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Standard Model of Cosmology
(Lambda-CDM model) ΛCDM model

a mathematical model of big bang theory with three major components

with a cosmological constant (Lambda) for dark energy

and ordinary matter, light and neutrino

a cold dark matter (CDM) for non-relativistic dark matter

This simple model can explain the cosmological observations:

the existence and structure of the cosmic microwave background (CMB)

the large-scale structure (LSS) formation in the galaxy distribution

the observed abundances of light nuclei such as hydrogen, helium, and lithium

the acceleration of the Universe  
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Big Bang Theory

Expanding Universe (not necessarily meaning the initial beginning of Universe)

- From the observation of the distant galaxies

- From the theory of the general relativity

- From the CMB observation, BBN and structure formation 
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Relation between receeding velocity 
and distance

Actually the galaxy is not moving with that velocity!
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Hubble-Lemaitre Law
*2018 IAU(International Astronomical Unit)

The light is redshifted.
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Einstein equation

geometry : metric matter in the Universe, perfect fluid
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Basic theory: Einstein's General Relativity
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• Standard Big Bang model: general relativity
Big bang cosmology assumes that the matter and radiation are uniformly 
distributed throughout the Universe - Cosmological principle
It is true for large scales of larger than around 100 Mpc for matter 
distribution and also in the temperature distribution observed in the 
Cosmic Microwave Background radiation.

The metric for a homogeneous and isotropic space is 
Friedmann-Robertson-Walker (FRW) metric with line element
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k > 0  closed,   k = 0  flat,   k < 0  open
R(t) : scale factor

* The assumption of homogeneity and isotropy is understood locally
and global properties can be different.
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In	the	expanding	Universe

1.	The	number	density	decreases.

2.	The	momentum	is	redshifted. P (t) ∝ 1
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Relativistic	matter

Non-Relativistic	matter

1 Formulae

2 Dark Matter

I will talk about dark matter. Short introduction on the needs of dark matter in
the early Universe and at the present universe. What is the candidates of dark
matter and what are the signatures of them with recent anomalous observations.

We know the fundamental particles at low energy in the standard model,
quarks, leptons and Higgs. They all existed in the early Universe, at that time
it was very dense and hot. All the particles were in the plasma and interacts
each other to make them in the thermal equilibrium with a given temperature.

However the Universe is expanding and the density and temperature of the
plasma decreases. So the phase transition happens. At 100 MeV the quark-
hadron transition occurs, and 1 MeV neutrinos decouples and electron-positron
annihilates. The proton and neutron combine to make light nuclei. At 1 MeV,
nuclei combine with electron to make neutral atom and the photons decouple
from the palsma. The decoupled photon is the CMB we observe now from all
directions in the Universe. The neutral atoms collapse due to gravitation and
finally forms the structures such as galaxy, clusters of galaxies etc.

The radiation and relativistic particles in thermal equilibrium the density
decreases as T to the 4, however non-relativistic matter as T to the 3. Therefore
at some point matter dominates the Universe, it is called Radiation-Matter
equality corresponding to 10 to 12 sec or the1 eV of temperature.
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Higgs

Fundamental	particles

The Standard Model of Particle Physics

1 Formulae

2 Dark Matter

I will talk about dark matter. Short introduction on the needs of dark matter in
the early Universe and at the present universe. What is the candidates of dark
matter and what are the signatures of them with recent anomalous observations.

We know the fundamental particles at low energy in the standard model,
quarks, leptons and Higgs. They all existed in the early Universe, at that time
it was very dense and hot. All the particles were in the plasma and interacts
each other to make them in the thermal equilibrium with a given temperature.

However the Universe is expanding and the density and temperature of the
plasma decreases. So the phase transition happens. At 100 MeV the quark-
hadron transition occurs, and 1 MeV neutrinos decouples and electron-positron
annihilates. The proton and neutron combine to make light nuclei. At 1 MeV,
nuclei combine with electron to make neutral atom and the photons decouple
from the palsma. The decoupled photon is the CMB we observe now from all
directions in the Universe. The neutral atoms collapse due to gravitation and
finally forms the structures such as galaxy, clusters of galaxies etc.

