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Structure argument Structure argument ((LSSLSS++CMBCMB))
–– unambiguous evidence for DEunambiguous evidence for DE

ΩΩmm== ρρmm / / ρρсс < < 0.30.3 →→ open model?open model?
ContrargumentsContrarguments –– inflation, age, curvatureinflation, age, curvature

CMBCMB anisotropyanisotropy -- flatflat 33--geometrygeometry

Other argumentsOther arguments –– galactic peculiar velocitiesgalactic peculiar velocities , , lensinglensing
XX--ray gas in clusters ray gas in clusters , , rotational velocities ,rotational velocities , SNSN ,, ISWISW

More than  70%  of energy of the Universe More than  70%  of energy of the Universe 
stays stays unclusteredunclustered →→ p p ≈≈ --ρρ (dark energy)(dark energy)



DM  nonDM  non--interacting with lightinteracting with light
but light is there where DM isbut light is there where DM is



Question: Question: where is DM where is DM ??

VisibleVisible:: * * stars and gas in galaxiesstars and gas in galaxies
** gas in clustersgas in clusters ((ТТ~ ~ keVkeV))

Dark baryons:Dark baryons:
* * intergalactic gasintergalactic gas ((ТТ~ ~ 0.0.001 1 keVkeV))
* * MACHO (BHMACHO (BH, , NSNS, , WDWD, , BDBD, , jupitersjupiters))

→→ < 20% of halo mass in moon< 20% of halo mass in moon--star star MACHOsMACHOs
→→ > 80% of halo mass in non> 80% of halo mass in non--baryon particlesbaryon particles



* * large velocity dispersion in clusters large velocity dispersion in clusters ((19301930))

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

→→→→→→→→ XX--ray gasray gas ((ТТ~~ keVkeV))
→→→→→→→→ gravitational lensesgravitational lenses

NonNon--baryonic DM:baryonic DM:



Answer:Answer: nonnon--baryonic DM is    baryonic DM is    
in gravitationally bound systemsin gravitationally bound systems

weakly interactingweakly interacting particlesparticles
do not dissipate as baryonsdo not dissipate as baryons

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

DM remains assembling around the         DM remains assembling around the         
visible matter at scale  ~  visible matter at scale  ~  200 200 ккpcpc
mass of the Local Group ~ mass of the Local Group ~ 22 ··10101212 ММ��������

(half is in Milky Way and A(half is in Milky Way and Andromedandromeda))



100100 МпкМпк

Simulations confirm this resultSimulations confirm this result



we see the structure in development       we see the structure in development       
it is sufficient to determine Universe it is sufficient to determine Universe 

geometry and compositiongeometry and composition



Geometry of the Universe

• zero order Hubble diagram

• first order
S-mode (density perturbations)
T-mode (gravitational waves)
V-mode (vortex perturbations)

Cosmological model in four functions
currently we know only two of them
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Evolution of scale factorEvolution of scale factor



Formation of the Universe isFormation of the Universe is
formation of Hubble outflowsformation of Hubble outflows

aa     /H,rHv &
rr ==

H0 = 70 km s-1 Mpc-1,  H0
-1 = 14 Gyr

Formation of  the  structure isFormation of  the  structure is
destructiondestruction of Hubble outflowsof Hubble outflows

0  a >&&

0  a <&&



lesson lesson 1:1: Universe is largeUniverse is large

Since the very beginning (           ) Since the very beginning (           ) 
the physicalthe physical size  of the Universe size  of the Universe 
exceeded Planck scaleexceeded Planck scale 10103030 timestimes

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

0a <&&



lesson 2lesson 2 :: acausalityacausality



(structure argument:  (structure argument:  LSSLSS ++ CMBCMB))

ΩΩmm== ρρmm / / ρρсс < < 0.30.3 →→ open model ? open model ? 
ContrargumentsContrarguments –– inflation, age, curvatureinflation, age, curvature

CMBCMB anisotropyanisotropy -- flatflat 33--geometrygeometry

Other argumentsOther arguments –– galactic peculiar velocities galactic peculiar velocities , , lensinglensing
XX--ray gas in clusters ray gas in clusters , , rotational velocities ,rotational velocities , SNSN ,, ISWISW

More than  70%  of energy of the Universe More than  70%  of energy of the Universe 
stays stays unclusteredunclustered →→ p p ≈≈ --ρρ (dark energy)(dark energy)

lesson 3lesson 3 :: evidence for DEevidence for DE



Dark energyDark energy –– weakly interacting physical weakly interacting physical 
essence permeatingessence permeating space of visible space of visible UnuverseUnuverse

