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COSMOLOGICAL PRINCIPLE

® The Universe is homogeneous on large scales: APM survey

The APM Galaxy Sui;vey

Maddox et al




® The Universe is homogeneous on large scales:
LSS redshift surveys: 2dF, SDSS; CMB: Planck, WMAP
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CMB: WMAP




CMB: Planck 2013

- homogeneity & isotropy at the level 10™*




Galaxy-galaxy correlation function: 2dF
(2 degree field galaxy redshift survey)
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Galaxy-galaxy correlation function: SDSS
(Sloan Digital Sky Survey)
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COSMIC




SDSS movies

Sloan movie april 18
SDSS-DR4



Intensity [MJy/sr]

CMB: COBE satellite 1992

- inhomogeneitiesin photon temperature at the level 10™*
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WMAP satellite
2000+: maps
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CMB: Planck 2013

- homogeneity & isotropy at the level 10™*




CMB spectrum: Planck

Temperature fluctuations [ u K2]
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CMB spectrum: Planck 2

Angular scale
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Planck constraints inflation 2013

Tensor-to-Scalar Ratio (rg.o02)
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Planck constraints inflation 2013 2
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CMB spectrum: Planck+WMAP polarization
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Mar 17 2014

BICEP 2:

CMB spectrum

BICEPZ2: B signal
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CMB spectrum: BICEP 2: Mar 17 2014
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CMB spectrum: BICEP 2: Mar 17 2014
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CMB spectrum: BICEP 2: Mar 17 2014
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EXPANDING UNIVERSE B
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EXPANDING UNIVERSE
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Relative Probability Density Distribution

EXPANDING UNIVERSE

Hubble Space Telescope Key Project (HST-KP)
* distance ladder: parallax, cepheids, SNae 1A
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EXPANDING UNIVERSE

Hubble Space Telescope Key Project (HST-KP)
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EXPANDING UNIVERSE

Hubble Space Telescope Key Project (HST-KP)
* distance ladder: parallax, cepheids, SNae 1A
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ACCELERATING UNIVERSE

Supernovae Cosmology Project, High-z Supernovae survey
* distance ladder: parallax, cepheids, SNae 1A
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Late 1990s

ACCELERATING UNIVERSE
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A(m-M) (mag)

A(m-M) (mag)

ACCELERATING UNIVERSE
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ACCELERATING UNIVERSE
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~ACCELERATING UNIVERSE
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ACCELERATING UNIVERSE

Early 2000s: fate of the Universe
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ACCELERATING UNIVERSE

Legacy Survey 2010: SNLS3

—0.25¢

—0.50f

—0.75¢

-1.00

—1.25}

—1.50¢

—1.75¢

-2.00

SDSS DR7 LRGs |

0.90

WMAPT7 + ...

\
\

0.85|
0.80|
0.75|
= 0.70}
0.65/
0.60}

0.55f

0.50 |

*SDSS DR7 LRGs
A\

i,

SNLS3 | &

0.04}

0.02f

0.00

—0.02F

—0.04}

SDSS DR7 LRGs -




ACCELERATING UNIVERSE

SDSS+LS+: 2014: 1401.4064
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HORIZONS

co-moving distance (Gpc)
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The black solid lines indicate our present position. The blue line'is the particle horizon through
time, the red line is the event horizon, the green area is the Hubble sphere. The dotted black
line is a co-moving galaxy that is currently located on the Hubble radius. Its photons that we
observe today have travelled on the cyan path (they were emitted at t=4.3Gy). Its photons that
it emits today (t=13.8Gy) will travel on the purple path (they will reach us at t=49Gy).




HORIZONS
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The black solid lines indicate our present position. The blue line is the particle horizon through
time, the red line is the event horizon, the green area is the Hubble sphere. The dotted black
line is a co-moving galaxy that is currently located on the Hubble radius. Its photons that we
observe today have travelled on the cyan path (they were emitted at t=4.3Gy). Its photons that
it emits today (t=13.8Gy) will travel on the purple path (they will reach us at t=49Gy).




