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Evidence for dark matter (DM)
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A.From astrophysics 
1.Galactic rotation curves 
2.Clusters 

 
 

B.From cosmology 
3.Abundance of primordial elements 
4.SN type Ia luminosity 
5.CMB anisotropies
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Evidence for Dark Matter
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• If all matter in the bulb, expect 
 

• But we observe  

• Possible solutions: 
- modify gravity (not favoured) 
- add halo component of invisible 

(dark) matter (DM) 
- all our ignorance is transferred 

to DM!

v(r) = constant
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• Observation of a galaxy without a Dark Matter component 
⇒ inconsistent with “Modified Newtonian Dynamics” (MOND)… 
⇒ …but consistent with the existence of DM ! 

• NGC1052-DF2 ( ) 

- measure ratio of dynamical 
mass  over visible mass   

-  measured from velocity 
dispersion σ of 10 globular clusters 

- measure dispersion , and 
deduce intrinsic dispersion 

 
⇒   

- with DM, expect  

- Result for NGC1052-DF2 :   
⇒ this constitutes evidence for a galaxy without DM!

Mstar ≃ 2 × 108 M⊙

Mdyn Mstar

Mdyn

σ = 8.4 km s−1

σintr = (3.2+5.5
−3.2) km s−1 < 10.5 km s−1 (@90 % C . L.)

Mdyn < 3.4 × 108 M⊙

Mdyn /Mstar ≫ 1 ( ≈ 400!)
Mdyn /Mstar ≤ 2
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A.1 Observation of a galaxy without DM

LETTERRESEARCH

Extended Data Figure 1 | NGC1052–DF2 in the Dragonfly field. The full Dragonfly field, approximately 11 degree2, centred on NGC 1052. The 
zoom-in shows the immediate surroundings of NGC 1052, with NGC1052–DF2 highlighted in the inset.

© 2018 Macmillan Publishers Limited, part of Springer Nature. All rights reserved.

2 9  M A R C H  2 0 1 8  |  V O L  5 5 5  |  N A T U R E  |  6 3 1

LETTER RESEARCH

spatial extent and low dynamical mass of NGC1052–DF2 yields an 
unusually robust constraint on the total halo mass. Typically, kinematic 
tracers are only available out to a small fraction of the virial radius, 
and a large extrapolation is required to convert the measured enclosed 
mass to a total halo mass4. However, for a halo of mass M200 ≈  108M⊙, 
the virial radius is only about 10 kpc, similar to the radius at which the 
outermost globular clusters reside. As shown in Fig. 4b, a galaxy with 
a stellar mass of Mstars =  2 ×  108M⊙ is expected to have a halo mass of 
Mhalo ≈  6 ×  1010M⊙, a factor of about 400 higher than the upper limit 
that we derive. We conclude that NGC1052–DF2 is extremely deficient 
in dark matter, and a good candidate for a ‘baryonic galaxy’ with no 
dark matter at all.

It is unknown how the galaxy was formed. One possibility is that it 
is an old tidal dwarf, formed from gas that was flung out of  merging 
galaxies. Its location near an elliptical galaxy and its high peculiar 
 velocity are consistent with this idea. Its relatively blue colour suggests 
a lower metallicity than might be expected for such objects18, but that 
depends on the detailed circumstances of its formation19. An alternative 
explanation is that the galaxy formed from low-metallicity gas that was 
swept up in quasar winds20. The lack of dark matter, the location near 
a massive elliptical, the peculiar velocity and the colour are all quali-
tatively consistent with this scenario, although it is not clear whether 
the large size and low surface brightness of NGC1052–DF2 could have 
been produced by this process. A third option is that the galaxy formed 
from inflowing gas that fragmented before reaching NGC 1052, either 
relatively close to the assembling galaxy21 or out in the halo22. This 
fragmentation may have been aided or precipitated by jet-induced 
shocks23. In any scenario, the luminous globular-cluster-like objects 
require an explanation; generically, it seems likely that the three pecu-
liar aspects of the galaxy (its large size, its low dark matter content and 
its population of luminous compact objects) are related. An important 
missing piece of information is the number density of galaxies such as 
NGC1052–DF2. There are several other objects in our Cycle 24 HST 
programme that look broadly similar, but these do not have dynamical 
measurements yet—and the fact that other UDGs have anomalously 
high, rather than low, dark matter fractions12,14 demonstrates that such 
data are needed to interpret these galaxies.

