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Seminars In University of Liege

• 2 June. Cosmoparticle physics - fundamental 
relationship between modern cosmology and particle 
physics.

• 3 June. Cosmoarcheology - astrophysical data as the 
"experimental sample" for cosmological test 
of new physics.

• 4 June. Cosmophenomenology of new physics.
• 5 June. Puzzles of dark matter searches
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Cosmoparticle physics –
the framework to study Cosmology and Particle Physics

Systematic presentation of basic principles 
and methods of cosmoparticle physics 

is contained in books, which can be used as 
textbooks for courses of lectures, eligible for 

different audiences (from students to experts) 
and aimed to involve new people and groups 

into development of this science



Basic ideas of cosmoparticle physics

• Physics beyond the Standard model can be studied in combination of indirect 
physical, astrophysical and cosmological effects

• New symmetries imply new conserved charges. Strictly conserved charge 
implies stability of the lightest particle, possessing it.

• New stable particles should be present in the Universe. Breaking of new 
symmetries implies cosmological phase transitions. Cosmological and 
astrophysical constraints are supplementary to direct experimental search and 
probe the fundamental structure of particle theory at the scale V

• Combination of physical, cosmological and astrophysical effects provide an 
over-determined system of equations for parameters of particle theory

COSMOlogy PARTICLE PHYSICS

New physicsPhysical scale V

Extremes of physical knowledge converge in the 
mystical Uhrohboros vicious circle of problems, 
which can be resolved by methods of Cosmoparticle physics

Astrophysics
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The problems of old 
cosmology
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The problems of initial conditions

)0,( =trv rr
1) Singularity: ε→∞ at t→0.

2) Initial impulse:               should be given “by hands” and adjusted in 
accordance with Hubble law and the scale of modern Universe (see below the 
problem of flatness).

3) Horizon: initially causally-connected region grows slower (as scale factor being 
~t1/2 at RD-stage, ~t2/3 at MD-stage) than horizon Rhor~ct. So, as shown below, 1088

initially causally-disconnected regions got inside modern horizon, while 
conditions in them as observed are very similar.
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The problems of initial conditions
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4) Flatness: the Universe initially might be extremely close to flat, so as at Planckian 
moment Ω should be as close to unit as 10-59.

In fact, from Friedman’s equations for total density one can get

2
59Pl RD

Pl mod mod
RD mod

1 ( 1) ~ 10 ( 1)T T
T T

−⎛ ⎞
Ω − ≈ Ω − Ω −⎜ ⎟

⎝ ⎠
Note: closeness of Universe to flat in the past justifies the use of adopted approximation (K=0) in description of its evolution (for 
RD- and MD-stages).

5) Initial inhomogeneities: the amplitude of density inhomogeneities cannot be 
explained stochastically, so should be put “by hands” in old cosmology framework.

In fact, initial data on anisotropy of CMB tells that initial inhomogeneities (of baryonic 
matter) made up

While, statistical fluctuations for galactic cluster characterizes by 34
68
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The problem of dark matter and 
dark energy

1) Estimation of baryonic density Flatness: the modern estimations of density 
of baryons (ordinary matter) tells that visible baryons makes up about ¼ of 
total baryons, while total baryons makes up 0.04 of critical density.

In fact, observation gives for visible baryons 

Cosmological analysis of chemical composition and of CMB anisotropy gives for 
total baryon density

visible ~ 0.01BΩ

tot ~ 0.044(4)BΩ
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The problem of dark matter and 
dark energy

2) Estimation of density of matter in galaxies: the matter concentrated in 
galaxies (referred below to as “matter”) composes 

a) In fact, as early as 1933, F.Zwicky observed Coma cluster of galaxies and 
concluded according virial theorem that M/L ~100 MSun/LSun. 

~ 0.22(3)mΩ

b) Observation of rotation 
curves (dependence of star 
rotational velocity from radius for 
separate galaxy) confirms 
given conclusion.
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The problem of dark matter 
and dark energy

c) Theory of galaxies evolution, basing on data of observations of Large Scale 
Structure (LSS) and anisotropy of CMB, tells about existence of dominating non-
baryonic matter.