HORIZONS

é In inflation
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GEOMETRY & FATE

Average distance between galaxies
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HISTORY OF UNIVERSE

Dark Energy
Accelerated Expansion
Afterglow Light
Pattern Dark Ages Development of
400,000 yrs. Galaxies, Planets, etc.

Inflation_

Quantum
Fluctuations

1st Stars
about 400 million yrs.

Big Bang Expansion
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HISTORY OF UNIVERSE

Today 1, t =15 billion years

T=3K

Life an earth

{1 meV)
Solar system

Juasars

Galaxy formation
Epoch of gravifatonal collapse

Recombination
Relic radiation decouples (CBR)
Matter domination
Onset of gravitational instability

NMucleosynthesis

Lightelements created - 0, He, Li t=1 second

T=1MeV

6
Quark-hadron transition

Hadrons form - protons & neufrons

t=10 s

Eleciroweak phase transition
Electromagnetic & weak nuclear
forces become differentated:
SUB)=sU(2)=U{1] -~ SU3)xU (1)

The Particle Desert
Axions, supersymmetry?

Grand unification transition

G -» H-»SU[B]x8U[2]xU(1)
Inflaton, baryogenesis,
maonopoles, cosmic strings, etc.?

The Planck epoch

The guantum gravity barrier



COSMIC INFLATION: PARADIGM
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UNIVERSE REHEATING: PERTURBATIVE
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UNIVERSE EVOLUTION: ENERGY
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STANDARD MODEL: MATTER PARTICLES
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STANDARD MODEL EXTENSIONS: SUSY

SUPERSYMMETRY
ujg ci tg
H:lmﬂ
o Quarks . Leplons . Force: particles Equarks G Slepiong ﬂ EEEIATE

Standard particles SUSY particles



STANDARD MODEL: (META)STABILITY
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STANDARD MODEL: (META)STABILITY
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STANDARD MODEL: (META)STABILITY
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STAN DARD IVIODEL (IVIETA)STABILITY
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STANDARD MODEL: STABILIZING
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GRAND UNIFICATION: WITH(OUT) SUSY

Standard Model
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ELECTROWEAK TRANSITION:
HIGGS POTENTIAL

4 Vo)

e (PSEUDO) GOLDSTONE MODE



ELECTROWEAK TRANSITION: 1 LOOP

e CONTRIBUTION TO THE EFFECTIVE ACTION

OF THERMAL 1 LOOP BUBBLE DIAGRAM

o AT HIGH TEMPERATURES RESTORES THE SYMMETRY
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ELECTROWEAK TRANSITION: 2"9ORDER

e Higgs field ‘rolls’

y
@ T=T,

’ T<T,




ELECTROWEAK TRANSITION: 15t ORDER
e Higgs field tunnels T> Tc




EW TRANSITION: NUCLEATION

® EARLIER (HIGHERT) *LATER (LOWER T)

GRAVITATIONAL
WAVES?

® EVENTUALLY... ®




EW TRANSITION: STANDARD MODEL
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EW TRANSITION: SUSY (MSSM)

e PHASE TRANSITION CAN BE MUCH STRONGER (15t ORDER)
mg,=1TeV. tanP = 3 (m, = 95 GeV)
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QCD TRANSITION: PHASE DIAGRAM

e HADRONIC PHASE: chiral condensate; CFL: quark condensate
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~ 170 MeV

QCD TRANSITION: PHASE DIAGRAM

e HADRONIC PHASE: chiral condensate; CFL: quark condensate

Schematic Phase Diagram of Hot and Dense Strongly Interacting Matter

Quark Gluon Plasma
(color deconfined)

Critical Point
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(color confined)
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BBN: BINDING ENERGIES

® Fe: most stable nucleus; He: very stable (4He-> 12C jump).
9

Average binding energy per nucleon (MeV)
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BBN: BINDING ENERGIES

® Fission and Fusion

AAAAAAA
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BBN: MAIN INTERACTIONS

® Fission and Fusion

?Beﬁ

14




Mass fraction
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BBN: ABUNDANCES

e D: standard; 3He ok; 4He some tension; 6Li & 7Li: tension
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