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Lecture 1: Evidence for Dark Matter (DM) and its 
properties 

Diana López Nacir
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Historically, it was Zwicky's studies of the Coma cluster in ~1930 that first lead to this conclusion (see for instance G. Bertone y D. 
Hooper, “A History of Dark Matter”: arXiv:1605.04909)

Results: - The values ​​of  estimated in this way typically give, e.g., for rich galaxy clusters  
- For virialized galaxies  can be estimated using the virial theory for stars and typically give  
The luminosities of clusters are given by that of galaxies  most of the mass of clusters is NOT luminous matter.
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Rotation curves (1970) as evidence for DM: Measurements of  (circ. vel. ) and  (luminosity) at different  v(r) L(r) r

Credit: https://lesgourg.github.io/courses/DMDE_EPFL.pdf

Newtonian prediction:




                                      we can compute  up to a factor  b.                                                       

ΔΦL = 4πρL(r)

vL(r)

v2
L(r) = r

∂ΦL(r)
∂r

Assuming  bias, ρ(r) = ρL(r) = bL(r), b

Dark Matter on galactic scales 
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Exercise: Given a spherically symmetric , compute  in 
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ρ(r) v(r)

M(r) = 4π∫
r

0
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FIG. 4. Rotation curve data for M31. The purple points are emission line data in the outer parts

from Babcock 1939 [31]. The black points are from Rubin and Ford 1970 [267] (squares for the

SW data, filled circles for the NE data, and open circles for the data in the inner parts – the

presence of non-circular motions in the inner parts makes the modelling of those data uncertain).

The red points are the 21-cm HI line data from Roberts and Whitehurst 1975 [261]. The green

points are 21-cm HI line data from Carignan et al. [73]. The black solid line corresponds to the

rotation curve of an exponential disc with a scalelength according to the value given in Freeman

1970 [126], suitably scaled in velocity. 21-cm data demonstrate clearly the mass discrepancy in the

outer parts. Figure courtesy of Albert Bosma.

work convincingly proved that most of these objects had flat rotation curves out to the

largest observed radius, which again exceeded the optical size of the galaxies, therefore

demonstrating that their mass continued to grow beyond the region occupied by the stars

and gas (see also Fig. 5).

A few months later, Rubin, Ford and Norbert Thonnard published optical rotation curves

Andromeda Galaxy, Messier 31 o NGC 224
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No. ] Rotation Curve in the Galactic Center 5

Fig. 7. Top: Rotation velocities (grey dots) in the Galactic
Center obtained by LV ridge terminal method. The error bars
represent effective spatial resolutions taken to be twice the ef-
fective angular resolution in the data (15′′ for our innermost
CO data by 45-m telescope; 37′′ for CO data by Oka et al.
(1989); 48′′ for CS data by Tsuboi et al. (1991)), and eye-es-
timated terminal velocity errors of ±10 km s−1. Open circles
show running-averaged values every 3 points using the neigh-
boring 5 data points. The error bars denote standard devia-
tion in the averaged data used in each plotted point. Bottom:
Same up to 0.6 kpc, but Gaussian-running averaged velocities
combined with the data by Sofue et al. (2009). Deconvolved
components (inner and main bulges, disk and dark halo) are
indicated by the full lines.

at r ≃ 400pc with V = 250 km s−1. It declines toward
the center steeply, followed by a plateau-like hump at
r ∼ 30− 3 pc. The plateau-like hump is then merged
by the Keplerian rotation curve corresponding to the
central black hole at r <∼ 2 pc. Here we use a black
hole mass of MBH = 4 × 106M⊙, taking the mean of
the recent values converted to the case for R0 = 8.0
kpc, i.e., 2.6− 4.4× 106M⊙ (Genzel et al. 2000, 2010),
4.1− 4.3× 106M⊙ (Ghez et al. 2005), and 3.95× 106M⊙

(Gillessen et al. 2009).