Regardless of the formation history of NGC1052–DF2, its existence 
has implications for the dark matter paradigm. Our results demonstrate 
that dark matter is separable from galaxies, which is (under certain 

circumstances) expected if it is bound to baryons through nothing 
but gravity. The ‘bullet cluster’ demonstrates that dark  matter does not 
always trace the bulk of the baryonic mass24, which in clusters is in the 
form of gas. NGC1052–DF2 enables us to make the complementary 
point that dark matter does not always coincide with galaxies either: 
it is a distinct ‘substance’ that may or may not be present in a galaxy. 
Furthermore, and paradoxically, the existence of NGC1052–DF2 
may falsify alternatives to dark matter. In theories such as modified 
Newtonian dynamics (MOND)25 and the recently proposed  emergent 
gravity paradigm26, a ‘dark matter’ signature should always be detected, 
as it is an unavoidable consequence of the presence of  ordinary  matter. In 
fact, it had been argued previously27 that the apparent absence of  galaxies 
such as NGC1052–DF2 constituted a falsification of the  standard 
cosmological model and offered evidence for modified  gravity. For a 
MOND acceleration scale of a0 =  3.7 ×  103 km2 s−2 kpc−1, the expected28 
velocity dispersion of NGC1052–DF2 is σM ≈  (0.05GMstarsa0)1/4 ≈   
20 km s−1, where G is the gravitational constant—a factor of two higher 
than the 90% upper limit on the observed dispersion.
Online Content Methods, along with any additional Extended Data display items and 
Source Data, are available in the online version of the paper; references unique to 
these sections appear only in the online paper.
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Figure 3 | Velocity dispersion. The filled grey histograms show the 
velocity distribution of the ten compact objects. a, Wide velocity range 
including the velocities of all 21 galaxies in the NASA/IPAC Extragalactic 
Database with cz <  2,500 km s−1 that are within a projected distance of two 
degrees from NGC 1052. The red dotted curve shows a Gaussian with a 
width of σ =  32 km s−1, the average velocity dispersion of Local Group 
galaxies with 8.0 ≤  log(Mstars/M⊙) ≤  8.6. b, Narrow velocity range centred 
on cz =  1,803 km s−1. The red solid curve is a Gaussian with a width that is 
equal to the biweight dispersion of the velocity distribution of the compact 
objects, σobs =  8.4 km s−1. Taking observational errors into account,  
we derive an intrinsic dispersion of σintr =  . − .

+ .3 2 3 2
5 5 km s−1, with the 

uncertainties 1 s.d. The 90% confidence upper limit on the intrinsic 
dispersion is σintr <  10.5 km s−1.
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Figure 4 | Constraints on the halo mass. a, Enclosed mass profiles for 
Navarro–Frenk–White haloes29 of masses M200 =  108M⊙, 109M⊙, 1010M⊙ 
and 1011M⊙ (grey lines). The 108M⊙ halo profile is shown by a dotted line 
beyond R =  R200 ≈  10 kpc. The orange curve is the enclosed mass profile 
for the stellar component, and the black curves are the total mass profiles 
Mtotal =  Mstars +  Mhalo. The ten globular clusters are at distances ranging 
from R =  0.4 kpc to R =  7.6 kpc; short vertical bars on the horizontal axis 
indicate the locations of individual clusters. The 90% upper limits on the 
total enclosed mass of NGC1052–DF2 are shown by arrows. The limit 
at R =  7.6 kpc was determined with the TME method16. The arrow at 
R =  3.1 kpc is the mass limit within the half-number radius of the globular 
cluster system17. The dynamical mass of NGC1052–DF2 is consistent 
with the stellar mass and leaves little room for a dark matter halo. b, The 
upper limit on the halo mass and comparison to the expected dark matter 
mass from studies that model the halo mass function and the evolution 
of galaxies2,30. Grey solid symbols are nearby dwarf galaxies with rotation 
curves extending to at least two disk scale lengths4. Open squares are three 
cluster UDGs with measured kinematics: VCC 128714, Dragonfly 4412 and 
DFX112. NGC1052–DF2 falls a factor of at least 400 below the canonical 
relations.
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1.Galactic motion within 
clusters incompatible 
with visible matter 
 
