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Outline of the talk

Expansion of the Universe.

Theory: General Relativity and Friedmann equations.

The Cosmic Microway Background (Planck satellite).

Cosmological parameters.

Nucleosynthesis.

Dark Matter.

Problems of the Standard Cosmological Model (ΛCDM):
▶ Cosmological Constant.
▶ Flatness.
▶ Monopoles.
▶ Horizons.
▶ Antimatter.
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Expansion of the universe (I)

v = H0d, H0 ≃ 500
km

s Mpc
.

H−1
0 ≃ 2× 109years.
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Expansion of the universe (II)

z =
λg − λo

λ0
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Absolute and Apparent magnitudes of a atar

Absolute Luminosity (L): Total power emitted by the star.
▶ Absolute Magnitude (M): L = 10−2M/5 × 3× 1032 J/s .

Apparent Luminosity (l): Power per unit surface received on the
Earth.

▶ Apparent Magnitude (m): l = 10−2m/5 × 2.5× 10−8 J/m2/s .

l =
L

4πD2
L

,

5 log10

(
DL

10pc

)
= mB −MB .
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Expansion of the universe (III)
Light curves for the Cepheids.

BBT: An Introduction 6 / 42



Expansion of the universe (IV)

Cepheids: Luminosity-Period (Henrietta Swan Leavitt).

Mv = −2.81 log10(P )− (1.43± 0.1) .

5 log10

(
DL

10pc

)
= mB −MB .
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Expansion of the universe (V)

Supernovae SNIa.

5 log10

(
DL

10pc

)
= mB −MB + α(s− 1)− βc .
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Edwin Hubble
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Hubble Space Telescope (NASA)
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Expansion of the universe (VI)

v = H0d, H0 ≃ 75
Km

s Mpc
.

H−1
0 ≃ 13× 109years.
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Friedmann equations(I)

Perfect Cosmological Principle:
All the observers of the Universe see the same cosmo-history.

The universe is homogeneous and isotropic.

Maximally symmetric spaces.

Robertson-Walker line element

ds2 = −c2dt2 + a(t)2
[

dσ2

1− kσ2
+ σ2dθ2 + σ2sen2θdϕ2

]
.

Energy-Momentum tensor of an ideal �uid

Tµν = pgµν +
( p

c2
+ ρ

)
UµUν .
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Friedmann equations(II)

Plugging these assumptions into the Einstein's equations we obtain

ȧ2 =
8π

3
Gρa2 − kc2

ä = −4π

3
G(ρ+ 3

p

c2
)a .

BBT: An Introduction 13 / 42



Critical density
Friedmann equation

ȧ2 =
8π

3
Gρa2 − kc2 .

k = 0, H(t) ≡ ȧ/a.

Critical density

ρc =
3H2

8πG
.

In terms of the critical density

Ωi ≡
ρi
ρc

,

Ω =
∑
i

Ωi .

The curvature scalar is given by

R = 6H2(Ω− 1)
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Curvature
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The Cosmological Constant as the vacuum energy (I)
Friedmann equations with cosmological constant (Λ):

ȧ2 =
8π

3
Gρa2 +

1

3
Λc2a2 − kc2

ä = −4π

3
G(ρ+ 3

p

c2
)a+

1

3
Λc2a .

Friedmann equations with density (ρ+ ρv) and pressure (p+ pv)

ȧ2 =
8π

3
G(ρ+ ρv)a

2 − kc2

ä = −4π

3
G(ρ+ ρv + 3

p

c2
+ 3

pv
c2

)a .

We get

ρv =
Λc2

8πG
, pv = − Λ

8πG
.

Therefore
pv = −ρvc

2 .
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The Cosmological Constant as the vacuum energy (II)

Conservation of the energy-momentum

d

dt

(
ρvc

2R(t)3
)
+ pv

d

d

(
R(t)3

)
= 0 .

If the density of the vacuum is constant, it is possible to obtain the
following equation of state

pv = wρvc
2 , con w = −1 .

Quantum vacuum:

Ground state of the �Universe�.

Composed by virtual particles and antiparticles (∆E∆t ≃ ℏ).
Casimir E�ect.

