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Distances

Radius of the Earth: ' 6000km
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Distances

The solar system ' 7× 109km (' 50au =50 ’astronomical units’)
1 au ' 1.5× 108km is the average distance between the earth and the sunl’Univers autour de nous 

système  
solaire 

(source: wikipedia) 

distance terre-soleil ≈ 150’000’000km = 150x106km = 1AU 

taille du système 
solaire ≈ 50 AU 
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Distances

The Milky Way (visible part)' 1018km ' 105 light years ' 30′000parsec

1′′ = 1o/3600 = 1arc second

1parsec ' 3.26 light years
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Distances

The size of the ’visible Universe’ (Hubble scale) ' 28000Mpc = 2.8× 1010parsec
(Contains about 0.5× 1012 galaxies like the Milky Way with mass of about 1012M�)

Each point represents a galaxy
(Sloan digital sky survey, SDSS)

Ruth Durrer (Université de Genève) Cosmology I August 1, 2016 6 / 23



The Universe is expanding

As you know, Newtonian gravity is an attractive force.
Each mass is attracted by every other mass.

Despite this fact, observations show that the Universe is expanding.
Galaxies recede from each other with a speed proportional to their distance,

v = Ṙ = H0 · R (Hubble’s law, H0 ' 70km/s/Mpc)

(Hubble 1932)
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The Universe is expanding

(The Supernova Cosmology Project)
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The Universe is expanding

To determine the ’Hubble diagram’ we have to measure two things: the speed and the
distance of far away galaxies.

To mesure the speed we mesure the redshift. This is the Doppler effect for light:

z =
λ− λe

λe
' v/c , if z � 1

(
z =

√
1 + v/c
1− v/c

− 1

)
.
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Redshift

Astronomical observations can be made in different wavelengths bands of the
electromagnetic spectrum. In the optical band specific spectral lines (atomic
transitions) are at fixed wavelength

γ X-rays uv light ir radio
observations astronomiques 

Les astronomes observent la 
lumière des objets astro-
nomiques, donc des ondes 
électromagnétiques. 
 
Les objets n’émettent pas de 
manière uniforme pour tous les 
fréquences : spectrométrie 

(sources: wikipedia) 

observations astronomiques 

Les astronomes observent la 
lumière des objets astro-
nomiques, donc des ondes 
électromagnétiques. 
 
Les objets n’émettent pas de 
manière uniforme pour tous les 
fréquences : spectrométrie 

(sources: wikipedia) 

In a source moving away from us
these spectral lines are shifted to-
wards the red, ’redshifted’
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The Universe is expanding

To determine the ’Hubble diagram’ we have to measure two things: the speed and the
distance of far away galaxies.

To mesure the speed we mesure the redshift. This is the Doppler effect for light:

z =
λ− λe

λe
= v/c , if z � 1

(
z =

√
1 + v/c
1− v/c

− 1

)
.

Mesuring redshifts is easy, but measuring distances is difficult. We need ’standard
candles’ (or ’standard rulers’).

In cosmology, seeing far away objects means looking into the past.
We see the Andromeda galaxy as it was about 2 million years ago.

A moment in the past can be characterized by its redshift z.

The present expansion rate of the Universe is H0 ' 70km/s/Mpc. In the past it has
been different. We want to determine the expansion rate as function of the
redshift, H(z). For this we have to measure the redshift z and the distance d of far
away galaxies.
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Standard candles

The most powerful standard candles are supernovae of type Ia.

(SN1994D)
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SNIa light curve

After application of a ’stretch factor’ the maximum of the light curve, i.e. the maximum
of the luminosity is nearly the same for all supernovae Ia.

Without correction.