⇒ same conclusion as 
for galaxy rotation curves 
 
 
 
 

2.X-rays from hot gas in clusters 
- the temperature T is related to the density  

- measure T and determine the corresponding density  

- compare with          ⇒ Result: 

ρ
ρT

ρvisible ρvisible ≈ 10 % ρT
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A.2 Clusters of galaxies (I)

Virgo cluster
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3.Weak lensing (since 1990’s) 
- measure the mass distribution from average deformation of distant galaxies 

through gravitational lensing in closer cluster 
 
 
 
 
 
 
 

- Remark: this is a statistical method 

- reach same conclusion that the total mass in the cluster is significantly 
larger than the visible mass
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Clusters of Galaxies (II)

Cluster Distant 
galaxies

Observer
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• Observe clusters that have collided: 
- galaxies in visible spectrum 
- hot gas in X-ray (magenta) 
- mass distribution from weak lensing (blue) 
⇒ blue has only interacted gravitationally 
⇒ strongest direct evidence for weakly 
interacting Dark Matter!
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Bullet Cluster
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Interlude: 
(short) introduction to cosmology
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• The Universe is described by the Robertson-Walker metric 

- cosmological time measured by free-falling observer (comoving) 

-  is the curvature: 

‣   ⇒ closed Universe 

‣   ⇒ open Universe 

‣     ⇒ flat Universe 

-  drives the expansion 
 
⇒ What is the form of ?

t =

k

k = + 1

k = − 1

k = 0

a(t)

a(t)
138

Cosmology

ds2 = dt2 � a(t)2


dr2

1� kr2
+ r2(d✓2 + sin2 ✓d�2)

�
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• Free-falling objects are said to be comoving 
- they measure the cosmological time 
- but their relative distance changes with  
-  depends on the content of the Universe, and is therefore the parameter 

that allows to identify the various components of the Universe

a(t)
a(t)
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Comoving coordinates

A.Hicheur, Cours de Master "Neutrinos et MatiA.Hicheur, Cours de Master "Neutrinos et Matièère noire", Printemps 2009re noire", Printemps 2009
1010

Expansion et Expansion et comobilitcomobilitéé

QuantitQuantitéé comobilecomobile = quantit= quantitéé qui suit lqui suit l’’expansion expansion 

Exemple: volume (maille)Exemple: volume (maille)
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• R-W metric + Einstein’s equation (relating curvature and 
energy density ) + adiabatic expansion 
 
⇒ Friedmann equation 
 
 

- : gravitational constant 
- : the Hubble parameter 
- : energy (mass) density 

• Energy conservation equation, 
relating density  and pressure  

ρ

G
H
ρ

ρ p
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Cosmology dynamics

H
2 =

✓
ȧ(t)

a(t)

◆2

=
8⇡G

3
⇢� k

a2

⇢̇ = �3
ȧ

a
(⇢+ p)
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• Current (t0) expansion rate H0 
• H0=100×h [km/s/Mpc] 

with h=0.674±0.005 

• Define redshift z :

141

Expansion: Hubble parameter

Original Hubble results, up to 2Mpc

v = ȧ(t0)r = H0ar = H0D

z =
�obs

�emitted
� 1
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• The curvature of the Universe could be closed, flat, or open 
• The present ( ) critical density for having a flat Universe ( ): 