The radiation and relativistic particles in thermal equilibrium the density
decreases as T to the 4, however non-relativistic matter as T to the 3. There-
fore at some point matter dominates the Universe, it is called Radiation-Matter
equality corresponding to 10 to 12 sec or the1 eV of temperature.
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Evolution of Matter in the Early Universe

galaxy neutral gas

Large Structure Formation

~ eV
recombination
last scattering

atom, molecule
nucleus
electron

photon, electron, 
light elements

MeV
nucleosynthesis

plasma of proton,
neutron, electron

plasma of quark, 
gluon, and electron,..

100 MeV
quark-hadron transition

very hot

very cold

: CMB formation

thermal equilibrium

matter dominated

Radiation 
dominated

BBN

Dark Energy
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Big Bang Nucleosynthesis24. Big-Bang nucleosynthesis 3

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
[5]. 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 concordance range (both at 95% CL).

October 18, 2016 13:34

baryon asymmetry

Lithium problem

[PDG (2016)]
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CMB
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Horn Antenna — Holmdel, New Jersey. 
Dr. Robert Wilson (left) and Dr. Arno Penzias (right) in front of the Horn Antenna, 1975. 

(Photo Credit: Bell Labs)

Radiation left over from the early hot Universe

Penzias and Wilson found a low, 
steady, mysterious noise that persisted 
in their receiver.
100 times intense than expected
and evenly spread over the sky (1965)

Source of noise?

: After checking the equipment, 
removing  pigeons nesting in the antenna 
and cleaning out the accumulated 
droppings, the noise remained

Nobel Prize 1978

Cosmic Microwave Background
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 Cosmic Background Explorer (COBE) : 1992 April 23

Launched on November 18, 1989

The observed spectrum of CMB radiation agrees 
closely with the predicted Planck spectrum 
with temperature

COBE observed the small anisotropy
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�CDM
Thanks.
Cosmology is the study to answer the questions about the Universe: Its

origin, evolution, the present and the future.
First I will give you brief history on the cosmology and then the recent

developments.
We live in a big and large space which contains all the starts and galaxies

as well as our planet, Sun and Milky Way.

1

COBE confirmed that the CMBR is uniform in all 
directions to nearly 1 part of 50,000, consistent 
with the homogeneity assumption of the hot big 
bang model.

COBE

FIRAS

DMR
Nobel Prize 2006
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• Black body radiation of CMB with FIRAS data

1 Formulae

2 Dark Matter

I will talk about dark matter. Short introduction on the needs of dark matter in
the early Universe and at the present universe. What is the candidates of dark
matter and what are the signatures of them with recent anomalous observations.

We know the fundamental particles at low energy in the standard model,
quarks, leptons and Higgs. They all existed in the early Universe, at that time
it was very dense and hot. All the particles were in the plasma and interacts
each other to make them in the thermal equilibrium with a given temperature.

However the Universe is expanding and the density and temperature of the
plasma decreases. So the phase transition happens. At 100 MeV the quark-
hadron transition occurs, and 1 MeV neutrinos decouples and electron-positron
annihilates. The proton and neutron combine to make light nuclei. At 1 MeV,
nuclei combine with electron to make neutral atom and the photons decouple
from the palsma. The decoupled photon is the CMB we observe now from all
directions in the Universe. The neutral atoms collapse due to gravitation and
finally forms the structures such as galaxy, clusters of galaxies etc.

The radiation and relativistic particles in thermal equilibrium the density
decreases as T to the 4, however non-relativistic matter as T to the 3. There-
fore at some point matter dominates the Universe, it is called Radiation-Matter
equality corresponding to 10 to 12 sec or the1 eV of temperature.

422 photons / cm3 (1)

D =
S

✓
(2)

M = �19.33± 0.25 (3)

m = M � 97.5 + 5 logD d[pc] = 1/p[arcsec] (4)

H
�1
0 = 9.78h�1

⇥ 109 yr

= 3000h�1 Mpc
(5)

t0 = 13.8 Gyr

1
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Cosmic Microwave Background satellite

COBE (1992) WMAP (2010)  Planck(2013)
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Mollweide projection
Earth

Cosmic Microwave Background Radiation

!53

CMB temperature
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•  CMB �� ����

COBE (1992)Penzias, Wilson (1965)

Planck Collaboration: The Planck mission

Fig. 14. The SMICA CMB map (with 3 % of the sky replaced by a constrained Gaussian realization).