After correction.
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The Universe is in accelerated expansion
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103  SDSS-II (this paper)
56  ESSENCE (WV07)
62  SNLS (Astier06)
34  HST (Riess07)

(Kessler et al. 2009)

(Riess et al. 2007)

Distance modulus
= log(apparent luminosity)+

constant
= log(1/d2

L )+ constant

dL(z) = (1 + z)

∫ z

0

dz′

H(z′)

H =
Ṙ
R

= (1 + z)ȧ(z)

a = R/R0

Ṙ(z) > 0 , R̈(z) > 0 for z < 0.5.
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The Universe is in accelerated expansion
diagramme de Hubble actuel 

(Supernova Cosm
ology Project) 

Latest Hubble diagram
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Nobel Prize in Physics 2011

Adam G. Riess Brian P. Schmidt Saul Perlmutter

The Nobel Prize in Physics 2011 was divided, one half awarded to Saul Perlmutter, the
other half jointly to Brian P. Schmidt and Adam G. Riess "for the discovery of the
accelerating expansion of the Universe through observations of distant supernovae".
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Understanding the expansion of the Universe within Newtonian gravity

We consider a test mass m at the bor-
der of a homogeneous sphere of den-
sity ρ, which is expanding with velocity
v = Ṙ.

m

M R

M = (4π/3)R3ρ

Its energy is

E =
m
2

v2 + U =
m
2

v2 − GmM
R

=
m
2

v2 − 4πG
3

mρR2

As energy is conserved, 2E/m =: −K = constant = Ṙ2 − 8πGρR2/3. With

H2 =
(

Ṙ
R

)2
we obtain

H2 +
K
R2 =

8πG
3

ρ

This is the Friedmann equation (1922).
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Understanding the expansion of the Universe within Newtonian gravity

Due to the expansion, the density decreases,

ρ =
M

4π
3 R3

, ρ̇ = −3ρ
Ṙ
R

If we insert this in the derivative of the Friedmann equation we find

d
dt

( Ṙ
R

)2

+
K
R2

 = 2

 R̈
R
−

(
Ṙ
R

)2

− K
R2︸ ︷︷ ︸

−8πGρ/3

 Ṙ
R

=
8πG

3
ρ̇ = −8πGρ

Ṙ
R

R̈
R

= −4πG
3

ρ < 0 .

This is the 2nd Friedmann equation (1922). It requires that the expansion decelerates!
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The expansion of the Universe within General relativity

Including general relativity these equations are modified:(
Ṙ
R

)2

+
K
R2 =

8πG
3c2 ρE +

Λ

3

R̈
R

= −4πG
3c2 (ρE + 3P) +

Λ

3

P is the pressure and Λ is the cosmological constant,
ρE is the energy density. For ordinary matter ρE = c2ρ, and c is the speed of light.
K now has a new interpretation. It is the curvature of space.

Introducing the ’density’ parameters

Ωm =
8πGρE

3c2H2 , ΩK = − K
R2H2 , ΩΛ =

Λ

3H2 ,

the first Friedmann eqn. becomes

Ωm + ΩΛ + ΩK = 1 .
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Curvature

K > 0 (ΩK < 0): spherical space,

K < 0 (ΩK > 0): pseudo-spherical space
(saddle),

K = 0 (ΩK = 0): flat space.
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The Universe is in accelerated expansion

Matter, Ωm, and
cosmological constant, ΩΛ

(dark energy).
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Planck Collaboration: Cosmological parameters
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Fig. 25. Power spectra drawn from the Planck TT+lowP posterior for the correlated matter isocurvature model, colour-coded by the
value of the isocurvature amplitude parameter ↵, compared to the Planck data points. The left-hand figure shows how the negatively-
correlated modes lower the large-scale temperature spectrum, slightly improving the fit at low multipoles. Including polarization, the
negatively-correlated modes are ruled out, as illustrated at the first acoustic peak in EE on the right-hand plot. Data points at ` < 30
are not shown for polarization, as they are included with both the default temperature and polarization likelihood combinations.
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Fig. 26. Constraints in the ⌦m–⌦⇤ plane from the Planck
TT+lowP data (samples; colour-coded by the value of H0) and
Planck TT,TE,EE+lowP (solid contours). The geometric degen-
eracy between ⌦m and ⌦⇤ is partially broken because of the ef-
fect of lensing on the temperature and polarization power spec-
tra. These limits are improved significantly by the inclusion
of the Planck lensing reconstruction (blue contours) and BAO
(solid red contours). The red contours tightly constrain the ge-
ometry of our Universe to be nearly flat.