In fact, at RD stage δε/ε=const, at MD stage δε/ε evolves (until <<1) as t2/3~a~(z+1)-1.

d) Temperature of gas.

e) Gravitational lensing.
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The problem of dark matter and 
dark energy

3) Measurement of total density: total density defines geometry of Universe. 
Respective analysis of data on anisotropy of CMB gives

tot ~ 1.00(2)Ω
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The problem of dark matter 
and dark energy

3) Evidences of dark energy: several evidences favours existence of Λ-term or 
dark energy with equation of state

and composing the difference between Ωtot and Ωm

~ 0.75(5)ΛΩ

a) Observation of supernova of type Ia tells in 
favou of accelerating expansion for last period 
z<0.7 (for greater z, an fainting is observed).

0,97(8)p = − ε
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The problem of dark matter 
and dark energy

b) Data on LSS exhibit delay in late evolution 
of galaxy, favouring existence of Λ-term.

c) Analysis of CMB anisotropy also favours 
existence of Λ-term.

with Λ-term
without Λ-term

d) The high observed magnitude 
of Hubble constant is explained 
by accelerating expansion 
accounted for by Λ-term.
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Summary on modern Universe 
composition
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The problem of baryon excess
If there were equality between baryons (nucleons) and antibaryons then we had 
(roughly) *
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While we observe mod 9 mod0.6 10Bn n−
γ≈ ⋅

Approximately the same takes place for leptons (electrons).

More accurate estimation 
gives 10-18.
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The problem of magnetic 
monopoles

If there existed magnetic monopoles there would be their inevitable 
overproduction (monopoles16 orders of magnitude heavier than baryons  
should have the same concentration)

GUT~ /Mm Λ α

1(2 )g e −=

In GUT, magnetic monopoles are predicted with 

(ΛGUT~1015 GeV)
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Current Standard Cosmology

• Inflation
• Baryosynthesis
• Dark matter/energy

Our current understanding of structure and evolution of the Universe 
implies three necessary elements of Big Bang cosmology that can not 
find physical grounds in the standard model of electroweak and strong 
interactions. They are:
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Inflation
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Friedman’s equations
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Λ-term is equivalent to the 
matter with vacuum-like 
equation of state (E.Glinner 1965, 
Ya.Zeldovich 1968):
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Prehistory of inflation

( )
3/8

exp)(

επGH

Hdtta

=

∝ ∫

From Friedman’s equations we have:

E.Gliner, I.Dymnikova, 1965, 1975: vacuum-like state of matter (p=-ε)

A.Bugrii, A. Trushevskii, 1977: realization due to hadronic phase at T>>1GeV

A.Starobinsky 1979,1980: realization due to quantum corrections in R

A.Guth, 1981: realization due to scalar filed and solution of cosmological problems 
(introduction of term “inflation”)
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Inflation
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Exponential expansion, accounted for by this 
equation of state, would resolve the problems of

horizon

flatness.
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“Old”, “New” and Chaotic 
Inflation

4
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Old New Chaotic

A.Guth (1981)

•Phase transition of GUT (due to 
tunneling)

•Too large inhomogeneities

•Problem of before-inflation 
conditions

A.Albrecht, P.Steinhardt (1982), 
A.Linde (1982)

•Phase transition of GUT (slow 
rolling down)

•Fine-tuning of parameters: λ~10-12

•Problem of before-inflation 
conditions

A.Linde (1983)

*Quantum fluctuations

nV ϕϕ ∝)(
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Chaotic/eternal inflation
“friction” provides slow rolling down
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Baryosynthesis
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Baryosynthesis
To explain the origin of the observed baryonic matter 

together with the absence of the symmetric amount of 
antimatter in the Universe one should assume an initial 
excess of baryons, which is retained after baryon-
antibaryon annihilation (at ~1 ms).