Fig. 15. Spatial distribution of the noise RMS on a color scale of 25 µK
for the SMICA CMB map. It has been estimated from the noise map
obtained by running SMICA through the half-ring maps and taking the
half-di↵erence. The average noise RMS is 17 µK. SMICA does not
produce CMB values in the blanked pixels. They are replaced by a con-
strained Gaussian realization.

for bandpowers at ` < 50, using the cleanest 87 % of the sky. We
supplement this ‘low-`’ temperature likelihood with the pixel-
based polarization likelihood at large-scales (` < 23) from the
WMAP 9-year data release (Bennett et al. 2012). These need to
be corrected for the dust contamination, for which we use the
WMAP procedure. However, we have checked that switching
to a correction based on the 353 GHz Planck polarization data,
the parameters extracted from the likelihood are changed by less
than 1�.

At smaller scales, 50 < ` < 2500, we compute the power
spectra of the multi-frequency Planck temperature maps, and
their associated covariance matrices, using the 100, 143, and

Fig. 16. Angular spectra for the SMICA CMB products, evaluated over
the confidence mask, and after removing the beam window function:
spectrum of the CMB map (dark blue), spectrum of the noise in that
map from the half-rings (magenta), their di↵erence (grey) and a binned
version of it (red).

217 GHz channels, and cross-spectra between these channels11.
Given the limited frequency range used in this part of the analy-
sis, the Galaxy is more conservatively masked to avoid contam-
ination by Galactic dust, retaining 58 % of the sky at 100 GHz,
and 37 % at 143 and 217 GHz.

11 interband calibration uncertainties have been estimated by compar-
ing directly the cross spectra and found to be within 2.4 and 3.4⇥10�3

respectively for 100 and 217 GHz with respect to 143 GHz
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verse is static and he introduced Cosmological constant to make his solution is
static. After Hubble findings, Einstein said that the introduction of cosmologi-
cal constant as his greatest blunder. But interestingly enough this cc becomes
revival again recently as we will see later.

Therefore the cosmic expansion is very consistent with the Einstein’s equa-
tion. The equation is the relation between the geometry in the left side and the
matter density in the RHS. If we know the evolution of Universe well, then we
can know the properties of matter in the Universe. For example, if the energy
density of the Universe is smaller than the critical density, the Universe will
expand forever and the Universe will cool down. If it is larger then the Universe
stops the expansion and contract.

From observation we know that the present Universe is expanding. The
direct consequence is that the density is decreasing and the wavelength of the
photon becomes longer. This means that the momentum of the particle is
redshifted. In other words, the early Universe was denser and hotter than
present. As you know the state of matter changes with energy given to the
state. With energy, the solid becomes liquid, gas, and the gas becomes ionized
to be plasma. With more energy the nuclei are break down into the components
protons and neutrons. With more energy the nucleons are broken down into the
fundamental particles, quarks and gluons.

We can easily guess that in the early Universe when the density is very high
and the temperature is very high, all the matter were in the state of fundamen-
tal particles, quarks, photons, electrons etc. With expansion of Universe, the
temperature cool down and around 100 MeV hadron are made and light nuclei
are synthesized at 1 MeV which is the order of the binding energy of nuclei.
At temperature 1 eV electron are combined to the nuclei and becomes neutral
atoms and they becomes the source of galaxies.

Here the important epoch is the recombination of nuclei and electrons. After
this epoch the photons are now free and do not have any obstacles. These free
photons are still around us and it is called cosmic microwave background. At de-
coupling time it was around 3000 K but now 2.7 K due to the cosmic expansion.
CMB was first observed by Penzias and Wilson in 1965 and got Nobel prize in
1978. Now the telescope in the satellite observes more precisely and a satellite
COBE measured the temperature in the precision of 10�5. The important thing
of COBE that it found the small anisotropy in the CMB temperature. With
this Nobel prize in 1992 was given.

Thus with the observation of BBN and CMB as well as the expansion of the
Universe, the standard model of the Universe was confirmed and it is called Big
Bang model.

