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Problems of the standard Big Bang cosmological model:
1. Why the universe is homogeneous and isotropic ?
2. Why the universe is almost flat?

3. Why the temperature of the CMB is so uniform all
over the sky?

4. Why the universe is dominated by matter rather
then by antimatter?



Proposed solutions:

Very special initial conditions

Alternative theories of gravity

Very rapid expansion at very early epoch -

Inflationary model



Table 1: Modern values for Planck’s original choice of quantities

Name Dimension Expression Value (5] units)
hG -35  [7]
Planck length length (L) Ip = — 1.616 255(18) x 107 m
C
he _
Planck mass mass (M) mp = el 2 176 434(24) x 1078 kg ©]
Planck time time (T) tp = E 5.391 247(60) x 1044 s [7]
B
he?
Planck temperature | temperature (@) | ITp = R 1.416 784(16) x 1032 K[10]

Planck energy Ep = mp c? =1.95-10% ) = 1.21 10° GeV
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Force

Gravity

Electromagnetic

Weak force

Strong force

Approximate
relative

strength

10438

102

lu—lﬂ

Range
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Carrier
particle

Graviton
(conjectured)

Photon
(observed)

W+ W,
A
\, (observed?)

Gluons .
(conjectured?)



Properties of the Interactions

The strengths of the interactions (forces) are shown relative to the strength of the electromagnetic force for two u quarks separated by the specified distances.

Gravitational WeaI.( E'“*mmﬂgneﬁc Strong
Property Interaction Interaction (g|eciroweak) Interaction Interaction

Acts on: Mass — Energy Flavor Electric Charge Color Charge

Particles experiencing: All Quarks, Leptons Electrically Charged Quarks, Gluons

Graviton
(not yet observed)

107"%m 10-41 0.8 25
3x10"" m 1041 10~4 60

Particles mediating: wt w- 20 Gluons

Strength at {




THE STANDARD MODEL OF

FUNDAMENTAL PARTICLES AND INTERACTIONS
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Unsolved Mysteries

Driven by new puzzies in our understanding of the physical world, particle physicasts are following paths 10 new wonders and starsing
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“Asplendid introduction to the nature wnd ambitions of moden pliysics and a
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| Planck scale
Theory of Everything

Grand Unified Theory

1043 10-33 10-23

(inflation, origin of matter)

Quarks combine to make
neutrons and protons

Big-bang nucleosynthesis

Electroweak (origin of helium-4, helium-3,

transition deuterium, and lithium-7)
Neutrinos Neutral atoms form
uncouple

from matter / Photons uncouple
from matter

Origin of
background
radiation

Existence
of stars
and
galaxies

10-13 10-3 107 (~1070 years )
(One year)

Time (seconds)

(Adapted from “Particle Accelerators Test Cosmological Theory™ by David N. Schramm and Gary Steigman. © 1988 by Scientific American, Inc. All rights reserved. Drawn by Andrew Christie.)



Quark-Gluon-Plasma




Very early epoch of evolution of the Universe:

103 GeV — electroweak symmetry broken

100 GeV — baryogenesis — quark — antiquark annihilation

200 MeV — quark-gluon plasma recombination, formations of protons and neutrons
1 MeV — neutrinos decouple

0.5 MeV — electron positron annihilation

0.07 MeV — primordial nucleosynthesis

1 eV — energy-density of matter = energy-density of radiation

0.3 eV —recombination of plasma, formation on neutral atoms



Scalar fields in cosmology

The Klein-Gordon equation on in FRWL background

¢+3Hp+ V=0,

1-. . 1 -. .
0p = eqr‘*' +V(d), ps= eqff - V().

é@*}? —V(9)
102+ V(9)

Equation of state py =wgpos, wy =



Potential of the Higgs field



B = o+ o +VI9)

—a2 — 2ai = K2 (pag + ﬂg(%ﬁﬁz - V(‘-’ﬁ']))

a* i

2 2wt - V(9)

a? i
1

21 4 31 = w2 (up+ 3~ V(@)

2 __ Bnld
K® = a — scale factor

Possible simple model of inflation
p+ %qf? =0, V(¢) =const
SH? = k*V(¢) = const

K2V ()
3

-t)

a=exp(



Linde (1982)

Rolllng Models of Inflation Albrecht & Steinhardt (1982)

Equation of motion:

Flat region:
V almost constant

DOuac dOMinates
energy density

Decay of ¢:
Particle produciion reheat
Reheating
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During the slow-roll inflation the scale factor is increasing exponentially:

afinal [ &2V ( @)

— exp I'\ 7 -ty — tin)) = exp (60) ~ 10%°

initial

So after the epoch of slow-roll inflation tempertaure of the Universe is
almost zero and density of matter is almost zero.

