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Gravitational Framework
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Friedmann Equations

(w — Z_j) Equation of
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Expanding Universe
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Expanding Universe
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Past: particle ensemble

Statistical Mechanics

to, > 11
d U =a’p,
am P 4 3H(p+p) =0 — 0 g,
dt dt dt V = g3
oL+ pdr =T45 » Thermal Eq.

=> 1 is

a =0, > Adiabatic Exp.
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----------- 0 p= 9. [AFE@S(). energy
.......... . | p=g. [dp 3|]g|(;) f(p), pressure
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B(—) [bosons]

) ~1
Bose-Einstein / Fermi-Dirac: f(p) = (BE(p)/T + ) , {

pr < 1/a*
poyv < 1/a3

x1l/a, = z2>zrq (t<tgq), PrR> PM

Past: Radiation Domination ! |1+ zgq = 27 /Q{) | ~ 3400
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Adiabatic Exp:

a*(p + p)

S = n

— const.

1) Species Decoupling, T"— T;,

When do g¢.(T),¢”(T) change ?
2) Mass threshold , T' < 2m; ,
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BiGGER size,
SMALLER Temp TODAY [Galaxies, Clusters, ...]

(13.700 Million years)

FIRST GALAXIES
(500 Millions years)

~ ATOMS CREATION
(300.000-400.000 years)

ATOMIC NUCLEI CREATION
(3 minutes !)

/ FIRST SECOND

SMALLER SIZE, \
\, of the UNIVERSE ! )

LARGER Temperature
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observational theoretical theoretical theoretical theoretical
evidence ! input Input speculation speculation
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g+(T), 9+ "(T) J 2) Mass threshold , T' < 2m,; ,

Decoupling:

Tt (2) < 1 = decoupling

t+At
mt — 0 >< — Nint — / dt,rint (t,) ™~
t

VA

Cross number velocity
section density (c=1)

H(t) | > 1= Thermal Eq.
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1) Species Decoupling, T"— T;,

When do g¢.(T),¢”(T) change ?
2) Mass threshold , T' < 2m,; ,

Decoupling:

Tine (1) < 1 = decoupling

t+ At
Fing = 0 X (n0)  —>  Ning = / 0 Ting (t') ~
t

/ (9°/4m)°
s

Cross
section ™

H(t) | > 1= Thermal Eq.

, massless gauge

T? /M2, massive gauge
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1) Species Decoupling, T"— T;,

When do g¢.(T),¢”(T) change ?
2) Mass threshold , T' < 2m,; ,

Decoupling:

Tine (1) < 1 = decoupling

t+At
L =0 ) — Niw= [ deTin() ~
¢ H(t) | > 1= Thermal Eq.

Neutrino Decoupling:
I, =opw X (n) ~T° /My, SH() o T <ST,_gec = 0.8MeV

~GIT? TS
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1 1 7'('2 T —2
& (2t)* 3m12, 30 g+(T)T <M6V> S
N~
PR

1) Species Decoupling, T"— T;,
2) Mass threshold , T' < 2m; ,

Annihilation (mass threshold): Example e+/e- Annihilation
) _|_ _
T < 2m; = antproduce et +e <2y, T >511keV
It anymore
_ e - — 2 T < 511 keV
[Boltzman Supression ~ e~ ™/T ] [Bea N8 v

<\ /3 11\ 1/3
T’Y(t > tei) — <95> Ty — (4) Tz/

g5



Expansion History

1 1 72 T \ °
H (2()2 ~ 3m2 509+ (DT (MeV) >
\/
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When do g¢.(T),¢”(T) change ?
2) Mass threshold , T' < 2m,; ,

95
= (11/4)'* T,
v, et~ v — dec eT > v's
—_
T, ~ 0.8 MeV (¥) T =0.5MeV
11
gs =<-2-242=— g5 =2
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How can we probe the early Universe ?
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How can we probe the early Universe ?
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Big Bang

. Formation of atomic nuclei (Is - 3 mins)
Nucleosynthesis

P
/;:} \ "

~ D -
p /'
pJ pJ ﬁ/\’% T s
Past, / N\ no Y
hotter
(1 second)
Protons,
Neutrons
Interact

strongly



Big Bang
Nucleosynthesis

Formation of atomic nuclei (Is - 3 mins)

\B - 2 n
Past, nJd nJ
hotter
(1 second)
>
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Recombination & release of
Cosmic Microwave Background (CMB)

Thomson Scattering
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Me ~ 10_3mp = Ug,f) ~ 1060%0)

Only electro-photon scattering matters !
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Past, Later,
. >
hotter Universe cools down... colder

Photon background set free ! > Origin of CMB !
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Cosmic Microwave Background (CMB)
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Cosmic Microwave Background (CMB)

; Where is that light? Everywhere!

PLANCK

Cosmic Microwave

(almost-)ISOTROPIC

But ....

There are small ‘Anisotropies’
(variations of 1/100.000 only!)
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Cosmic Microwave Background (CMB)

GEOMETRY OF THE UNIVERSE

Properties of the Anisotropies then .... Geometry of the Universe !
(position of Ist acoustic peak)

The UNIVERSE has FLAT GEOMETRY (k = 0)!
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hBB shortcomings

(motivation for inflation)

Friedmann Equations

UNIVERSE —> |
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Need extra ‘Ingredient’' ! —> INFLATION !
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