⇢ < ⇢c ⇢ = ⇢c ⇢ > ⇢c (4)

T0 +O(10�5)K T0 �O(10�5)K T0 = 2.725K (5)
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CMB temperature anisotropy

21



Cosmic Microwave Background

22



Planck Collaboration: Cosmological parameters

Planck Planck+lensing Planck+WP

Parameter Best fit 68% limits Best fit 68% limits Best fit 68% limits

⌦bh2 . . . . . . . . . . 0.022068 0.02207 ± 0.00033 0.022242 0.02217 ± 0.00033 0.022032 0.02205 ± 0.00028

⌦ch2 . . . . . . . . . . 0.12029 0.1196 ± 0.0031 0.11805 0.1186 ± 0.0031 0.12038 0.1199 ± 0.0027

100✓MC . . . . . . . . 1.04122 1.04132 ± 0.00068 1.04150 1.04141 ± 0.00067 1.04119 1.04131 ± 0.00063

⌧ . . . . . . . . . . . . 0.0925 0.097 ± 0.038 0.0949 0.089 ± 0.032 0.0925 0.089+0.012
�0.014

ns . . . . . . . . . . . 0.9624 0.9616 ± 0.0094 0.9675 0.9635 ± 0.0094 0.9619 0.9603 ± 0.0073

ln(1010As) . . . . . . . 3.098 3.103 ± 0.072 3.098 3.085 ± 0.057 3.0980 3.089+0.024
�0.027

⌦⇤ . . . . . . . . . . . 0.6825 0.686 ± 0.020 0.6964 0.693 ± 0.019 0.6817 0.685+0.018
�0.016

⌦m . . . . . . . . . . . 0.3175 0.314 ± 0.020 0.3036 0.307 ± 0.019 0.3183 0.315+0.016
�0.018

�8 . . . . . . . . . . . 0.8344 0.834 ± 0.027 0.8285 0.823 ± 0.018 0.8347 0.829 ± 0.012

zre . . . . . . . . . . . 11.35 11.4+4.0
�2.8 11.45 10.8+3.1

�2.5 11.37 11.1 ± 1.1

H0 . . . . . . . . . . . 67.11 67.4 ± 1.4 68.14 67.9 ± 1.5 67.04 67.3 ± 1.2

109As . . . . . . . . . 2.215 2.23 ± 0.16 2.215 2.19+0.12
�0.14 2.215 2.196+0.051

�0.060

⌦mh2 . . . . . . . . . 0.14300 0.1423 ± 0.0029 0.14094 0.1414 ± 0.0029 0.14305 0.1426 ± 0.0025

⌦mh3 . . . . . . . . . 0.09597 0.09590 ± 0.00059 0.09603 0.09593 ± 0.00058 0.09591 0.09589 ± 0.00057

YP . . . . . . . . . . . 0.247710 0.24771 ± 0.00014 0.247785 0.24775 ± 0.00014 0.247695 0.24770 ± 0.00012

Age/Gyr . . . . . . . 13.819 13.813 ± 0.058 13.784 13.796 ± 0.058 13.8242 13.817 ± 0.048

z⇤ . . . . . . . . . . . 1090.43 1090.37 ± 0.65 1090.01 1090.16 ± 0.65 1090.48 1090.43 ± 0.54

r⇤ . . . . . . . . . . . 144.58 144.75 ± 0.66 145.02 144.96 ± 0.66 144.58 144.71 ± 0.60

100✓⇤ . . . . . . . . . 1.04139 1.04148 ± 0.00066 1.04164 1.04156 ± 0.00066 1.04136 1.04147 ± 0.00062

zdrag . . . . . . . . . . 1059.32 1059.29 ± 0.65 1059.59 1059.43 ± 0.64 1059.25 1059.25 ± 0.58

rdrag . . . . . . . . . . 147.34 147.53 ± 0.64 147.74 147.70 ± 0.63 147.36 147.49 ± 0.59

kD . . . . . . . . . . . 0.14026 0.14007 ± 0.00064 0.13998 0.13996 ± 0.00062 0.14022 0.14009 ± 0.00063

100✓D . . . . . . . . . 0.161332 0.16137 ± 0.00037 0.161196 0.16129 ± 0.00036 0.161375 0.16140 ± 0.00034

zeq . . . . . . . . . . . 3402 3386 ± 69 3352 3362 ± 69 3403 3391 ± 60

100✓eq . . . . . . . . . 0.8128 0.816 ± 0.013 0.8224 0.821 ± 0.013 0.8125 0.815 ± 0.011

rdrag/DV(0.57) . . . . 0.07130 0.0716 ± 0.0011 0.07207 0.0719 ± 0.0011 0.07126 0.07147 ± 0.00091

Table 2. Cosmological parameter values for the six-parameter base ⇤CDM model. Columns 2 and 3 give results for the Planck
temperature power spectrum data alone. Columns 4 and 5 combine the Planck temperature data with Planck lensing, and columns
6 and 7 include WMAP polarization at low multipoles. We give best fit parameters as well as 68% confidence limits for constrained
parameters. The first six parameters have flat priors. The remainder are derived parameters as discussed in Sect. 2. Beam, calibration
parameters, and foreground parameters (see Sect. 4) are not listed for brevity. Constraints on foreground parameters for Planck+WP
are given later in Table 5.