During rapid oscillations around the true vacuum the universe becomes
reheated and populated with particles. This epoch is usually identified with
the Big Bang.
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The scalar field driving inflation is quantum in nature.

A harmonic oscillator with frequency w 1s governed by the equation:

F+wlr=0.

Upon quantization, x becomes a quantum operator:
# = v(w, ) + v*(w,t)al (1)

—i

v(w.t) ~ e ™ _ positive frequency solution of (1)

@ - annihilation operator al0 >= 0, - denotes a Hermitian conjugate

al - creation operator, adds one particle to a state upon which 1t acts

a,al] =aal —afa=1,

a,a] = [al,al] =0



Assuming that the mass of the oscillator 1s equal to 1, we can introduce a momentum operator p as

5= g =i
p_r:ft: Pl = 1.

We can now compute the quantum fluctuations of the operator  in the ground state
0 >
< |#2 >=< 0|#21|0 >=< 0|(v*al + va)(va +v*al|0 >=

aat)0 >= [v(w,t)|? < 0|[a,al] + aTal0 >= |v(w, )2,

finally, we have < |i]? >= i
' 2w

lv(w, t)]* <0




Quantum scalar field ¢(t. 7)

|

S(08) — 5(0:0)" — gmd? V(@)

L(g) =

Momentum 15 defined as m = 3, 0.

Equal time commutation relations are:

[4(z), o(y)] = [7(z), 7(y)] =0, and [¢(z),7(y)] = id(z —y).

It 15 convenient to mtroduce Fourier transformed fields

b = fﬁﬁ(r}e_mmdﬂ:, T = [?T{:r.:]e_mmdrj
reality of the fields implies:

'i'—k:qbi-! W—EZWI'



The classical Hamiltoman may be expressed in Fourier modes as:

H = % Z (TT_I;?TI +wk2¢k¢1) :

b=—m0

where wy = V' k2 +m?2.

Creation and annihilation operators can be defined as:

1 , , 1 , ,
ajp = o (wrop +img) , ﬂi — m{wkﬁﬂi - I?TI]'-

They satisty the standard commutation relations:
[ak,al] —1.

Similanty with the case of harmonic oscillator suggests that

< 0grdf[0 > 0



To find out how the guantum fluctuations of the field ® influence the evolution of
the very earl universe it is necessary to consider small perturbations of the field ®(t,z) —
®(t) + d@(t, r) and the geometry of the universe. This involves the whole non-linear set
of the Emstein equations. It 1s outside the scope of this course and so we will discuss only
the final results of such analysis. The final equation that governs the perturbations éd 1s

5 + 2aHId + k260 =0,

where ' denotes derivative with respect to the conformal time defined as T = Il %.

In analogy to the case of harmome oscillator one can find the power spectrum of

Huctuations in 6® as
HE

Psgp = ——.
A 2;33



Brief summary:

Inflation predicts that quantum-mechanical perturbations in the very early universe
are first produced when the relevant scales are causally connected. Then these scales
are whisked outside the horizon by mflation, only to re-enter much later to serve as initial
conditions for the growth of structure in the universe. The perturbations are best deseribed
in terms of their Fourier modes. The mean of a given Fourier mode, for example for the
gravitational potential, is zero:

< d(k) >=10.

Further, any given Fourier mode 1s uncorrelated with a different one. However, a given
mode has nonzero variance, so

< ®(k)®*(k ) >= Ps(k)(27)%6) (k — k),

the Dirac delta function i1s enforcing the independence of the different modes. This 1s the
characterstic feature of a Gaussian random process.

A spectrum in which L:EP@{H 1s constant (l.e., does not depend on k) is called a
scale-invariant or scale-free spectrum.



