(1+2)R </O ;(’Z)>1

where H(z) ~ HoﬂlD/%(l e Z)3/2(1—|—wD) for a dominant

component

e.g. for the sound horizon at decoupling




PLANCK RESULTS 2013

Picture of the CMB anisotropies at recombination
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THE SOUND HORIZON IN THE
BARYON-PHOTON PLASMA
AS STANDARD RULER

Sound Hors
¢ Measure the angle S

. 5
correspondlng to Angular Scale
90° 2° 0.5° 0.2°
the first peak in the ™ W 2 | | |
CMB anisotropies  **:
< :
2 . 2 4000
¢ The Universe 5 |
is FLAT
- ~ E 2000 E_
Lo
Qtot = 1.014 £ 0.017 10005_ N
il{go OE [ T A e e T ! ! ! [ ) Lt s A 5 e
\ ) 10 100 500 1000

Multipole moment (1)



THE SOUND HORIZON IN THE
BARYON-PHOTON PLASMA
AS STANDARD RULER

Sound Horizon

3

¢ The same scale 1s “" Einsenstein et al, SDSS red galaxies data 2005@

visible in the

(baryonic) matter
distribution (BAO) :

< The more baryons
(less CDM), the

stronger the

signal !




THE SOUND HORIZON IN THE
BARYON-PHOTON PLASMA
AS STANDARD RULER

§ :4‘ '''''' e A

¢ The signal has been now | | ! FRRTE e
detected in the galaxy - }* M{{ {}‘ N uﬂ ‘{Lj HL‘]H
power spectrum (two- LN | o '
point correlation !) é ' | | |

with high precision.

£ [ ” Anderson et al 2012

0.1 0.2 0.3

k / h Mpe™!



Baryon Acoustic Oscillations fronYSDSS-III
Illustration Credit: Zesia#Rostomian (LBNL), SDSS-III, BOSS



http://www.lbl.gov/
http://www.lbl.gov/
http://www.sdss3.org/
http://www.sdss3.org/
http://www.sdss3.org/surveys/boss.php
http://www.sdss3.org/surveys/boss.php

COSMOLOGY BEFORE PLANCK

Consistent cosmological

picture given 1n terms |No Big &
‘IBang

of only 6 parameters,
QMh2, Qth, GEesllcs AS
9*(Qk/QA7HO)

Union2.1 SN la
P Compilation




21-Centimeter
Cosmology Explained

\

Clouds:
o ot heutrel
hydrogen:

DARK AGES
™AL

C & w10 miliBn
years

21- Centimeter Hydrogen line Illustration Credit:Roen Kelly




INTO THE DARK AGES...

PATH OF LIGHT
AROUND
DARK MATTER

DISTANT
UNIVERSE

'OBSERVED SKY

Weak Lensing Illustration Credit:LSST



lensed galaxy images

IMlustration Credit:NASA/ESA
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lensed galaxy images
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PROBLEMS OF
STANDARD
COSMOLOGY



PROBLEMS IN
STANDARD COSMOLOGY

¢ Causality/Horizon



PROBLEMS IN
STANDARD COSMOLOGY

¢ Causality/Horizon

A

t
future

Lightcone

past




¢ Causality/Horizon

Lightcone

PROBLEMS IN
STANDARD COSMOLOGY

t

Observer now

past

A
future
>
X LSS

NAVATETLY

Big Bang




PROBLEMS IN
STANDARD COSMOLOGY

¢ Causality/Horizon



PROBLEMS IN
STANDARD COSMOLOGY

¢ Causality/Horizon

¢ Flatness

2 a
—(Qypr — 1) = =2
(Quot — 1) = —2—

Q15075 e 1)



PROBLEMS IN
STANDARD COSMOLOGY

¢ Causality/Horizon

¢ Flatness
7 a
—Qo s QO -
dt( tot — 1) aH( o

For decelerating universe a < () = ‘Qtot == 1| ErOwWS '
Space becomes more and more curved with time...

Instead acceleration brings toward a spatially flat universe !



PROBLEMS IN
STANDARD COSMOLOGY

¢ Causality/Horizon
¢ Flatness

¢ Relics/Topological defects



PROBLEMS IN
STANDARD COSMOLOGY

¢ Causality/Horizon
¢ Flatness

¢ Relics/Topological defects

Often too many relics, e.g. topological defects like monopoles,
strings or domain walls, are produced and must be diluted



PROBLEMS IN
STANDARD COSMOLOGY

¢ Causality/Horizon
¢ Flatness

¢ Relics/Topological defects

< Entropy problem



PROBLEMS IN
STANDARD COSMOLOGY

¢ Causality/Horizon
¢ Flatness
¢ Relics/Topological defects

Q Entropy PI‘Oblem

The present Universe still contains a substantial entropy

(in photons), which was much larger 1n early times...
Where did that come from ?

Non-adiabatic process, 1.e. reheating after inflation !



PROBLEMS IN
STANDARD COSMOLOGY

¢ Causality/Horizon
¢ Flatness
¢ Relics/Topological defects

* |

¢ Entropy problem

Inflation solves this problems and sets the initial conditions

for Standard Cosmology !



OLLOWING THE FLUCTUATIONS

Dark Energy
Accelerated Expansion
Afterglow Light
Pattern Dark Ages Development of
Galaxies, Planets, etc.

about 400 million yrs.

Big Bang Expansion
13.7 billion years

We need seeds of small ﬂuctuations, that were ampliﬁed

b ity & are the origin of the structure we see todasy