 
                                              ⇒  

• Contribution ΩA of a species A, expressed as a fraction of the critical 
density : 

• Sum of all contributions: 

• Content of the Universe : radiation (R), matter (M), and possibly 
vacuum energy ( ) 
- Radiation contains photons and neutrinos (relativistic) 
- Matter can contain baryonic and “cold” non-baryonic matter (non-relativistic) 
- Dark energy

t0 k = 0

ρ0
c

Λ
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Critical density

 Ω0 = 1 ⇔ k = 0 
 Ω0 < 1 ⇔ k = −1 
 Ω0 > 1 ⇔ k = +1

⇢
0
c =

3H2
0

8⇡G
⇢0c = 10.6 keVcm�3 ⇥ h2

⌦A =
⇢A
⇢0c

⌦0 =
X

i

⌦i

⌦0 = ⌦R + ⌦M + ⌦⇤



F. Blanc, Spring 2025

• Radiation (R): photons and neutrinos 
- relativistic ⇒ not in comoving rest frame 

- pressure is proportional to density: 
                                                      

-  calculated from measured CMB temperature ( ) 
 
 

- neutrino density related to photon density as 
 
 

- Total:

pR = ρR /3 ⇒ ρR ∝ a−4

Ωγ T0 = 2.725 K
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Radiation density
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• Cosmological Microwave Background (CMB) 
⇒  

⇒ one ν mass of at least   

⇒ for three neutrinos:   

• Neutrino contribution to the cosmological evolution 
- if neutrinos have very small mass ⇒ they are relativistic ⇒ they are not 

trapped in a gravitational wells ⇒ they don’t contribute to the  
gravitational potentiel of clusters 

- if neutrinos have larger mass ⇒ they become non-relativistic ⇒ they can 
be trapped by structures smaller than the Universe (e.g clusters) 
 
⇒ the larger the ν mass, the earlier they become non-relativistic as the 

Universe cools down ⇒ their effect can be observed on small clusters

∑ mi ≃ 1eV/c2

Δm2
23 = 2.1 × 10−3 ≃ 0.05 eV/c2

0.05 eV/c2 < mass of heaviest νi < 0.1 eV/c2

144

Cosmological neutrinos
April 2024: 
New result from DESI (BAO) 

 
arXiv:2404.03002
∑ mi < 0.113 eV@95 % C . L .

https://arxiv.org/abs/2404.03002
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• Matter (M): baryonic and non-baryonic 
 
         

- cold (≡ non-relativistic) matter in the comoving frame ⇒  

-  

- therefore: 
- we know how  varies with time 

- but we need to measure the value of  (  and )

ΩM = Ωb + ΩDM

p → 0

pM = 0 ⇒ ρM ∝ a−3

ρM

ΩM Ωb ΩDM

145

Matter density
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• Cosmological constant Λ first introduced by Einstein to make the 
Universe static 

• In modern cosmology,  is interpreted as vacuum energy (Dark 
Energy), and contributes to the energy density of the Universe as    

• Dark Energy suffers no dilution 
⇒  ⇒  ⇒ negative pressure!    

• Like for matter, we a priori don’t know  but we know its impact on 
the evolution of the Universe ⇒  can be measured from the 

observation of the expansion

Λ
ΩΛ

ρΛ = cst pΛ = − ρΛ

ΩΛ
ΩΛ
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Vacuum energy

H
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✓
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• When the temperature cools down below ,  
  cannot occur, and  pairs annihilate 

• Therefore, all matter and anti-matter should have converted into 
radiation 

• Then, why do we observe matter and no anti-matter?  

• Three conditions (Sakharov, 1967) 
1.Baryon number violation 
2.C- and CP- symmetry violation 
3.non-thermal equilibrium 

• Baryogenesis? Leptogenesis?