3.2. Hubble parameter and dark energy density

The Hubble constant, H0, and matter density parameter, ⌦m,
are only tightly constrained in the combination ⌦mh3 discussed
above, but the extent of the degeneracy is limited by the e↵ect
of ⌦mh2 on the relative heights of the acoustic peaks. The pro-
jection of the constraint ellipse shown in Fig. 3 onto the axes
therefore yields useful marginalized constraints on H0 and ⌦m
(or equivalently ⌦⇤) separately. We find the 2% constraint on
H0:

H0 = (67.4 ± 1.4) km s�1 Mpc�1 (68%; Planck). (13)

The corresponding constraint on the dark energy density param-
eter is

⌦⇤ = 0.686 ± 0.020 (68%; Planck), (14)

and for the physical matter density we find

⌦mh2 = 0.1423 ± 0.0029 (68%; Planck). (15)

Note that these indirect constraints are highly model depen-
dent. The data only measure accurately the acoustic scale, and

the relation to underlying expansion parameters (e.g., via the
angular-diameter distance) depends on the assumed cosmology,
including the shape of the primordial fluctuation spectrum. Even
small changes in model assumptions can change H0 noticeably;
for example, if we neglect the 0.06 eV neutrino mass expected
in the minimal hierarchy, and instead take

P
m⌫ = 0, the Hubble

parameter constraint shifts to

H0 = (68.0 ± 1.4) km s�1 Mpc�1 (68%; Planck,
P

m⌫ = 0). (16)

3.3. Matter densities

Planck can measure the matter densities in baryons and dark
matter from the relative heights of the acoustic peaks. However,
as discussed above, there is a partial degeneracy with the spec-
tral index and other parameters that limits the precision of the
determination. With Planck there are now enough well measured
peaks that the extent of the degeneracy is limited, giving ⌦bh2 to
an accuracy of 1.5% without any additional data:

⌦bh2 = 0.02207 ± 0.00033 (68%; Planck). (17)
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as discussed above, there is a partial degeneracy with the spec-
tral index and other parameters that limits the precision of the
determination. With Planck there are now enough well measured
peaks that the extent of the degeneracy is limited, giving ⌦bh2 to
an accuracy of 1.5% without any additional data:

⌦bh2 = 0.02207 ± 0.00033 (68%; Planck). (17)

11

Planck 2018
Precision Cosmology

23



Large Structure Formation
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Large Scale Structure Formation

The matter distribution is most easily probed by 
observing the galaxy distribution, but with a bias 
factor between galaxy distribution and dark 
matter distribution.

- 2-degree Field (2dF) Galaxy Redshift Survey
- Sloan digital Sky Survey (SDSS)

Astronomers observe the structure in the Universe, 
from stars to galaxies to clusters and superclusers 
of galaxies.

Slices through the SDSS 3-dim map 
of the distribution of galaxies

25



present

• The formation of clusters and large-scale filaments in the LCDM model

2/24/11 10:55 PMUniverse in a box: formation of large-scale structure

Page 1 of 2http://cosmicweb.uchicago.edu/filaments.html

The movie stills pictured above illustrate the formation formation of clusters and large-scale filaments in the
Cold Dark Matter model with dark energy. The frames show the evolution of structures in a 43 million

parsecs (or 140 million light years) box from redshift of 30 to the present epoch (upper left z=30 to lower
right z=0). Click to see the full-resolution version of each panel. At the initial epoch (z=30), when the age of

the Universe was less than 1% of its current age, distribution of matter appears to be uniform. This is
because the seed fluctuations are still fairly small. As time goes on, the fluctuations grow resulting in a
wealth of structures from the smallest bright clumps which have sizes and masses similar to those of
galaxies to the large filaments. Notice the filament spanning the entire box from left to right and how it

becomes more and more pronounced with time. Also, note that it does not change much between z=0.5 and
z=0 (i.e., the last two panels). This is because the expansion of the universe is in the stage of acceleration

as the "dark energy" becomes dominant at z<1. On large scales seen here, gravity cannot compete with the
dark energy-driven acceleration and the growth of structures ceases. As the contraction of large-scale

structures is halted they expand with the universe and appear "frozen" in our co-moving system of
coordinates.