DENSITY

CONTRAST

NO RAMP

By ramping a magnetic field in the vicinity of a so-called Feshbach resonance, researchers
trick a Bose—Einstein condensate into behaving like the expanding early universe—even
though the condensate’s physical size remains the same. Under the ramped field, the
condensate picks up density fluctuations; in the early universe, such quantum field fluctuations
became particle—antiparticle pairs. The cutouts at right show how additional data can be

gathered by repeating the experiment. (Adapted from ref. 1.)



Cosmic inflation is a quantum process.

Creation of primordial density
perturbations of random nature.

Smoothing out early irregularities.
The Universe after inflation becomes flat and
homogeneous and isotropic



Predictions of the inflationary model:

* The universe Is flat
 Density perturbations have flat spectrum
* Primordial gravitational waves



Self gravitating gas

The continuty equations

Jo .
E-I—?[QL}—U,

The Euler equation

— = ——|—(i~'?)i~'= —E?P—vaﬁ?,
i

—

The Poisson equation

Lp = 4AnGp.

(1)

(2)

(3)



Newtoman cosmological model - mitial state:

homogeneous and isotropie distribution of matter

Fit) = R(t)Fo, (0) = T = gggmy = HOF() . olt) = T2 o(t) 12,
(1) = o0+ Rigg 0=0, — o(t)R*(t) = const.
2) = Rty = — 22 p()0r2, - 2 _2TC ).

3 | R 3



Let us consider small perturbations:

Types of perturbations:
scalar - example - density perturbations ,
vector - example - velocity perturbations ,
tensorial - example - perturbations of geometry .

o— o(t) +0p(t,T), T2 T+r(t,T), T =0+ 00(t,T) . — o(t) + dp(t, T).

Substituting these perturbed quantities into (1), (2) and (3) and keeping only the lin-

ear terms in these equations and assuming that the perturbed quantities can be represented

do

as -y ™ e t]eiE'E after some algebralc manipulations we get the following equation:

i+ 2H i — (4 Goo(t) — c2k*)p =0, (4)

where H = E 1s the Hubble constant and ¢, = g_j; 15 the velocity of sound, and k& = EL—“'T

where L describes the scale of the perturbation .



In the general case the equation (4) does not have exact solutions. There are two
special cases:

a) k — 0 - large scale perturbations, and

b) 2k? >> 47Gpy(t) - small scale perturbations.

Case b) describes damped harmonic oscillations.

Let us discuss the case a) in a flat universe dominated by matter. The background is
then described by:

21 1
t) =agt?? H(t) ===, o(t) = — .
The equation (4) reduces to:
4 2
P =0,
SRREY 32" ’

It 15 easy to check that the generals solution is

u(t) = At23 + Bt~ ! where A and B are constants.



Initial conditions

Random guantum generated density perturbations filtered by interaction with
radiation. Small scale perturbations dumped. The density perturbations start to
grow after recombination (matter-radiation decoupling).



https://svs.gsfc.nasa.gov/vis/a010000/a013700/a013768/13768 BAO_Narr_1080 Best.mp4


https://svs.gsfc.nasa.gov/vis/a010000/a013700/a013768/13768_BAO_Narr_1080_Best.mp4
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N body simulations
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Millennium Run:!
10.077.696.000’particles.. #

TR 04
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Miflernium Simiiation:
10.077.696:000;particles







https://wwwmpa.millenium simulation.mpg.de/galform/virgo/millennium/

Mass resolution ~ 9-10% Mg


https://wwwmpa.mpa-garching.mpg.de/galform/virgo/millennium/
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illustris https://www.illustris-project.org/media/

https://www.illustris-project.org/movies/illustris_movie_rot_sub_frame.mp4

illustris-simulation



https://www.illustris-project.org/
https://www.illustris-project.org/movies/illustris_movie_rot_sub_frame.mp4
https://www.illustris-project.org/movies/illustris_movie_full_cube.mp4
https://www.illustris-project.org/movies/illustris_movie_full_cube.mp4
https://www.illustris-project.org/movies/illustris_movie_full_cube.mp4
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Flamingo simulation

flamingo simulation

https://flamingo.strw.leidenuniv.nl/map_slider.html


https://flamingo.strw.leidenuniv.nl/map_slider.html

The Growth of Cosmic Structure

Over billions of years, the universe went from smooth to structured. Powerful space telescopes have gradually

uncovered much of the story of how this happened. The James Webb Space Telescope aims to reveal

the crucial period when stars and galaxies first formed.
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After the first atoms
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At some point, dark
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Today
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