T = 0.5 MeV
γγ → e+e− e+e−

148

CP violation and cosmology
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A.From astrophysics 
1.Galactic rotation curves 
2.Clusters 

 
 

B.From cosmology 
3.Abundance of primordial elements 
4.SN type Ia luminosity 
5.CMB anisotropies
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Evidence for Dark Matter
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• Baryon nucleosynthesis: 

- when the temperature  

- when the temperature    (freeze-out) 

- when , no more photo-dissociation is possible 
( ), and the nucleosynthesis can begin 

 production of deuterium (D), Helium (He), Lithium (Li), Beryllium (Be) 
- abundances can be predicted based on the Cosmological standard model, 

and compared to observations

T ≫ Δm ≡ mn − mp ⇒ Nn = Np

T ≃ Δm ⇒ Nn ≈ Np

T < 0.1 MeV
D + γ ↔ p + n

⇒

150

B.1 Abundance of elements

⌫e + n ! p+ e�

Np

Nn
/ e

mn�mp
T mn �mp = 1.29MeV
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• Observed relative abundances are consistent with predictions! 
• Observed baryonic density 

, consistent with CMB 
measurements (see later)
Ωb ≈ 0.05
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Predicted abundances
4 24. Big Bang Nucleosynthesis
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Figure 24.1: The primordial abundances of 4He, D, 3He, and 7Li as predicted by the standard
model of Big-Bang nucleosynthesis — the bands show the 95% CL range [50]. Boxes indicate the
observed light element abundances. The narrow vertical band indicates the CMB measure of the
cosmic baryon density, while the wider band indicates the BBN D+4He concordance range (both
at 95% CL).

reflects the combined statistical and systematic errors, with the latter, estimated to be ±0.002 [67],
being dominant.

11th August, 2022
Ω b

≈
0.0
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• Measure luminosity distance  versus redshift of SN type Ia 
- from known intrinsic luminosity, apparent luminosity, and redshift, 

one can write 
 
 
 
 
 
 
 

- Results:  
 
 
 
⇒  is mostly sensitive to  

dL

dL ΩΛ − ΩM
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B.2 SuperNovae type Ia

⌦M � ⌦⇤ = �0.49± 0.12

⌦M + ⌦⇤ = +1.11± 0.52

dL = a(t0)(1 + z)fk

✓Z z

0

dz

a(t0)H0

⇥
⌦M (1 + z)3 + ⌦⇤

⇤� 1
2

◆

fk(x) = sin x if k = + 1
fk(x) = x if k = 0
fk(x) = sinh x if k = − 1
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• Initial results from 1998 compatible with non-zero cosmological 
constant!
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Supernova Cosmology Project (1998)
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Supernova Cosmology Project (2003)
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• Cosmic Microwave Background (CMB) 
- decoupling of photons from matter at  

 
⇒ picture of the Universe at this time 

- thermal equilibrium before decoupling 
⇒ black body, now observable at  

- almost perfect 
black body, 
but...

T ≃ 3000 K
⇔ z = 1100 ⇔ t = 380000 yr

2.725 K

155

B.3 Cosmic Microwave Background
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• Anisotropies expected at level of  to explain large scale structures 
- observation by COBE (1994) : 

 
⇒ consistent with theoretical considerations 

• Source and nature of the fluctuations : 
- /nucleon/electron fluid under antagonist forces: 

- gravity and quantum pressure  ⇒ density waves (sound) 

- limited velocity ⇒ effective horizon ⇒ sets the effective size of fluctuations at 

the time of decoupling 
- the size of the fluctuations depends on velocity, which depends on pressure, and 

pressure is different for Λ and matter 
 
⇒  and  can be determined from the map of anisotropies!

