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Cosmology

» Can look back in time
» Only one sky: cosmic variance
» Cosmological principle: (.. .)sky = (.- -)stat

» No controlled experiments

— Use combination of cosmological probes




Cosmological Probes

Cosmic Microwave Background Gravitational Lensing

Supernovae
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Dark Energy Survey

Blanco 4m at CTIO

74 2kx4k CCDs, 0.27”/pix

2.2 deg? FOV

5000 deg? survey (+SNe survey)
g,hi,z,y to mag 24

200M galaxies
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| Cosmological Model




Big Bang Model




Hubble Diagramme
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Big Bang Nucleosynthesis

Weiss 2006




Cosmic Microwave Background

SPEcTRUM OF THE CosMmic

MicrRowAVE BACKGROUND
Frequency (GHz)
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ACDM Model
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100%

Dark Matter

® |nitially postulated by Zwicky (1933)
® Does not emit light: evidence via its gravitational effect
® Properties: weakly interacting, cold, non-baryonic, smooth

® (Candidate: Unknown Particles beyond standard model
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100%

Dark Energy

® Describes recent acceleration of the expansion
® Fluid with equation of state parameter w=p/p<0

® Cosmological constant A: w=-/at all times Dark
Energy

. . . . 72%
— difficult to reconcile with quantum mechanics of vacuum

acceleration

matter only
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Inflation

Inflation introduced to solve:
* Flatness problem
* Horizon problem
* Origin of structures problem

Exponential expansion driven by inflaton field

Quantum fluctuations yield large scale classical perturbations
after inflation with Po(k)~kn4 and n=1




hermal History of the Universe

INFLATION
ERA REHEATING

PLANCK End of SU(5)
ENERGY Unification

Decoherence
Ends Inflation

RADIATION ERA MATTER = DARK ENERGY

MATTER ERA ERA
DOMINATION

ENDOF , .
" , « Formation of  « Formation
F. IiF':ITFT((,rIFI::)'\\ Structure of Atems
- - A Beins = Decoupling of

Matt
Quark Hadran R':‘:'::.i:d
Transilion
Rig Hany
Nuvlensynthesis

9 4 1 ¥ Temperature
111 ) gl

T ] | 1

10%:ev 10"%Gev

Reat Eneryly
of Flea

l 0’30

1030}‘: 1
lY 1 lvi 1 1l1

Highest Energy
Cosmic Rays

C
i .

| o |

1 Tev 1Gey I MeV IkeV eV lweV Energy

t

UM Encrgy Nuclear Binding Alomic

Tev 11 Energs Hinding Enersgy

o st ~ o
2 Q 1 Size
1 ! o |

Big +x
Bang

Am/cm U gmim

gm/icm

1 1
2 ll L L 00 0 LG |

STty

o3 3 57 '-30

18 1m.fcm3 10gumsiem i tmAm i0 gm/cm3 Density
+ t

Nuclear Water Air 1 Atom cm®

Matter

:C:! iCG :()9‘!-."
-+ Time

YY‘!II'IIIIII

10742, 10"

CO.‘\'STITUENTQ
]'fyr
Leptoqnnar:d \(‘" '-;.L'J
warke ) iy ren st
(a)(5)(p) 7

e
R

'I'IYYITI'TITT]’TT.

l')

]O.lzam’- IA e ;u}c .." :’: "her xolesec

[=Now

Galaxy Salar
Forms System
Forms

2K Neutrino

— R PP PP
v V Background

= 3
L p —H D" e H. D, He,
e LY e H&. 1

Gauge

“vO Z
X. Y.

Bosons

{(-LUON'S

Photons T

- A1)
4—— —Ratioof Matter Radiatlon=5x 1) —_

L FK Microwave
Background

Adated from Kolb & Turner 1990




Theoretical Predictions

General Non-Equilibrium
Relativity Stat. Mech.

| |

Einstein-Boltzmann Eq: <« Inlt!a.l
e Background Condition

e Linear
* Non-linear
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3D Statistics
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Il Smooth Universe




General Relativity

In GR, physical distances in 4D space-time are given by a metric
with Lorenz signature (-+++)

e gudat dx”

The metric determines the curvature of space time which is
related to the matter content by Einstein’s Equation
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Photon Trajectories

Geodesic equation
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FRVV Solution

For homogeneous and isotropic universe

ds® = —dt* + a’(t) [dx* + r*(x)dQ)]
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Friedmann Equation

Time-time component of the Einstein Equation for the
FRW metric yields:

H 1
it [Qra_4 A T IR e T QA] 2
Hy

H=a/a

Qi o pi/pcrit
Perit = 3H§/87TG

Q
2
(3]
>
op—
=
-
-1}
L
o)
(T
o
[V}
N
oy
v
3]
>
oo
-t
3]
w—
[}
o

Now 10
Billions of Years




Distances

)\obs 1

Redshift; | N —
)\emit Uemit

Angular-Diameter distance: [), = Rphys/AQ
Luminosity distance: = L/47TD%

D-sliomesanlidions
da’

Comoving Horizon (conformal time) 71 = /0 JH(d)




Recombination

Temperature T (eV
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Similar beyond equilibrium processes for:
Big Bang Nucleosynthesis and Dark Matter relics




Il Structure Formation




Cosmic Structures
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Cosmological Perturbations

Perturbed metric:

Ol = gm/ i h;w

Decomposition theorem:
* scalar perturbations
* vector perturbations
* tensor perturbations

Perturbed Einstein Equation:

& NG = R e AT




Perturbed FRW Model

Flat FRW model in Newtonian gauge with scalar
perturbations:

ds® = —(1 4 2W)dt* + a*(1 + 2®)6;;dz" da’




Boltzmann Equation

Distribution function:  f (1, T’ pi)
Time evolution:
Al Qb de.
ot  Oxi dt = Op' dt
Stress-Energy Tensor:

Apl A d3p W, vV Padime
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Species and Interactions

Dark
\@ Matter

Compton
Scat.t.ermg

Coulomb
Scattering




Einstein-Boltzmann Equations

Linear evolution
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Evolution of the Perturbations

R=k-"
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Matter Power Spectrum

Baryon
Acoustic
Oscillations

nonlinear

linear

k [h/Mpc]

Late times: P(k,a) ~ kn T2(k) D2(a)




Nonlinear Evolution

Kravstov et al. 2005




Nonlinear Evolution

Kravstov et al. 2005