Excess of baryons, as A.D.Sakharov (1967) and 
then V.A.Kuzmin (1970) supposed, was 
generated from baryon-symmetric matter in early 
Universe due to processes, satisfying conditions:

1) ΔB≠0
2) CP ≠1
3) out of equilibrium
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Baryosynthesis: GUT
In the framework of GUT the following scenario is possible.
Let us assume existence of superheavy particles and 

antiparticles (leptoquarks) which had been present in the 
early Universe in equal amounts:

,X X
Let us assume that their decay was out of equilibrium, i.e. was 
irreversible (for this one needs ΓX<<H ), with violation of 
baryon/lepton number and CP-parity:

, ,
, 1 , 1

X qq r X qq r
X ql r X ql r
→ →

→ − → −
Here r is branching ratio of respective decay channels. Inequality             is provided 
by CP-violation.

r r≠
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Baryosynthesis: GUT

In the result of decays of leptoquarks we get baryon 
asymmetry as large as

( )B XBn n r r n− ∝ −

In SU(5) GUT model there is a rule for baryon and lepton numbers: B - L=0
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Baryosynthesis: electroweak model

In the framework of electroweak model the following scenario is possible 
(V.Kuzmin,V.Rubakov, M.Shaposhnikov, 1985).

Baryon and lepton numbers are not conserved at high temperature (T>175 GeV) 
due to so call sphaleron processes. These processes satisfy condition

B+L=0
Under condition of non-homogeneous processing of EW phase transition in 

space, a non-equilibrium conditions are realized at boundary region of 
different phases.

CP-violation is introduced in theory explicitly, on the base of experimental data.
So all Sakharov’s conditions can be satisfied.

However, 1) degree of CP-violation is too small, 2) for realization of necessary 
non-equlibrium conditions, the mass of Higgs boson is required to be too 
small (about 50 GeV), being inconsistent with modern data. 

Baryosynthesis in Universe can not be realized without going beyond the 
standard electroweak model, 

* Note: electroweak physics prevents to create baryon excess by the 
mechanism of SU(5) GUT model.
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Baryosynthesis: SUSY model
In the framework of supersymmetry (SUSY) the following scenario is 

possible (I.Affleck, M.Dine 1985, Linde 1985).
Conservation of baryon and lepton numbers are not required in 

supersymmetry as well as in electroweak model. Moreover, some 
superpositions of scalar fields (of SUSY partners of ordinary quarks 
and leptons) that possess non-zero baryon/lepton numbers can have 
a wide range of energetically equivalent nonzero amplitudes (their 
potential is flat until supersymmetry is not broken). So, these fields 
can get arbitrary initial amplitudes with nonzero B and L. After SUSY 
breaking, a condensate of respective scalar particles appears. It 
decays afterwards, producing baryon (and lepton) excess.

This mechanisms is analogous to one of the mechanism of axion production in early 
Universe. Two stages take place: violation of U(1)PQ and axion field gets energetically 
equivalent, arbitrary magnitudes; then QCD phase transition removes energetic 
degeneracy [~SUSY breaking] and condensate appears. If the first step of symmetry 
breaking takes place on inflationary stage and the B and L non-conserving channels of 
decay for the field are possible, spontaneous baryosynthesis can take place.
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Spontaneous baryosynthesis

Model of spontaneous baryosynthesis

leads to generation of baryon excess in
the rolling of the field to the state of
minimum of its potential

Sufficiently large domains of antimatter survive to the present time
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Baryosynthesis from leptogenesis: in 
model of Majorana neutrino mass

In see-saw mechanism of Majorana neutrino mass 
we have two neutrino states: light left-handed 
Majorana neutrino, and heavy right-handed one 
(NR).

Baryosynthesis can be realized with the help of NR
analogously to mechanism in GUT model in 
combination with mechanism in electroweak 
model.

1) NR decays with violation of L and CP => L-synthesis (like 
B-synthesis in GUT)

2) Synthesized lepton number is re-distributed between B 
and L due to sphaleron processes (with B+L=0)
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Baryosynthesis from transitions 
between ordinary and mirror 

particles
• If there are transitions between ordinary and mirror 

particles O< -- >M, nonequilibrium character of such 
transitions can lead to generation of excess of baryons, 
which is related with excess of mirror « antibaryons » 
(Berezhiani et al).