10−5

γ

ΩΛ ΩM

156

CMB anisotropies

�T

T
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CMB anisotropies: Planck (2015)
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• Fourier modes of angular CMB fluctuations 
- sensitive to several parameters 

-  ,  ,  ,  (and many more)ΩM + ΩΛ ΩM Ωb

158

CMB power spectrum

Fourier spectrum should in principle reach zero between each maximum.
However, the temperature anisotropies that we see today do not only reflect the value of the plasma

overdensity in each point of the last scattering surface (LSS). This first source of anisotropy, called the
Sachs-Wolfe term, is the dominant one, but there are other terms. the second most important term is
the Doppler one: we see photons emitted from a region of the LSS where the plasma had a bulk velocity,
leading to a Doppler shift of the photon frequency. This Doppler term has the same oscillatory pattern
as the Sachs-Wolfe term, but is out of phase with it (like for an ordinary harmonic oscillator). The sum
of the Sachs-Wolfe and Doppler terms leads to a total Fourier spectrum with maxima and minima, but
no points where the spectrum reaches zero.

The third important effect is the so-called integrated Sachs-Wolfe (ISW) effect, corresponding to
the fact that between the last scattering surface and today, the photons cross regions where metric
fluctuations (associated to matter density fluctuations) are not constant in time. Hence, the redshift and
blueshift experienced by a photon crossing such regions do not compensate each other, and some extra
anisotropies are generated along each photon line-of-sight, in addition to primary anisotropies acquired
on the last scattering surface. This effect is particularly important during a possible Λ (or dark energy)
dominated epoch: then, the gravitational potential fluctuations decay, inducing some temperature shift
of the photons; this effect, know as the late ISW effect, contributes to the CMB spectrum on the largest
wavelengths (smallest k), and gives a slope to the previously mentioned plateau.

 0

 2000

 4000

 6000

 8000

 10000

 12000

 14000

 16000

 10  100  1000

<|
δT

/ T
|2 > 

  (
in

 s
om

e 
un

its
)

1/θ  (in some units)

n increased
ωm decreased
ΩΛ increased
ωb increased

Figure 10: The red solid line shows the a reference CMB temperature spectrum, computed precisely with
a numerical codes for standard values of the cosmological parameters of the ΛCDM model (these are
ΩΛ, ωm, ωb, plus two parameters describing the primordial spectrum: and amplitude and a tilt n, and
one parameter describing an astrophysical process, which we do not discuss in this course: reionization).
The other lines show the effect of varying one of the following quantities: n, ωm, ωΛ and finally ωb. The
corresponding effects are described in the text.

In summary, and simplifying a lot, the CMB spectrum is expected to consist in a smooth plateau
with some slope, and then a series of local maxima and minima. This spectrum can be predicted
very accurately, using numerical codes which integrate over the full system of coupled linear differential
equation describing precisely the evolution of cosmological perturbations for each species. Qualitatively,
the dependence of this spectrum on the main cosmological parameters is the following (all these effects
are shown in figure 10, which is based on a precise numerical calculation of the spectrum):

• dependence on the matter density ωm. The radiation density today is fixed by the CMB temperature
T = 2.726 K, while ωm is a free parameter that we try to measure. When the matter density
decrease, equality between matter and radiation takes place later. Hence, there is less time between
equality and decoupling (the time of decoupling is fixed by thermodynamics). So, there is less
damping of the fluctuations in this regime, and the peaks corresponding to the acoustic oscillations
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CMB power spectrum: combined results27. Cosmic microwave background 11

Figure 27.2: CMB temperature anisotropy band-power estimates from the Planck,
WMAP, ACT, and SPT experiments. Note that the widths of the ℓ-bands vary
between experiments and have not been plotted. This figure represents only a
selection of the most recent available experimental results, and some points with
large error bars have been omitted. At the higher multipoles these band-powers
involve subtraction of particular foreground models, while proper analysis requires
simultaneous fitting of CMB and foregrounds over multiple frequencies. The x-axis
here is logarithmic for the lowest multipoles, to show the Sachs-Wolfe plateau, and
linear for the other multipoles. The acoustic peaks and damping region are very
clearly observed, with no need for a theoretical curve to guide the eye; however, the
curve plotted is the best-fit Planck model.