You can download the movie as
an MPEG movie: full size (10Mb), half size (1.3Mb) 

The same simulation but with a rotating box (3D geometry of the filaments can be appreciated better)
an animated gif: half size (5Mb), quarter size (1Mb)

MPEG movie: full size (9Mb) half size (1Mb) 

Home

Computer Simulations

Visualizations:

Formation of filaments

Formation of a group of
galaxies

Formation of a galaxy

Screen savers

Additional info and links

Formation of the large-scale structure in the
Universe: filaments

43Mpc box
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• Dark Matter for the Large scale structure formation

Early Universe
Homogeneous, isotropic

Present Universe
Inhomogeneous, anisotropic

1 Formulae

2 Dark Matter

I will talk about dark matter. Short introduction on the needs of dark matter in
the early Universe and at the present universe. What is the candidates of dark
matter and what are the signatures of them with recent anomalous observations.

We know the fundamental particles at low energy in the standard model,
quarks, leptons and Higgs. They all existed in the early Universe, at that time
it was very dense and hot. All the particles were in the plasma and interacts
each other to make them in the thermal equilibrium with a given temperature.

However the Universe is expanding and the density and temperature of the
plasma decreases. So the phase transition happens. At 100 MeV the quark-
hadron transition occurs, and 1 MeV neutrinos decouples and electron-positron
annihilates. The proton and neutron combine to make light nuclei. At 1 MeV,
nuclei combine with electron to make neutral atom and the photons decouple
from the palsma. The decoupled photon is the CMB we observe now from all
directions in the Universe. The neutral atoms collapse due to gravitation and
finally forms the structures such as galaxy, clusters of galaxies etc.

The radiation and relativistic particles in thermal equilibrium the density
decreases as T to the 4, however non-relativistic matter as T to the 3. Therefore
at some point matter dominates the Universe, it is called Radiation-Matter
equality corresponding to 10 to 12 sec or the1 eV of temperature.
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Dark Energy
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In 1998, Perlmutter group and Riess 
group discovered that 
the distant supernovae are fainter 
than expected

[Riess 2000, Perlmutter & Schmidt 2003]
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deceleration acceleration

Due to the expansion history 
of the Universe

Revival of cosmological constant!

m - M = 5 Log (DL/10 pc)

Acceleration of the Universe
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[Pantheon	compilation,	Scolnic	etal,	(2018)
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Problems
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Hubble Tension

Planck CMB data

Local SH0ES measurement

Mismatch of the Hubble expansion parameter at present in 
between CMB observation and local measurement.

5-sigma deviation

[2203.06142]
32
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Mismatch of the amplitude of matter fluctuations on the 
scale of 8 Mpc/h between CMB measurement and LSS survey 
such as weak gravitational lensing and galaxy clustering.

S8 Tension

2-3 sigma deviation

Planck (CMB)

KiDS (Weak-lensing)
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[Di	Valentino	etal,	2008.11285]

[2203.06142]

Weak lensing

Galaxy clustering

Cluster counting
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Gravitational lensing

The bullet cluster
Optical  X-ray Gas Dark Matter 

Structure formation

Anisotropies in the Cosmic Microwave Background 21

Fig. 9. Dependence of the temperature-anisotropy power spectrum on the physical
density in baryons (left) and all non-relativistic matter (right). From top to bottom
at the first peak, the baryon densities vary linearly in the range Ωbh2 = 0.06–0.005
(left) and the matter densities in Ωmh2 = 0.05–0.5 (right). The initial conditions
are adiabatic.

angular scales on the sky today. In contrast, those parameters that determine
the energy content of the universe before recombination, such as the physical
densities in (non-relativistic) matter Ωmh2, and radiation Ωrh2 (determined by
the CMB temperature and the physics of neutrinos), play an important role in
acoustic physics by determining the expansion rate and hence the behaviour of
the perturbations. In addition, the physical density in baryons, Ωbh2, affects
the acoustic oscillations through baryon inertia and the dependence of the
photon mean-free path on the electron density. The effect of variations in the
physical densities of the matter and baryon densities on the anisotropy power
spectrum is illustrated in Fig. 9 for adiabatic initial conditions.