4.2. Broad velocity maximum by de Vaucouleurs law

We first compare the observations with the best-fit de
Vaucouleurs law for the galactic bulge as obtained in our
previous works (Sofue et al. 2009), which is shown by the
dashed lines in figure 11. It is obvious that the model
fit is not sufficient in the inner several hundred pc. It is
valuable to revisit de Vaucouleurs rotation curve, which

Fig. 8. Top: Rotation curve of the Galaxy from Sofue et al.
(2009) combined with the running-averaged rotation veloci-
ties in the Galactic Center. Bottom: Same, but smoothed
curve by Gaussian-running mean. Deconvolved components
are indicated by the full lines. The Upper curve with open
circles is a smoothed rotation curve for the newest values of
(R0 = 8.0 kpc, V0 = 238 km s−1).

Fig. 9. Logarithmic rotation curve of the entire Galaxy by
combining the present data with the outer curve from Sofue et
al. (2009). The thin line represents the central black hole of
mass 3.6×106M⊙. The innermost three dots are interpolated
values using the data and a Keplerian curve for the black hole.

Y. Sofue, PASJ 65 (2013) 118. 

Milky Way
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 It is crucial to analyze statistical properties… DM exists or the laws of gravity are different?



  

Very different galaxies but ONE relation
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bar

= 4πG ρ
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  Federico Lelli (ESO)     I. Observational Evidence – Empirical Laws of Galactic Rotation
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/R = -∇Φ
tot

McGaugh, Lelli, Schombert (2016)

Total bariones

Disco estelar
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http://astroweb.cwru.edu/SPARC/
175 curvas de rotación

http://astroweb.cwru.edu/SPARC/


We have a standard cosmological framework 

In textbooks such as:
-Modern Cosmology,  Scott Dodelson and  Fabian Schmidt, ACADEMIC PRESS, Second Edition, 2021.
-Cosmology, Steven Weinberg, OXFORD UNIVERSITY PRESS, 2008.

https://www.amazon.it/s/ref=dp_byline_sr_book_1?ie=UTF8&field-author=Scott+Dodelson&search-alias=stripbooks
https://www.amazon.it/s/ref=dp_byline_sr_book_2?ie=UTF8&field-author=Fabian+Schmidt&search-alias=stripbooks
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The standard  CDM model-Background levelΛ
Gμν = 8πG ∑

I=Λ,m,r
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⇤CDM model

ρcr(a) :=
3H2

8πG

ΩI(a) :=
ρI(a)
ρcr(a)

Ωr(a) + ΩΛ(a)+Ωm(a) = 1 Friedman eq.
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The CDM modelΛ
Main observational pillars:


• The Hubble diagram and the expansion of the universe + discovery of the acceleration

• Primordial nucleosynthesis (BBN) and the abundance of light elements

• The cosmic background radiation (CMB): its spectrum and anisotropies

• The large-scale structure of the matter distribution (LSS). The distribution of matter is not random; 

it has structure.
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What do these observations tell us about DM and its properties?



 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

CASE FOR ACCELERATING UNIVERSE FROM SUPERNOVAE 1287

the absolute magnitude calibration of SNe Ia. The con-
Ðdence intervals in the plane determined by both)

M
-)"teams are shown in Figure 2. In this plane, acceleration is

deÐned by the region where the deceleration parameter, q0,
is negative,

q0 \ )
M
2

[ )" \ 0 . (4)

2.3. Results

The visual impression from Figures 1 and 2 is that the
supernova observations favor the parameter space contain-
ing a positive cosmological constant and an accelerating
universe with high statistical conÐdence. The conÐdence
regions determined by the two teams are in remarkably
good agreement. Both teams claim that these results do not
result from chance with more than 99% conÐdence (Riess et
al. 1998 ; Perlmutter et al. 1999). However, the speciÐc con-
Ðdence of these cosmological conclusions depends on which

FIG. 2.ÈSNe Ia joint conÐdence intervals for from Perlmutter()
M

,)")
et al. (1999 ; SCP) and Riess et al. (1998 ; HZT). Regions representing
speciÐc cosmological scenarios are indicated.

parameter space intervals one considers to be equally likely,
a priori. This point is addressed by Drell, Loredo, & Was-
serman (2000), who suggest that models with and)" \ 0

could be considered equally probable, a priori.)" D 0
While Riess et al. (1998) and Perlmutter et al. (1999) con-
sidered the probability that with a Ñat prior in a)" [ 0
linear space, an alternative is to use a Ñat prior in a)"logarithmic space (Gott et al. 2000). Using the latter)

Mprior reduces the signiÐcance of a cosmological constant
because it gives greater weight to regions in parameter
space where and the cosmological constant is)

M
D 0

reduced.
Another useful way to quantify the SN Ia constraints has

been given by Perlmutter et al. (1999) as 0.8)
M

[ 0.6)" \
[0.2 ^ 0.1, a result which applies equally well to the Riess
et al. (1998) data.

