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The universe was dominated by radiation in the past
HOT BIG BANG MODEL



Hubble diagram:

1- cépheids
2- Type la supernovae
3- Tully-Fischer relation

4- gravitational lensing
5-Sunyaev-Zel'dovich effect

712, SH |z 73515 photgspharg
AT E Tully-Fischer 1247415 effet de lantilles

FL - brillance da surface 60 =20 effit de lentilles
724647 SH H 60 4 4 attet Sunyaes-Zel'dovich
82 246 plan fondamental 725 WMAP

Schmidt ez &, (19841
Tanry et Franx £1998;
Fagsnacht at af (2000)
Beese of af (20027
Spergel o 21 (2003
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Hubble’s Data (1929)
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HE ACDM MOT

The simplest extension is the introduction of a cosmological constant
- Einstein (1917)
- interpretation as vacuum quantum energy
- constant energy density
- well-defined and predictif model.

A
Pr=gc =~ I}




Observationnally, OK with all data

Phénomenologically, very __simple (1 parameter)

But
. .
A — 1047 4
Pn jobs = BrG = H%M?J = 1077 GeV . Cosmological constant
_ 4 12 4 roblem
PAth — Mfondamental > 107°GeV akd

Today, no solution | |
Critical problem of fundamental physics




The observed acceleration implies that

eneral relativity and the Copernician principle hold on cosmological scales

One must change one of the 3 assumptions of the model
1- The Copernician principle is not valid
2- It exists matter such that p+3P<0

3- Gravitation is not described by general relativity on large scales
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Analysis of a ACDM model with 6 parameters
(h, Q,, &, T, N, Cg)

H(z) km 5= pc?

to = 13.731543

Gyr

T 71T

200

100

T T T T T T

Hy =7 3_.-:]:"% : g k mf s.;f M pu

Hy = 72258 kin/s/Mpe, o™

i R I S

Spergel et al. , astro-ph/0603449
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' Consider a particle of mass M.

T>M Itis in thermal equilibrium with its anti-particle

T<M Annihilation implies that it disappears X+ X—sl+1
But, particles are diluted by expansion

Interaction effective

Interaction frozen

H 7 n .‘ n{ov)

In radiation era H & T2

T I?l’lllli T T TITITE T T TTIT

e 77" (n=2 for weak interaction)

;:E 10—
g 1078
N
‘g 10-10 ""~---“1L ...... ? "z
. & A2 AT i
The universe has a THERMAL HISTORY " B ; T
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14! 10? i
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Temperature {degrees K)

1034._ ~ ey " T T T t
\\\?p.:e’d.me frem w:.:.
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quarks, leptons created ?
inflation A
[
1051 N 4 forees established B
leptons slpit into nentrines and elecions 2
gravity govems expansion = iy F
2
1054 S 3
a
\\ quarks make proionsmeatrons a,
10104 \
1 L il o | PR TT T W Ld A
outries deconple 1w 107 160 107 1wt 1 b e
gravitational farce » ’ TGN
Electrowmk
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decimmagnernc
strang nudmx farce
: \\ fusion of Hand He
gravitans ™
3000 photoas : , e
Black hales leptems <:.‘*:“‘°"““. S o Photans decomple = CMB
ech ot jpositrans ———————— on.sr—-—\‘x
3 4
protons »
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} t } } t t t i sl
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Age of the Universe



 SUCCESSES: |

T>> 100 Mev Electron, positron, neutrinos and photons: UR / proton, neutron: NR

T>> 1 Mév Neutron and proton in equilibrium by weak interaction

(n/P)eg ~ exp(— Q/T) ~ 1, Q= my—my~ 1L.3MeV

T=1-0.7 MeV  Weak interaction freezes
Meeac ~ H Ty~ 0.8MeV
(n/p) s~ exp(— Q/Ty) ~1/5

Free neutrons decay in 887 sec

T=0.7-0.05 MeV Light nuclei are formed by a series

of nuclear reactions
n+p =D+~
lpesn
2 . ¥
D can be produced only when T<0.066MeV 32%5;};
is low enough so that photo-dissociation oty
negligible is negligible Loy

9, *Ha(d, pI'He

10. 7Ha {2 y)7Be
11714 £, o 1*He
12 Batmp il

Helium-4




| Scczsszss BIG-B

Parameters:

-Number of relativistic particles
- lifetime of neutron

- N=Nparyon/Ny
- G, GF’ OC,...