The linear scales at last scattering that have reached extrema of their
oscillation are determined by the initial conditions (i.e. adiabatic or isocurva-
ture) and the sound horizon rs(η∗). Increasing the baryon density holding the
total matter density fixed reduces the sound speed while preserving the ex-
pansion rate (and moves last scattering to slightly earlier times). The effect is
to reduce the sound horizon at last scattering and so the wavelength of those
modes that are at extrema of their oscillation, and hence push the acoustic
peaks to smaller scales. This effect could be confused with a change in the
angular diameter distance DA, but fortunately baryons have another distin-
guishing effect. Their inertia shifts the zero point of the acoustic oscillations
to ∼ −(1 + R)ψ, and enhances the amplitude of the oscillations. In adiabatic
models for modes that enter the sound horizon in matter domination, δγ/4
starts out at −2ψ/3, and so the amplitude of the oscillation is −ψ(1+3R)/3.
The combination of these two effects is to enhance the amplitude of Θ0 + ψ
at maximal compression by a factor of 1 + 6R over that at minimal compres-
sion. The effect on the power spectrum is to enhance the amplitude of the
1st, 3rd etc. peaks for adiabatic initial conditions, and the 2nd, 4th etc. for
isocurvature. Current CMB data gives Ωbh2 = 0.023 ± 0.001 for power-law
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CMB

Dark Matter
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Evidences for Dark Matter (DM)

In	1933,	F.	Zwicky	first	discovered	Dark	Matter	in	the	velocity	
dispersion	of	galaxies	in	the	COMA	cluster.

The	discrepancies	between	visible	matter	and	gravitational	matter	
in	different	scales.

-	Galactic	scales	:	rotation	curves	of	galaxies

-	Galaxy	cluster	scales	:	distribution	of	velocities,	gravitational	
lensing,	profile	of	X-ray	emission,	Bullet	cluster	

-	Cosmological	scales	:	acoustic	peaks	of	CMB,	large	scale	
structure	formation

All	of	these	observations	can	be	explained	by	a	single	
component	of	dark	matter.
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2. be neutral : NO electromagnetic interaction 

  Only upper bounds on the self interaction

3. 27% of the present energy density of the universe

      be stable or lifetime longer than the age of universe

4. cold (or warm) : non-relativistic to seed the structure formation

1. have existed from early Universe up to now
and located around galaxies, clusters

No lower bound down to gravity!
from cluster collisions

In fact all the evidences are gravitational.

Dark Matter as a particle must 
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First, the presence of the mediator propagator has to be taken into account in predictions
for the DM production signal, as it can a↵ect the kinematical characteristics of the events
compared to the contact interaction limit. Second, the production of the mediator particle
may also result in final states other than a DM particle pair, and these visible decay modes
can be used to constrain such models. Third, it can alter the interplay between cosmological
and collider constraints. See Refs. [158, 159] and references therein for related discussion.

2.4 Dark Matter Self-interactions

A new strategy for DM searches consists of looking for e↵ects associated with possible non-
gravitational DM self-interactions in the sky. The cosmological concordance model (⇤CDM)
presents DM as a cold, collisionless fluid. However, evidence has been accumulating since
the 1990’s, suggesting that gravitational N-body simulations performed with cold DM only,
while extremely successful at large scales, do not correctly reproduce the observed structure
at the galactic and sub-galactic scales. Two long-standing puzzles of the collisionless cold
DM paradigm are the ‘cusp vs. core’ [160–165] and the ‘too-big-to-fail’ [166, 167] problems.
These issues are collectively referred to as small scale structure problems of the ⇤CDMmodel;
for a recent review, see Ref. [10].

While it has been proposed that the above tensions could be addressed by carefully
accounting for the e↵ects of baryonic physics [168–173], alternative solutions are o↵ered by
warm [174, 175], decaying [176] or self-interacting DM [10]. Thus, the small scale structure of
the Universe can be seen as a probe for the properties of DM, which can potentially distinguish
between the standard picture of cold collisionless and collisional DM. It is noteworthy that
this is independent of how strongly DM interacts with the SM particles and can, in principle,
allow to e�ciently probe DM even if the other probes such as collider or direct detection
experiments fail to identify properties of DM.