A more illuminating way to quantify the evidence for an
accelerating universe is to consider how the SN Ia distances
depart from decelerating or ““ coasting ÏÏ models. The
average high-redshift SN Ia is 0.19 mag dimmer or D10%
farther than expected for a universe with no cosmological
constant and negligible matter Of course,()" \ 0, )

M
\ 0).

it is apparent that the universe has more than negligible
matter and the current consensus from the mass, light,
X-ray emission, numbers, and motions of clusters of gal-
axies is that (Carlberg et al. 1996 ; Bahcall, Fan, &)

M
B 0.3

Cen 1997 ; Lin et al. 1996 ; Strauss & Willick 1995). The
high-redshift SNe Ia from both teams are 0.28 mag dimmer
or 14% farther than expected in a universe with this much
matter and no cosmological constant. The statistical uncer-
tainty of these values is 0.08 and 0.06 mag (or 4% and 3% in
distance) for the HZT and SCP, respectively. The observed
dispersion of the high-redshift SNe Ia around the best-Ðt
cosmology is 0.21 mag for the HZT and 0.36 mag for the
SCP. A frequentist would consider the accelerating universe
to be statistically likely at the 3È4 p level (i.e., [99%), while
the Bayseian likelihood would depend on a statement of the
natural space and scale for and Likewise, analysis)" )

M
.

methods which make di†erent assumptions about the dis-
tribution function of the distance measurements and the
utility of their uncertainties can impact the conÐdence in the
inferred cosmological parameters. For example, the use of
median statistics diminishes reliance on the tails of the SN
distribution, but at the price of discarding valuable uncer-
tainty estimates and e†ectively reducing the already sparse
data sets (Gott et al. 2000).

Simply put, high-redshift SNe Ia are D0.25 mag fainter
than expected in our universe with its presumed mass
density but without a cosmological constant (or which is
not accelerating). The statistical conÐdence that SNe Ia are
fainter than expected is high enough to accept that it does
not result from chance and additional SNe Ia continue to
support this conclusion (B. P. Schmidt 2000, private
communication). Rather, this result is challenged only by

2000 PASP, 112 :1284È1299

arXiv:astro-ph/0005229

“Standard Candles”• Supernovae (SN) Ia

 …in 2 decades, several teams searched for 
and characterized supernovae 


Recent compilations of Spectroscopically-
classified SNIas from different surveys:


Pantheon + [arXiv:2202.04077]: 

 SNIas  


Union3: (Updated Bayesian Framework)

 SNIas


∼

≃ 1500

≃ 2000

arXiv:2311.12098

Ωm = 0.334 ± 0.018

Ωm = 0.356+0.028
−0.026

DES Photometically-classified SNIas

[arXiv:2401.02929]

Ωm = 0.352 ± 0.017

DES-SN:  
 SNIas
≃ 1600
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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 [44]. 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).

He and H in the most metal-poor extragalactic HII (ionized) regions, viz. blue compact galaxies,
generally found at low redshift. There is now a large body of data on 4He and CNO in these galaxies,

31st May, 2024

• Primordial nucleosynthesis (BBN): process in which nuclei of the lightest elements are formed from neutrons and protons.

https://pdg.lbl.gov/2024/“Baryonic” matter in cosmology: Ordinary matter, made of protons and 
neutrons. It also contains electrons, but their mass is 2000 times smaller and 
they do not contribute significantly to the energy density of the universe.

Ωbh2 = 0.02233 ± 0.00014Combining with CMB (cian band):
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- The Standard Model indicates that this occurred when the universe had a 
temperature .


- The most abundant element is . 

- The observed abundance of , is significantly larger than what could have 

been produced in stars. Heavier nuclei are produced in astrophysical 
processes.