It is not the complete list of models for possible origin of baryon asymmetry 
of the Universe. The problem is to make a choice between them and
special methods of cosmoparticle physics are developed to probe these
ideas.
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Dark matter and 
dark energy



Cosmological Dark Matter
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Cosmological Dark Matter explains:
• virial paradox in galaxy clusters,
• rotation curves of galaxies
• dark halos of galaxies
• effects of macro-lensing
But first of all it provides formation 
of galaxies from small density
fluctuations, corresponding to the 
observed fluctuations of CMB

To fulfil these duties Dark Matter should interact sufficiently 
weakly with baryonic matter and radiation and it should be 
sufficiently stable on cosmological timescale



Dark Matter – Cosmological 
Reflection of Microworld Structure

Dark Matter should be present in the modern 
Universe, and thus is stable on cosmological 
scale.

This stabilty reflects some Conservation Law, 
which prohibits DM decay.

Following Noether’s theorem this cosnservation 
law should correspond to a (nearly) strict 
symmetry of microworld.



Dark Matter from Elementary Particles

2
P l

P l
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• However, if charged particles are heavy, stable and bound within neutral 
« atomic » states they can play the role of composite Dark matter.

• Physical models, underlying such scenarios, their problems and nontrivial 
solutions as well as the possibilities for their test will be the subject of the 
successive talks.   

By definition Dark Matter is non-luminous, while charged particles are the source 
of electromagnetic radiation. Therefore, neutral weakly interacting elementary 
particles are usually considered as Dark Matter candidates. If such neutral particles 
with mass m are stable, they freeze out in early Universe and form structure of 
inhomogeneities with the minimal characterstic scale
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The list of some physical 
candidates for DM

• Sterile neutrinos – physics of neutrino mass
• Axions – problem of CP violation in QCD
• Аxinos - SUSY
• Gravitinos - SUGRA
• Neutralinos - SUSY
• KK-particles: BKK1

• Anomalous hadrons, O-helium
• Supermassive particles…
• Mirror and shadow particles, PBHs…

WIMP
(weakly interacting 
massive particles)

SIMP
(strongly interacting 
massive particles)
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Physical candidates for DM
Axions and axinos

Peccei-Quinn model resolves the problem of strong CP-violation:
2

QCD 16
a asL G Gαβ μν

αβμν
α

Δ = θ ⋅ ε
π

2 16/ ~ 10 cmn u nd e m m e−≈ θ θ ⋅ ⋅
910−θ <From experiment one has

Solution comes from adding extra U(1)PQ symmetry. Scalar field, associated 
with spontaneous U(1)PQ violation at energy scale fa, provides mechanism of 
dynamical suppression of θ (due to its Nambu-Goldstone boson – axion).

Axion interacts with quarks as

5
f

aff aff
a

m
L ic af f

f
= γ

and have potential ( )3
eff QCD~ 1 cos( / )u aV m a fΛ − θ +

minimizing at aa a f= = −θ
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Physical candidates for DM
Axions and axinos

The axion has the mass
1010 ГэВ0,6мэВa

a
m

f
≈

According existing constraints its mass and energy scale must be

9 22 10 GeV, 0,5 10 eVa af m −> ⋅ < ⋅

At early Universe axions might be born as Bose-condensate after 
succession of PQ- and QCD-phase transitions. So, its density could be 

7 / 67 / 6 5

12
10 эВ0,2 0,1

10 ГэВ
a

a
a

f
m

−⎛ ⎞⎛ ⎞Ω ≈ ⋅ ≈ ⎜ ⎟⎜ ⎟
⎝ ⎠ ⎝ ⎠

It restricts axion parameter as
9 122 10 ГэВ 10 ГэВaf⋅ < <
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Physics of dark Energy

Λ ~ 10-120 G-1 !!!

Λ-term

(True
cosmological 
constant)

Quintessence
(a field out of 
minimum)

Modified law 
of gravity

K-essence

Antropic 
principle

Others



Evidences for Standard LCDM
• H>50, age of Universe needs Lamda term
• LSS evolution slows down relative to 

accelerated expansion
• SN data are interpreted in terms of 

accelerated expansion
Homogeneous dark energy is provided by 

Lambda-term, quintessence…
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Conclusions
• Inflation, Baryosynthesis and Dark matter/energy are the 

cornerstones of modern cosmology.
• They relate the observed structure of the Universe to 

physical processes in the early Universe.
• Methods of cosmoparticle physics can provide probes for 

various mechanisms of inflation, baryosynthesis and 
various candidates for dark matter.

• These methods are the subject of our further discussions
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