These tensions can be alleviated if at the scale of dwarf galaxies DM exhibits a large
self-scattering cross section, �, over DM particle mass, m, in the range 0.1 . �/m .
10 cm2/g [177–186]. Nevertheless, the non-observation of an o↵set between the mass dis-
tribution of DM and galaxies in the Bullet Cluster constrains such self-interacting cross
section, concretely �/m < 1.25 cm2/g at 68% CL [187–189], i.e. around 1012 pb for a DM
of 1 GeV mass. Similarly, recent observations of cluster collisions lead to the constraint
�/m < 0.47 cm2/g at 95% CL [190]. However, some of the methods and assumptions uti-
lized to obtain these results have been questioned in the recent literature [191–194] and the
actual limit could be less stringent.

Finally, observations of the galaxy cluster Abell 3827 suggest an o↵set between the
stars and the DM halo in at least one of the four central galaxies. If interpreted solely
as an e↵ect of DM self-interaction, it was argued to imply a non-vanishing �/m of the
order of 10�4 cm2/g [195]. However, these results have been reinterpreted using an improved
kinematical analysis, obtaining �/m ⇠ 1.5 cm2/g in the case of contact interactions [196, 197].
The DM substructure observed in Abell 520 [198, 199], coincident with the hot gas and not
hosting any stars, has been interpreted as suggestive of self-interacting DM in Refs. [200, 201].

The self-scattering of DM particles leads to heat transfer that decreases the density con-
trast in the centers of DM halos turning cusps into cores and changing the subhalo abundance
matching due to a lower halo concentration. Self-interacting DM therefore directly addresses
the two small-scale problems. Although this e↵ect alone cannot e�ciently reduce the forma-
tion rate of luminous galaxies in DM subhalos, it may still alleviate the ‘missing satellites’
problem [202, 203] with the help of additional DM physics (e.g. warm or decaying DM) or

– 5 –

[Harvey et al., 1503.07675]

(a) (b)

Figure 2: (a) Temperature anisotropy of the CMB after the first results released by the Planck Collab-

oration [28]. (b) Total mass-energy distribution in the Universe. Taken from Ref. [29].

in the distribution of its temperature correspond to fluctuations of the matter density in

the early Universe that subsequently gave rise to the observed large structures. The power

spectrum of temperature anisotropies (see Fig. 2(a)) when expanded in terms of spherical

harmonics depends on cosmological parameters can then be obtained by fitting the resulting

spectrum, with some underlying assumption of cosmological model, e.g., the ⇤CDM model.

The current values [27] of the relic abundance, that is the ratio of the density to the

critical density, of baryonic matter ⌦b, and the corresponding quantity for the non-baryonic

DM component, ⌦DM that were obtained by WMAP and more recently by PLANCK by

fitting the six-parameter ⇤CDM model are:

⌦b h
2 = 0.02226(23), (1.1)

⌦DM h
2 = 0.1186(20), (1.2)

where h = H0/100 kmMpc s = 0.678(9) [27] is the reduced Hubble constant, with H0

denoting the Hubble constant today.

The remaining dominant contribution, ⌦⇤ ⇡ 0.692, accounts for the so-called dark

energy (for a recent review see, e.g., [30, 31]. A schematic cartoon showing di↵erent con-

tributions to the mass-energy content of the Universe is shown in Fig. 2(b).

Further information about the amount of matter and dark energy components of the

Universe can be derived from analyses of baryon acoustic oscillations (BAO, periodic fluc-

tuations in the density of baryonic matter that originated from the opposite e↵ects of

gravitational attraction and radiation pressure), supernovae type Ia, or from the Lyman-↵

forests (neutral hydrogen clouds seen in absorption in quasar spectra). In the case of ellip-

tical galaxies and galaxy clusters another important piece of evidence for the existence of

DM comes from the X-ray emission from hot gas (for further discussion see, e.g., [4]).

– 5 –

[Planck 2015]
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What is Dark Energy?
-	Cosmological	Constant

-	Vacuum	Energy

-	Quintessence

-	modified	gravity

-	interacting	dark	energy

-	...........
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Topics in the Cosmology

Inflation

Baryon Asymmetry of Universe (BAU)

Dark Matter (DM)

Big Bang Nucleosynthesis (BBN)

Cosmic Microwave Background (CMB)

Large Scale Structure (LSS)

Standard 
Model

Beyond
Standard 
Model

Neutrinos

Dark Energy (DE)
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Thank You!

40



41