- The relative abundance of deuterium  is sensitive to 


T ∼ 1 MeV

H
4He

D = 2H ρb ∝ Ωbh2

Ωbh2 = 0.02233 ± 0.00014Combining with CMB (cian band):
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- The Standard Model indicates that this occurred when the universe had a 
temperature .


- The most abundant element is . 

- The observed abundance of , is significantly larger than what could have 

been produced in stars. Heavier nuclei are produced in astrophysical 
processes.


- The relative abundance of deuterium  is sensitive to 


T ∼ 1 MeV

H
4He

D = 2H ρb ∝ Ωbh2

Ωbh2 = 0.02233 ± 0.00014Combining with CMB (cian band):
Baryonic matter is only  5% of the critical density!∼

h =
H0

100 km/s
Mpc- Combining (  y ), the result is:4He D

Ωbh2 = 0.02205 ± 0.00043

η ≡
nb

nγ
= 274 × 10−10Ωbh2 ≃ 6 × 10−10 ( Ωbh2

0.022 )



Result: Almost a 
perfect blackbody 
spectrum!

• In 1989,  COBE satellite was launched with an instrument (spectrophotometer) called FIRAS dedicated to measuring the CMB spectrum.

Note: errors increased 
by a factor of 400!

The Cosmic Background Explorer Satellite (COBE)

ργ0 =
4σ
c

T4
0 ≃ 4.64 × 10−34 g

cm3

[1/cm]

- Only one frequency was measured in the classical region   , where Rayleigh-
Jeans formula applies:  . 

- To determine whether the it has  a blackbody spectrum it was needed to  measure for 
smaller values of   and the atmosphere becomes more and more opaque for 0.3 cm.

hν ≪ kBT
hνnν(ν) ≃ 8πν2kBT4

λ λ ≲

The cosmic background radiation (CMB) 

• In 1965 Penzias and Wilson were studied radiation with a radio antena and they found and 
excess  of   for ->   Novel price 1978!3.5 ± 1 K λ ∼ 7.5 cm .

• There were predictions of the existence of a radiation with T around 5 o 10 K  (*)

here(*) For a historial summary see for instance Golden Webinars - James E. Peebles - 

https://www.youtube.com/watch?v=GsYCyopp4jY


COBE had other instruments on board: Final data from 1996

Anisotropies of the cosmic background radiation:

The dipole: The Earth has a peculiar velocity of 600 km/s

Anisotropies of one part in 100,000!



Other satellites were subsequently launched with instruments more sensitive to CMB fluctuations and with greater angular resolution 
at different frequencies, which also measure CMB polarization.

    (2001-2010)
Final data 2012

    (2009-2013)
Final data 2018

    (1989-1992)
Final data 1996 

+ other detectors on balloons and others on the ground with higher angular resolutions



A slice of the galaxy distribution from the Sloan Digital Sky Survey (SDSS)

Each dot represents a galaxy (in red: red galaxies...)!

Typical sizes 

Stars   
Galaxies , Masses  
Cluster de galaxies  Galaxies 
Super clusters  

∼ 10−12 − 10−5 pc
∼ 1 − 100 kpc ∼ 102 − 1011 M⊙

∼ 1 − 10 Mpc; ⊃ 103

≳ 10 Mpc

Large-scale structure of the universe 
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Large-scale structure of the universe 

      Homogeneous background universe + inhomogeneities

E. g. .   = Number density of galaxies una given “position” y  = Average number density of galaxies.


We characterize the inhomogeneities by:


 or its Fourier transform    and their correlations:


 or            Power spectrum 


ng(x) n̄g

δg(x) =
ng(x) − n̄g

n̄g
δ̃g(k) = ∫ d3x e−ik⋅xδg(x)

⟨δg(x)δg(x′￼)⟩ ⟨δg(k)δg * (k′￼)⟩ = (2π)3δ(3)(k − k′￼)Pg(k) .
dA = a(t1)r1(z) = dL/(1 + z)2

Distance by angular diameter



Large-scale structure of the universe 
Evolution of initial perturbations of the energy density with particular properties

CMB is released - Inhomogeneities ∼ 10−5 Inhomogeneities δ ∼ 𝒪(1)



