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Plan of the Course

@ Overview of the History of the Universe

@ Friedmann—Robertson-Walker Cosmology
© The Universe: from Today back to BBN

© Big Bang Nucleosynthesis

© Dark Matter Production

@ Baryogenesis
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Outline

Outline

“Natural” units

The Universe today
@ General properties
@ Energy balance

The future Universe

The early Universe
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“Natural” units

“Natural” units in particle physics

h=c=kg=1 J

measured in GeV: energy E, mass M, temperature T J

mp =0.938 GeV, 1K =8.6-10"14 GeV

measured in GeV~!: time t, length L ]

1s=15-10GeV!, 1cm=5.1-1013 GeVv1

Gravity (General Relativity): V (r) = —GT.™2 [G] = MZJ

1

M = 1.2-10%° GeV = 22 ug G=2
P
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“Natural” units

“Natural” units in cosmology

1 Mpc=3.1-10%* cm
1AU =1.5-10'% cm mean Earth-to-Sun distance
1ly =0.95-10% cm distance light travels in one year
1yr=3.16-10"s
1pc=33ly=3.1-10¥ cm distance to object which has
a parallax angle of one arcsec

................. Distant stars

100 AU — Solar system size ‘ﬁf’j

1.3 pc — nearest-to-Sun stars bl
1 kpc — size of dwarf galaxies ...,/ ~'**="

@ i 50 kpc — distance to dwarves " I

i 0.8 Mpc — distance to Andromeda /‘

/ 1-3 Mpc — size of clusters “
15 Mpc — distance to Virgo ’

A

_________________ Earth's motion around Sun

Near star apparent
parallax motion
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The Universe today General properties

Very large scales: homogeneity and isotropy

5000,/h Mpe

3000/h bipe

1000/h Wpc
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The Universe today General properties

Large scales: structures

South cz (1000 km/s)

12434 galaxies
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Expansion:

LOa(t) nOa=3(t)

RN

<=

The Universe today General properties

H(t) = 2

!
P
PN

£ @

P /
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The Universe today General properties

Expansion: redshift z Aabs/Aem =1+2

T T
z=2.0841, 1,,=23.3i

z < 1 Hubble law : z = Hgr J

km
s-Mpc

0.04
Ho =h-100 h=0.73"43

F, (107" ergs/sec/cm®/A)
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The Universe today

Expansion: redshift z

zZ < 1 Hubble law : z = Hpr

km

h=0.7370%
s-Mpc

Ho = h-100 004

standard candles

Hubble Diagram for Cepheids (flow—corrected)
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General properties
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The Universe today General properties

The Universe: age & spatial geometry

[Ho]=L*=t"

time scale: ty, = Hy* ~ 14-10° yr
spatial scale: Iy, = Hy* ~ 4.3-10% Mpc

age and size of the visible Universe
ty, is in agreement with various observations

homogeneity and isotropy in 3d:
flat, spherical or hyperbolic J

Observations: “very” flat
IHo/Rcurv <01

~
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The Universe today General properties

The Universe is hot: To=2.725+0.001 K

-2 -1 -l ~1
sec sr Hz ]

Brightness £, [erg cm

ny=410 cm=3

Wavelength [cm)]
10 1 0.1
D T ——————— T
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Sxs
nZz-

The Universe today General properties

CMB anisotropy: 8T /Tg~107°

-200 Tiuk} 4200
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The Universe today

CMB anisotropy:

0 Tgipole=3.346+0.017

oT(n)= Zal‘mYIm(n)
I,m

aI%‘m = (*1)mal,7m

observations

6T (n) is Gaussian
(@1.ma7 m/) = Cim O Oy

in isotropic Universe
Cim=

mK

General properties

6T(n)=T(n)—To— 6Tdipole
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The Universe today General properties

CMB anisotropy: the very recent results
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The Universe today Energy balance

Energy density
order-of-magnitude estimate: Gpo ~ H3
Spatially flat Universe )
3 _:GeV

P = gHng ~0.53-10 5@
CMB contribution: Q,=£-05-10"*
Baryon contribution: Qs = p—‘: =0.042
Neutrino contribution: Q, = Effc“i <0.016
Dark Matter contribution: - "I'jCM =0.2
Dark Energy contribution: Qr = ’;—’C‘ =0.75
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The Universe today Energy balance

Dark Matter in clusters

gravitational lensing pm ~ 0.25p¢
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The Universe today

Dark Matter in clusters

Energy balance

X-rays from hot gas in clusters

dpP

9 une(R)m, MR

R
,MR:4/ r)rédr ,
RZ (R) EOP()

galaxies in clusters

Milky Way: Virgo infall
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Bullet clusters

57' 56'

-55'58'

6"58M42° 36° 30°
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The Universe today Energy balance

Dark Matter in galaxies:

flat rotation curves

150 — ‘ ‘ =
S NGC 6503 B
—~ 100 ; - halo ;
M(R) WL |
VR) =y~ £ |
R > ]
M(R) = 47:/ p(r)r2dr & i
0 1
gas i
OO — 1‘0 — 2‘0 — 30
Radius (kpc)
observations: V(R) = const
visible matter: filled regions v(R) 0 VR
empty regions v(R) 0 1/vR
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The Universe today Energy balance

Dark Energy: nonclumping matter?

@ estimates of Matter contribution confined in galaxies and clusters
pc — pu 7 0 but the Universe is flat, so pcyry ~ 0

@ corrections to the Hubble law : red shift — brightness curves for
standard candles — SN la

@ The age of the Universe
@ CMB anisotropy, large scale structures, etc

pa = 0.75pc )

pa ~ 107> GeV/em? ~ (10-113 GeV)4
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The future Universe

The future Universe

the same period with the same expansion rate J
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The early Universe
27K

TODAY
46K

14 Gyr
accelerating expansion
matter dominated expansion

5.5 Gyr
0.27 eV

recombination 0.3 Myr
matter dominated expansion
0.7 eV

80 kyr
radiation dominated expansion ¥

SOKGV\MMMMMMMM/W”
Big Bang Nucleosynthesis
Imey M A b A A hhh

1s
2.5 MeV neutrino decoupling 0.1s
200 MeV QCD phase transition 10 us
A ~
100 GeV Electroweak phase transition 0.1ns N
-
baryogenesis ~

hot Universe |
YA A A AT

preheating

A

i
"~ dark matter generation
-

inflation ——7
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