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Structure argument (LSS+CMB)
— unambiguous evidence for DE

Q =p,./p.< 0.3 — open model?

Contrarguments - inflation, age, curvature

Other arguments — galactic peculiar velocities |, lensing
X-ray gas in clusters , rotational velocities, SN, ISW
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Question: where is DM ?

Visible: * stars and gas in galaxies
* gas in clusters (T~ keV)

Dark baryons:

* intergalactic gas (T~ 0.01 keV)

* MACHO (BH, NS, WD, BD, jupiters)
— < 20% of halo mass in moon-star MACHOs
— > 80% of halo mass in non-baryon particles



Non-baryonic DM:

* large velocity dispersion in clusters (1930)

* flat rotation curves in spirals (1970)
* galaxy cluster masses determined (1980)

—~ X-ray gas (T~ keV)
~ gravitational lenses



Answer: non-baryonic DM is
in gravitationally bound systems

weakly interacting particles
do not dissipate as baryons

Baryons cool down radiationally and reside in centers
of dark matter halos getting rotational equilibrium

DM remains assembling around the

visible matter at scale ~ 200 kpc
mass of the Local Group ~ 2 -10'2 M,
(half is in Milky Way and Andromeda)
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lesson 1. Universe is large

Since the very beginning ( a<Q
the physical size of the Universe
exceeded Planck scale 10°° times

This big factor can be explained by existence
of preceding short stage of inflation -- BBS



lesson 2 . acausality

Hubble scale (HY)

scale of perturbation (A=




lesson 3 : evidence for DE
(structure argument: LSS + CMB)

Q=p./p.< 0.3 — open model ?

Contrarguments — inflation, age, curvature

Other arguments - galactic peculiar velocities |, lensing
X-ray gas in clusters , rotational velocites, SN, ISW



Dark energy — weakly interacting physical
essence permeating space of visible Unuverse

DE - key element of standard model

Eoe ~ 103 eV (for ppe = E*)
New energy scale ?

Yes - If vacuum

No - if superweak field or modification of gravity

Coincidence problem : ppy = P, = Ppe



Scales of fundamental interactions

1 GeV strong
100 GeV electroweak
10%° GeV gravitational



Existence of LSS is a key point for
the coincidence problem

Qrad << Qm ] QDE - Q

-window of gravitational instability
( + initial amplitude of perturbations )

Qrad << Qb = QDE

m

- condrtion for formation of starts

DE ceases structure formation
and restores Hubble outflows



lesson 4 : superweak fields

for 14 Gyr - twoO Inflationary stages
there could be more than two, same causes
simple cause of inflation -- weak massive field

Inflation creates and restores Hubble outflows

History of the Universe Is the history
of origin and decay of massive fields
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Inhomogeneous Universe
generallzed Fnedmann equatlon

b= b(’[ X) - volume scale factor

H, (t,X) = E - effective Hubble parameter
_ Po - - comoving matter density
- pd P DE energy density

local spatial curvature
( arbitrary small function of X )



Geometry of inhomogeneous Universe

a = a(]_— q) - effective scale factor g= CI()_{)

K =AQg(X) - spatial curvature

or, =a(oy —9

" )5)( K. physical distance
between pairs of galaxies




Friedmann equation in dimensionless variables

II_Il =H, QTB (1210 Mnx™ , CE=E gm [10.39
D
DM Hubble , 12
constant f(b) = B +b >1

minimum f . =1 isat b, =17







Density perturbations and peculiar velocity

0. =glK(X), V... =VIH,

pec

0)

K=AQ(X) - spatial curvature

Growth factors of density and velocity perturbation S
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Growth factors of density and velocity perturbations
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We are at maximum of structure generation
It will take 20 Gyr more to half velocity



Evolution of Hubble and peculiar velocities
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h(a)

Period h/h_ .. > 0.5 goesfrom 0.6 to 22 Gyr
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Where are Hubble outflows broken?

At different places at different time

Present scale of inhomogeneity 15 Mpc

Asymptotic scale of inhomogeneity 25 Mpc
( if DE preserves vacuum property )

For Local Group ~ 2(3) Mpc.
At 3-4 Mpc from LG random velocity ~ 40 km st

Full peculiar velocity ~ 600 km s-1



What had E. Hubble observed ?

Paired galactic velocities atregion  k(x) <1 In
scales < 15 Mpc (correlation length of peculiar

velocity ) — regular anisotropic outflows
_0 o _ ) _
6Vi —a&i —Hik5r , Hy = H(5ik - h ’ik)

Matter peculiar velocities as well as random

variations from the mean (highly correlated)
velocity outflows , increase with radius and

reach the maximum values at 1 ~15-40 Mpc
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156 neary galaxies

RGB+Cep+3BF
BS+TF

ME1 group
Cen A group

H, = ¥3 km/s/Mpc
12
Mo=13x10" M,
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Today the peculiar velocities are at maximum
This period will continue a Hubble time more
The velocity will decay by factortwo in 35 Gyr

The Universe Is now at period of maximum
deviations from the Hubble law expansion

Hubble recovering will happenintens  Gyrs

LSS is a clue of DE properties



LSS formation proceeds from 1
to 22 Gyrs since the Big Bang

We live at period of maximum
LSS formation in the Universe

Use this chance:




DE detection Is a matter
of ,

Statistical measure of structure!