Large-scale structure of the universe 
Evolution of initial perturbations of the energy density with particular properties

CMB is released - Inhomogeneities ∼ 10−5 Inhomogeneities δ ∼ 𝒪(1)
Within the Standard Model framework,  the inhomogeneities of ordinary matter grow due to its gravitational 
interaction, but its relative density  is not sufficient to account for the formation of structures today.Ωb ∼ 0.02 h−2

If we assume that cold dark matter (CDM) exists -> this can be explained 

Traditional idea of CDM:

N = nV = na3V0 = cte → ρDM ≃ m n ∼ a−3, pDM ∼ 0

  Compatible with BBN!


     Some parameters determined by CMB and LSS

(see https://pdg.lbl.gov/2024)

14 25. Cosmological Parameters

adiabatic, and nearly scale-invariant.
The most powerful data source is the CMB, which on its own supports all these main tenets.

Values for some parameters, as given in Ref. [2], are reproduced in Table 25.1. These particular
results presume a flat Universe. The constraints are somewhat strengthened by adding additional
data-sets, BAO being shown in the Table as an example, though most of the constraining power
resides in the CMB data. Similar constraints at lower precision were previously obtained by the
WMAP collaboration.

Table 25.1: Parameter constraints reproduced from Ref. [2] (Table 2,
column 5), with some additional rounding. Both columns assume the
�CDM cosmology with a power-law initial spectrum, no tensors, spatial
flatness, a cosmological constant as dark energy, and the sum of neutrino
masses fixed to 0.06 eV. Above the line are the six parameter combinations
actually fit to the data (◊MC is a measure of the sound horizon at last
scattering); those below the line are derived from these. The first column
uses Planck primary CMB data plus the Planck measurement of CMB
lensing. This column gives our present recommended values. The second
column adds in data from a compilation of BAO measurements described
in Ref. [2]. The perturbation amplitude ∆

2
R (denoted As in the original

paper) is specified at the scale 0.05 Mpc≠1. Uncertainties are shown at
68% confidence.

Planck TT,TE,EE+lowE+lensing +BAO

�bh
2 0.02237 ± 0.00015 0.02242 ± 0.00014

�ch2 0.1200 ± 0.0012 0.1193 ± 0.0009
100 ◊MC 1.0409 ± 0.0003 1.0410 ± 0.0003

ns 0.965 ± 0.004 0.966 ± 0.004
· 0.054 ± 0.007 0.056 ± 0.007

ln(1010
∆

2
R) 3.044 ± 0.014 3.047 ± 0.014

h 0.674 ± 0.005 0.677 ± 0.004
‡8 0.811 ± 0.006 0.810 ± 0.006
�m 0.315 ± 0.007 0.311 ± 0.006
�� 0.685 ± 0.007 0.689 ± 0.006

If the assumption of spatial flatness is lifted, it turns out that the primary CMB on its own con-
strains the spatial curvature fairly weakly, due to a parameter degeneracy in the angular-diameter
distance. However, inclusion of other data readily removes this degeneracy. Simply adding the
Planck lensing measurement, and with the assumption that the dark energy is a cosmological
constant, yields a 68% confidence constraint on �tot ©

q
�i + �� = 1.011 ± 0.006 and further

adding BAO makes it 0.9993 ± 0.0019 [2]. Results of this type are normally taken as justifying the
restriction to flat cosmologies.

One derived parameter that is very robust is the age of the Universe, since there is a useful
coincidence that for a flat Universe the position of the first peak is strongly correlated with the
age. The CMB data give 13.797 ± 0.023 Gyr (assuming flatness). This is in good agreement with
the ages of the oldest globular clusters and with radioactive dating.

The baryon density �b is now measured with high accuracy from CMB data alone, and is

1st June, 2020 8:29am
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The most powerful data source is the CMB, which on its own supports all these main tenets.

Values for some parameters, as given in Ref. [2], are reproduced in Table 25.1. These particular
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Fig. 8: Schematic picture of Baryon Acoustic Oscillations. Dark regions show dark matter overdensity, less dark
(red) regions are the ones with baryon overdensity. Left: initial condition. Right: at recombination and later.