27.7. CMB Polarization

Since Thomson scattering of an anisotropic radiation field also generates linear
polarization, the CMB is predicted to be polarized at the level of roughly 5% of
the temperature anisotropies [54] . Polarization is a spin-2 field on the sky, and the
algebra of the modes in ℓ-space is strongly analogous to spin-orbit coupling in quantum
mechanics [55]. The linear polarization pattern can be decomposed in a number of ways,
with two quantities required for each pixel in a map, often given as the Q and U Stokes
parameters. However, the most intuitive and physical decomposition is a geometrical one,
splitting the polarization pattern into a part that comes from a divergence (often referred
to as the ‘E-mode’) and a part with a curl (called the ‘B-mode’) [56]. More explicitly,
the modes are defined in terms of second derivatives of the polarization amplitude, with
the Hessian for the E-modes having principle axes in the same sense as the polarization,

February 8, 2016 19:56

source: PDG 2023
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Cosmological parameters
Parameter Value source

h 0.674±0.005 SN, CMB, Clusters

Age of the Universe 13.797±0.023 Gyr

ΩM (31.5±0.7)% SN, CMB, Clusters

Ωb (4.93±0.06)% Baryon nucl., CMB

ΩDM=ΩM−Ωb (26.5±0.7)%

ΩΛ (68.5±0.7)% SN, CMB

Ωγ (5.38±0.15)⨉10–5 CMB temperature

Ων <0.3%

Ωtot = Σ Ωi 1.011±0.006 (SN, CMB)

Parameters are over-constrained 
⇒ allows check of the consistency of the model

source: PDG 2021
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Cosmological parameters

Questions: 
• What is Dark Matter? 
• What is Dark Energy?
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8 22. Big-Bang Cosmology

result close to that of the CMB: (69.8 ± 0.6 (stat.) ± 1.6 (sys.)) km s≠1Mpc≠1 [32, 33]. See Cosmo-
logical Parameters – Sec. 25 of this Review for a more comprehensive review of Hubble parameter
determinations.

Figure 22.2: Likelihood-based probability densities over the plane �� (i.e., �v assuming w = ≠1)
versus �m. The colored locus derives from Planck [34] and shows that the CMB alone requires a
flat Universe �v+�m ƒ 1 if the Hubble constant is not too high. The SNe Ia results [35] very nearly
constrain the orthogonal combination �v ≠ �m, and the intersection of these constraints directly
favors a flat model with �m ƒ 0.3, as does the measurement of the baryon acoustic oscillation
lengthscale (for which a joint constraint is shown on this plot). The CMB alone is capable of
breaking the degeneracy with H0 by using the measurements of gravitational lensing that can be
made with modern high-resolution CMB data.

22.2.3 Age of the Universe

The most striking conclusion of relativistic cosmology is that the Universe has not existed
forever. The dynamical result for the age of the Universe may be written as

H0t0 =
⁄ Œ

0

dz

(1 + z)H(z)

=
⁄ Œ

0

dz

(1 + z) [(1 + z)2(1 + �mz) ≠ z(2 + z)�v]1/2 ,
(22.29)

where we have neglected �r and chosen w = ≠1. Over the range of interest (0.1 <≥ �m <≥ 1,
|�v| <≥ 1), this exact answer may be approximated to a few per cent accuracy by

H0t0 ƒ 2
3 (0.7�m + 0.3 ≠ 0.3�v)≠0.3. (22.30)

1st December, 2023
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• Dark Matter “particles” must be: 

1.massive and non-relativistic (cold DM) 
- constrained by large scale structures 
- constrained by CMB power spectrum 

2.non-baryonic 
- constrained by nucleosynthesis, which fixes the baryonic contribution 
- constrained by CMB power spectrum 

3.stable on cosmological time scales 
- because its effects are observable today through its gravitational effects 

4.weakly interacting 
- because not visible other than through gravitational effects
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Dark Matter properties (summary)