Sum of all the zero point energies of all the quantum �elds
presented in the universe.
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Evolution of the relative size of the universe
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The Cosmic Microway Background (CMB) (I)
Discovered by A. Penzias and R. Wilson (1964).
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CMB (II): Cosmic CN
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CMB (III)

T = 2.725± 0.001K(1σ) .
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Origin of CMB

The universe was 105 years old.

�Soup� of protons, electrons, photons and light nucleus.

The atomic binding energy is approx. 1 eV [equivalent to 104 K].

The expansion of the universe reduces its temperature: T ∝ 1/a.

50 % of protons and 50% of Hydrogen at T ≃ 0.3 eV.

It occurred 400 000 years after the BB.

The universe was 1200 times smaller than at the present.

TRANSPARENT Universe (neutral!!).

It occurred after the equilibrium matter-radiation (100000 years
after the BB): ρmat = ρrad.
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Last Scattering Surface (LSS)
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Planck Satellite (I) (European Space Agency)

It was launched in May/2009.
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Planck Satellite (II)
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Temperature �uctuations of the CMB (I) [WMAP]

The solar system is moving in the direction [Planck Data] (Eppur si
muove) (l, b) = (263.99o ± 0.14o, 48.26o ± 0.03o) con
v = 369.0± 0.9 km s−1.
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Temperature �uctuations of the CMB (I)(II): Comparison
between Planck and WMAP
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Analysis of the CMB �uctuations (III) [Planck]
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Temperature anomalies in the CMB
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Cosmological Parameters

Planck Data, Assuming ΛCDM.

Hubble parameter: h = 0.6766± 0.0042.

Matter: Ωmh
2 = 0.1428± 0.0011.

1 Baryons : Ωbh
2 = 0.02233± 0.00015.

2 Dark Cold Matter: Ωch
2 = 0.1198± 0.0012.

Matter (cold+�normal�): Ωm = 0.3111± 0.0056.

Cosmological Constant: ΩΛ = 0.6889± 0.0056

Total Energy: Ωtot = 1.000± 0.0078.

H0t0 ≃
2

3
(0.7Ωm + 0.3− 0.3ΩΛ)

−0.3

t0 = (13801± 24)× 106years.
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The recipe of our universe
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Cosmological parameter by SNIa (I)
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Cosmological parameters by SNIa (II)

Calan/Tololo

(Hamuy et al, 

A.J. 1996)

Supernova

Cosmology

Project
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Nucleosynthesis
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Dark matter (Gravitational lens) (I)
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Dark Matter (II)

�Normal� dark matter (baryonic): brown dwarf, interstellar dust,
Massive Astrophysical Compact Halo Object (MACHO), etc. 15%
of the total dark matter.

Exotic dark matter (85% of the total matter) . Candidates:
1 Weakly Interacting Massive Particles (WIMP)
2 Heavy Neutrins.
3 Axions.
4 Primordial black holes.
5 ...

BBT: An Introduction 36 / 42



The four forces
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Elementary particles
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History of the universe
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History of the �baby� universe
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The big problem of the cosmological constant

Using ℏ, c and GN we can build the following magnitudes:

Planck length: lP =
(
ℏGN
c3

)1/2
≃ 10−35m

Planck energy: EP =
(

ℏc5
GN

)1/2
≃ 1019GeV

A naive estimate of the cosmological constant could be

Λ ≃ l−2
P ≃ 1070m−2

But we know from CMB that

Λobs =
3H2ΩΛ

c2
≃ 10−52m−2

Assuming that the scale is that of QCD (10−15 m), the results may be

Λ ≃ 1030m−2
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Other poblems of ΛCDM

Horizons

Flatness: �Fine Tuning� of Ω's
▶ |Ω(tinitial)− 1| < 10−22 (Einitial/GeV)

−2

▶ Planck Scale: One part in 1060

Magnetic Monopoles

Antimatter
▶ Today Np/Nγ ∼ 10−9 but Np/Nγ ≃ 0.
▶ Conservation of the baryon number: Np/Np = 1 +O(10−9) when

kBT >> mpc
2. What is the origin of this initial asymmetry?

Formation of structures

Solutions: In�ation+....
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