Fig. 9: The first detection of BAO: the correlation function ⇠ (s) determined by the analysis of the SDSS data on
the distribution of distant galaxies. Solid lines show the predictions of various cosmological models. Green, red
and blue lines correspond to ⌦Mh

2 = 0.12, 0.13, 0.14, respectively, with ⌦Bh
2 = 0.024, ns = 0.98 in all cases.

Magenta line corresponds to unrealistic Universe without baryons. The parameter h is defined in (4); numerically,
h0 ⇡ 0.7.

5 Astrophysics: more hints on dark matter properties
Important information on dark matter properties is obtained by theoretical
analysis of structure formation and its comparison with observational data.
Indeed, as we discussed above, dark mater plays the key role in structure for-
mation, so properties of galaxies and their distribution in space potentially tell
us a lot about dark matter.

Currently, theoretical studies are made mostly via numerical simulations, many
of which ignore effects due to baryons (dark-matter-only). Thus, these simu-
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Eisenstein at al.  2005

Correlation of galaxy pairs

Illustrative video here

Baryon and DM distributions 
• Baryons follow DM after they decoupled from CMB

• Baryon acoustic oscillations (BAO) features

While baryons contribute ~15% of the total matter density, acoustic 
oscillations give rise to an observable peak in the total matter 
correlation function at a characteristic distance

Credit: Eisenstein, Seo y White (2007) here

https://arxiv.org/pdf/astro-ph/0501171.pdf
https://www.youtube.com/watch?v=jpXuYc-wzk4
https://scholar.harvard.edu/files/deisenstein/files/acoustic_anim.gif
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- Absorption lines corresponding to the Lyman-alpha transition of neutral 
hydrogen in the spectra of far away quasars. 

- Characterizes the abundance of Hydrogen in one-dimensional sections 
- It is expected that the distribution of Hydrogen and DM are related 

• Lyman-alfa forest
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 Observables . - Weak Gravitational Lensing

Direct measure of the distribution of mass in the Universe, as 

opposed as the distribution of light (i.e. galaxy positions)

Measure distortion matrix w/ shapes

Weak lensingStrong lensing

Microlensing

• Gravitational lenses: weak, strong, microlensing, femtolensing     sensitive to the total mass (dark or not dark)→

https://en.wikipedia.org/wiki/NASA
https://en.wikipedia.org/wiki/ESA


• Rotation curves 
- Estimate : profile of DM halos   
- Analyze statistical properties of the diverse observed curves 

 

ρDM(r)

What do we understand about DM? What properties should it have?
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DM

·̄ρDM
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(Planck 2018)

• Primordial nucleosynthesis (BBN) 

•  SNIa  & BAO  
• CMB and  LSS: e.g. by measuring the distribution of galaxies, Hydrogen,   

and model how such distributions and that of the DM are related 
• DM interaction with the SM particles are strongly constrained,    DM 

should be decoupled from the baryon-photon plasma at recombination 

• DM is stable on cosmological timescales 
• At least  at  ,  
• Adiabatic perturbations: During RD on large (superhorizon) scales                                        
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z ≲ zeq PDM ∼ 0

Piso(k)
Piso(k) + Pad(k)

< 0.0038 (95 % C . L . k = 0.05/Mpc)
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• There are limits to possible self-interactions. For example, the "bullet cluster”: 

(e.g.  a typical QCD cross section is )∼ 50 mb



c M⊙ ∼ 1066 eV
TopElectron

c me ∼ 0.5 MeV c mt ∼ 172 GeV

Sketch (not to scale) of the huge range of possible DM models that have been conceived *

* Taken from https://arxiv.org/pdf/2005.03254
PBHs (which form before BBN) 

can be part of the DM

c c



nDM =
ρDM

mDM
For non-relativistic particles:

c M⊙ ∼ 1066 eV
TopElectron

c me ∼ 0.5 MeV c mt ∼ 172 GeV

Sketch (not to scale) of the huge range of possible DM models that have been conceived *

* Taken from https://arxiv.org/pdf/2005.03254
PBHs (which form before BBN) 

can be part of the DM

c c



nDM =
ρDM

mDM
For non-relativistic particles: Inferred from data

c M⊙ ∼ 1066 eV
TopElectron

c me ∼ 0.5 MeV c mt ∼ 172 GeV

Sketch (not to scale) of the huge range of possible DM models that have been conceived *