more speculatively, there has been interest recently in “multi-
verse” models, in which topologically-open “pocket universes”
form by bubble nucleation (e.g., Coleman & De Luccia 1980;
Gott 1982) between di↵erent vacua of a “string landscape” (e.g.,
Freivogel et al. 2006; Bousso et al. 2013). Clearly, the detection
of a significant deviation from ⌦K = 0 would have profound
consequences for inflation theory and fundamental physics.

The Planck power spectra give the constraint

⌦K = �0.052+0.049
�0.055 (95%,Planck TT+lowP). (47)

The “geometric degeneracy” (Bond et al. 1997;
Zaldarriaga et al. 1997) allows for the small-scale linear
CMB spectrum to remain almost unchanged if changes in ⌦K
are compensated by changes in H0 to obtain the same angular
diameter distance to last scattering. The Planck constraint is
therefore mainly determined by the (wide) priors on H0, and the
e↵ect of lensing smoothing on the power spectra. As discussed
in Sect. 5.1, the Planck temperature power spectra show a slight
preference for more lensing than expected in the base ⇤CDM
cosmology, and since positive curvature increases the amplitude
of the lensing signal, this preference also drives ⌦K towards
negative values.

Taken at face value, Eq. (47) represents a detection of posi-
tive curvature at just over 2�, largely via the impact of lensing
on the power spectra. One might wonder whether this is mainly
a parameter volume e↵ect, but that is not the case, since the best
fit closed model has ��2 ⇡ 6 relative to base ⇤CDM, and the
fit is improved over almost all the posterior volume, with the
mean chi-squared improving by h��2i ⇡ 5 (very similar to the
phenomenological case of ⇤CDM+AL). Addition of the Planck
polarization spectra shifts ⌦K towards zero by �⌦K ⇡ 0.015:

⌦K = �0.040+0.038
�0.041 (95%,Planck TT,TE,EE+lowP), (48)

but ⌦K remains negative at just over 2�.
However the lensing reconstruction from Planck measures

the lensing amplitude directly and, as discussed in Sect. 5.1, this
does not prefer more lensing than base ⇤CDM. The combined
constraint shows impressive consistency with a flat universe:

⌦K = �0.005+0.016
�0.017 (95%,Planck TT+lowP+lensing). (49)

The dramatic improvement in the error bar is another illustration
of the power of the lensing reconstruction from Planck.

The constraint can be sharpened further by adding external
data that break the main geometric degeneracy. Combining the
Planck data with BAO, we find

⌦K = 0.000 ± 0.005 (95%, Planck TT+lowP+lensing+BAO).
(50)

38

Supernova Cosmology Planck 2015
Project, Suzuki et al. 2011
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The Universe is in accelerated expansion

If pressure is negative,
P = wρE with w < −1/3 we can have
accelerated expansion (R̈ > 0) without
a cosmological constant. Such a com-
ponent is called dark energy. A cosmo-
logical constant corresponds to a dark
energy component with w = −1.

The matter fraction and the parameter
w of dark energy
(Kessler et al. ’09).
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Conclusions

Looking at far away objects in the Universe we are looking into the past.

The Universe is expanding. More distant galaxies recede from us faster than more
close by ones.

The distance to a galaxy, or the time at which its light which is currently reaching
us has been emitted is determined by its redshift.

The Hubble diagram gives the distance of objects as function of their redshift.

Recent observations have shown that the expansion of the Universe is
accelerated. Understanding this within general relativity requires ’dark energy’.
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