Praction dela masse, ¥,

Allows to test exiensions of the
standard model of particle physics

Ha/H,D'H

Li/H




P+? — 'Har\f

ﬂb: ﬂp* QH
L= Qg = Y}

eV
Qg <= Ye) N / 5.6

Xez _ The T 3/1 "EI/T
"'—"_[nu = _———-” ) :f?_ T 218 (k) K

LA™ ~— Nh -,-r,nyo (‘{_*)3 (,-;.,1-3

The universe cools during expansion

Around T~4000 K, protons and électrons
Combine to form hydrogene.
The universe becomes transparent

288

We can only see
the surface of the
PRESENT doud where Bght
11.7 8iftion Yesn was last scattersd
aitar the Big Bang
Tha cosmbc mic bty d. h
“rurface of last scatter” i analingous bo the

Tieyht commibiigy Chessg b S Khosds 10 tiav
wywon adoudy dey,

LJ ( Xe? ) = 20.93 - Q:-&[MQR (kq.)f”lj — 251e3

"‘*d \4—%

T=EI Pl’\.S NG lﬁls = Ye (-r"-“EI)M\
5\3‘)‘7‘\ c&' T(L-EI

Xe o L
< 19, Zee~ 2o0- 1o



 SUCCESSES: COSMI

Emission d’un fond de photons avec un
spectre de corps noir & une température
de 2.725K aujourd’hui.

Ipstmalty, B g CIOR 448 g

H K
...a..a_nJ..n.n..A‘.J.,.«.‘n.A...L..a.A_.u..L.L_A_a__L.n.éaj

COBE observation

Dipole after
Monopole substraction

After dipole
Substraction:
Fluctuation of order pK
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Temperature of CMB scales as 1/(1+2)

Tampdraturs du FDG {K)

T T ¥ T ] ¥ E ) E) L) E F F T ; T T k] ¥ i ¥ T
N o GEetal (1997 -
. @ Luatal (1997) -
& Roth et Baver (1999)
& Songzalla st a] (1994 i
. & Srlanand et Petitjean {2000} i
co Tia) = 37326 % (141) i
20 b \I/ $ -
10 - ' $ -
b u
[¥] YT NS S T RN SN O TN SN PN S WO ST W Y S T
] 1 2 3 4

Décalage spectral



4 numbers to describe the dynamics of the universe

Qomy Loy QLK L4 Hy

They start to be accurately measured

- we shall see how later But..
- *precision cosmology”
- This is a very successful model — oy
ES i mé;*’
The universe cools down from a hot " Naw
thermal equilibrium state
Successes: 0 h?

-expansion observed (Hubble law and redshift) "

- light nuclei abundances (RG and weak interaction)
- CMB (RG and electromagnetism)

ot __

erazil ot s g pastd

Lo L3414

0.01

0.1




'PROBLEMS AN

Flatness g
[—.ﬁ Q
J"’ \\‘\
’(‘ﬂ “’\
Horizon
. . ,"-Surfsce da demibdre diffuislon "x\.
CMB isotropic but corresponds to 1087 causal zones. AR - - "
ren : * AA" BT 5, #
How do they reach thermal equilibrium?? “ "
\ul '\ul
A B Eepaca

Origin of Structures The universe is obviously not smooth. Where do the structure
come from?

Dark sector £l : 84, Q. :.Q,\ ~103:1:5:14

Good description up to approx. 101% GeV

- Effect of the GUT unification scheme on the particle content

- Topological defects...
- Close to 1078 GeV, we expect to have effect of quantum gravity

- We have a window on energies not accessible in accelerator!



Non-flat ACDM models are compatible with WMAP

0.0

I . I ]

Spergel et al. , astro-ph/0603449
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