* Taken from https://arxiv.org/pdf/2005.03254
PBHs (which form before BBN) 

can be part of the DM

c c



nDM =
ρDM

mDM
For non-relativistic particles: Inferred from data

The smaller , the larger mDM nDM

c M⊙ ∼ 1066 eV
TopElectron

c me ∼ 0.5 MeV c mt ∼ 172 GeV

Sketch (not to scale) of the huge range of possible DM models that have been conceived *

* Taken from https://arxiv.org/pdf/2005.03254
PBHs (which form before BBN) 

can be part of the DM

c c



Bosons

•  Reduced de Broglie wavelength:  

-   for dwarf galaxies
-   for the Milky Way
• Asking that  dimensions of the galaxies 

( ), we get .
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λdB ≃ 190 ( v
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−1
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Exercise: Consider a fermionic DM system decoupled from the plasma, whose initial phase-
space distribution is , which gives rise to an 
object with  

i) Using the collisionless Boltzmann equation (Liouville equation), which determines the 
evolution of the distribution function, estimate a bound on .

ii) Suppose   and evaluate the bound to , .

Help: See Peacock's book, p. 385. Answers: (i) ; ii) .

Note: For active neutrinos  (Planck 2018)

f = (g/h3){1 + exp(ε/kBT )}−1 (h = 2πℏ)
f ≃ (ρ/m)(2πm2σ2)−3/2exp{−p2/(2m2σ2)}

m
ρ = σ2/(2πGr2) r = 5 kpc σ = 150 km/s

m4 > (ρ/g)(2πℏ/σ) m > g−1/4 33 eV

∑ mν < 0,26 eV

Fermions

c c



Interactions with SM particles?  
Given the model, there are experimental bounds on the probability of 
DM particle annihilation and interaction cross sections in direct and 
indirect detection experiments and colliders. 

LHC

Direct: Xenon  E.g.:

http://www.xenon1t.org

Indirect: FERMI 

FERMI-LAT

https://fermi.gsfc.nasa.gov/science/eteu/dm/

Colliders: LHC
https://home.cern

Only the large-scale gravitational interaction of DM has been detected 
so far and their properties remain largely unknown, despite great effort, 
both theoretical and experimental, that has been made to identify any 
direct interactions between the dark sector and luminous matter.   

http://www.xenon1t.org
https://fermi.gsfc.nasa.gov/science/eteu/dm/
https://home.cern


…several observables…

Observables . - Weak Gravitational Lensing

Direct measure of the distribution of mass in the Universe, as 

opposed as the distribution of light (i.e. galaxy positions)

Measure distortion matrix w/ shapes

* Gravitational lensing

Microlensing

Compact objects

Weak lensing 
Strong lensing

Review: Massey et. al., Rept. Prog. Phys. 73 (2010)

* Galaxy clusters

 Del Popolo, Int. J. Mod. Phys. D23  (2014)
,

Bullet Cluster

Density contours
 (gravitational lensing)

X-rays

Credit: X-ray: NASA/CXC/CfA/M.Markevitch et al.; Optical: NASA/STScI; 
Magellan/U.Arizona/D.Clowe et al.; Lensing Map: NASA/STScI; 

ESO WFI; Magellan/U.Arizona/D.Clowe et al. 

Galaxies

Gravitational lensing

CL0024+17

Credit: NASA/ESA/HST

https://heasarc.gsfc.nasa.gov/docs/rosat/gallery/clus_coma.html

ROSAT  
(1990-1999)

X rays

Optic

* CMB with polarization

Credit: Blanton 

           

* Large scale structure (LSS) 

* Lyman-  forestα
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* Rotation curves

Luminous matter

https://en.wikipedia.org/wiki/NASA
https://en.wikipedia.org/wiki/ESA
https://en.wikipedia.org/wiki/Hubble_Space_Telescope


A selection of experiments dedicated to the dark sector taken from PDG 2024
8 28. Dark Energy

Table 28.1: A selection of major dark-energy experiments, based on Ref. [28]. Abbreviations in
the “Data” column refer to optical (Opt) or near-infrared (NIR) imaging (I) or spectroscopy (S).
For spectroscopic experiments, the “Spec-z” column lists the primary redshift range for galaxies
(gals), quasars (QSOs), or the Lyman-– forest (Ly–F). Abbreviations in the “Methods” column
are weak lensing (WL), clusters (CL), supernovae (SN), baryon acoustic oscillations (BAO), and
redshift-space distortions (RSD).

Project Dates Area/deg2 Data Spec-z Range Methods

BOSS 2008–2014 10,000 Opt-S 0.3–0.7 (gals) BAO/RSD
2–3.5 (Ly–F)

KiDS 2011–2019 1350 Opt-I —— WL/CL
DES 2013–2019 5000 Opt-I —— WL/CL

SN/BAO
eBOSS 2014–2018 7500 Opt-S 0.6–2.0 (gal/QSO) BAO/RSD

2–3.5 (Ly–F)
SuMIRE 2014–2029 1500 Opt-I WL/CL

Opt/NIR-S 0.8–2.4 (gals) BAO/RSD
DESI 2021–2026 14,000 Opt-S 0–1.7 (gals) BAO/RSD

2–3.5 (Ly–F)
VRO/LSST 2025–2035 20,000 Opt-I —— WL/CL

SN/BAO
Euclid 2023–2029 15,000 Opt-I WL/CL

NIR-S 0.7–2.2 (gals) BAO/RSD
Roman 2027–2032 2200 NIR-I WL/CL/SN

NIR-S 1.0–3.0 (gals) BAO/RSD

enabling weak lensing measurements with much greater statistical precision, cluster measurements
calibrated by weak lensing, and angular BAO measurements based on photometric redshifts. With
repeated imaging of selected fields, DES identified thousands of Type Ia SNe, which together with
spectroscopic follow-up data enabled significant improvements for supernova (SN) cosmology. Cos-
mological results from weak lensing and galaxy clustering analyses of the 3-year (Y3) DES data set
are presented in Ref. [30]. The first cosmological results from the DES supernova survey are pre-
sented in Ref. [31], and DES supernovae are incorporated into the Pantheon+ compilation analyzed
in Ref. [26]. KiDS carried out an optical imaging survey of about 1000 deg2, with cosmology re-
sults from weak lensing and galaxy clustering reported in Refs. [32,33]. The Subaru Hyper-Suprime
Camera (HSC) collaboration is surveying about 1500 deg2 with greater depth and sharper image
quality than DES; cosmology results from the 3-year HSC data set are presented in Refs. [34, 35].
Beginning in the mid-2020s, the Legacy Survey of Space and Time (LSST) of the Vera Rubin Ob-
servatory (VRO) will scan the southern sky to SDSS-like depth every four nights. The co-added
data from LSST’s decade-long primary survey will provide deep multi-band imaging over a wide
area, enabling weak lensing, cluster, and photometric BAO studies from billions of galaxies. Ad-
ditionally, LSST time-domain monitoring will identify and measure light curves for thousands of
Type Ia SNe per year.

Turning to spectroscopic surveys, the Baryon Oscillation Spectroscopic Survey (BOSS) and its
successor eBOSS used fiber-fed optical spectrographs to map the redshift-space distributions of
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…numerous experiments in the future…for example:

http://desi.lbl.gov
Kitt Peak National Observatory

https://www.lsst.org

Large Synoptic Survey Telescope (LSST)

(image) http://sci.esa.int/euclid/

An artist view of the Euclid Satellite – © ESA

(Launched 2023)

(image y spectrum)

(espectum)

(21 cm HI, radio)

NANCY GRACE ROMAN SPACE TELESCOPE

(~ 2027)

Chile

https://cmb-s4.org/

QUBIC

https://www.skatelescope.org/

(~ 2028) (CMB)
(CMB)

CMB-S4:Ground-based

http://litebird.jp/eng/

(~2025)
(image y spectrum)

http://desi.lbl.gov
https://www.lsst.org
http://sci.esa.int/euclid/
https://roman.gsfc.nasa.gov/index.html
https://www.skatelescope.org/
http://litebird.jp/eng/


End of Lecture 1: Thanks for your attention!!


Diana López Nacir