EEDEDE ~ 10~ 10--33 eVeV ( for( for ρρDE DE = E= E4 4 ))

New energy scale ?New energy scale ?
YesYes -- if vacuumif vacuum

NoNo -- if if superweaksuperweak field or modification of gravityfield or modification of gravity

Coincidence problemCoincidence problem :: ρρDMDM ≈≈ ρρbb ≈≈ ρρDEDE

Three hypothesis of DE:Three hypothesis of DE: vacuumvacuum , , 
superweaksuperweak field field , , modification of gravitymodification of gravity

DEDE –– key element of standard modelkey element of standard model



Scales of fundamental interactionsScales of fundamental interactions

1 1 GeVGeV strongstrong

100 100 GeVGeV electroweakelectroweak

10101919 GeVGeV gravitationalgravitational



Existence of Existence of LSSLSS is a keyis a key point forpoint for

thethe coincidence problemcoincidence problem

mDEmrad , Ω≤ΩΩ<<Ω           

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

DEbrad Ω≤Ω<<Ω     

-- condition for formation of starts

DE ceases structure formation  DE ceases structure formation  
and restores  Hubble outflowsand restores  Hubble outflows



** forfor 14 14 GyrGyr -- two two inflationary stagesinflationary stages

*  *  there could be more than two, same causesthere could be more than two, same causes

** simple causesimple cause of inflation of inflation ---- weak massive fieldweak massive field

** inflation creates and restores Hubble outflowsinflation creates and restores Hubble outflows

History of the Universe is the history    History of the Universe is the history    
of origin and decayof origin and decay of massive fieldsof massive fields

lesson 4lesson 4 :: superweaksuperweak fieldsfields



Clue of DM physical natureClue of DM physical nature
is preciseis precise statistical measurement       statistical measurement       
of of LSSLSS formation rate in Universeformation rate in Universe
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ccnn (n = 0,1,2,(n = 0,1,2,……)) –– dark energy physicsdark energy physics

How can  How can  ссnn be measured ?be measured ?



Inhomogeneous UniverseInhomogeneous Universe
generalized  generalized  FriedmannFriedmann equationequation

2

2

b3

G8

b

b κ−ρπ=







    

&

)x(

b

b

b
)x,t(H

)x,t(bb

13
0

eff

r

&r

r

κ=κ

ρ+ρ=ρ

≡

=

  

-- volume scale factorvolume scale factor

-- comovingcomoving matter densitymatter density

-- DE energy densityDE energy density

local spatial curvaturelocal spatial curvature
( ( arbitrary small function ofarbitrary small function of x ))

-- effective Hubble parametereffective Hubble parameter



Geometry of inhomogeneous UniverseGeometry of inhomogeneous Universe
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FriedmannFriedmann equation in dimensionless variablesequation in dimensionless variables
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Spatial regions Spatial regions κκ((xx) ) << 1 expanding forever1 expanding forever

DM Hubble DM Hubble 
constantconstant
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For For κκ≠≠≠≠≠≠≠≠ 00::

f(f(aa)) -- growth factor of Hubble velocitiesgrowth factor of Hubble velocities

Solution of generalized Solution of generalized FriedmannFriedmann equationequation
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Growth factors of density and velocity perturbation s Growth factors of density and velocity perturbation s 
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Density perturbations and peculiar velocityDensity perturbations and peculiar velocity



We are at maximum of structureWe are at maximum of structure generationgeneration

It will take 20 It will take 20 It will take 20 It will take 20 It will take 20 It will take 20 It will take 20 It will take 20 GyrGyrGyrGyrGyrGyrGyrGyr more to half velocitymore to half velocitymore to half velocitymore to half velocitymore to half velocitymore to half velocitymore to half velocitymore to half velocity

Growth factors of density and velocity perturbationsGrowth factors of density and velocity perturbationsGrowth factors of density and velocity perturbationsGrowth factors of density and velocity perturbationsGrowth factors of density and velocity perturbationsGrowth factors of density and velocity perturbationsGrowth factors of density and velocity perturbationsGrowth factors of density and velocity perturbations



Evolution of Hubble and peculiar velocitiesEvolution of Hubble and peculiar velocities
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Period  Period  h/hh/h maxmax >> 0.50.5 goes fromgoes from 0.6 0.6 toto 2222 GyrGyr
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Present scale of Present scale of inhomogeneityinhomogeneity 15 15 MpcMpc

Asymptotic scale of Asymptotic scale of inhomogeneityinhomogeneity 2525 MpcMpc
(( if DE preserves vacuum propertyif DE preserves vacuum property ))

For Local Group ~ For Local Group ~ 2(3) 2(3) MpcMpc .  .  

At  At  33--44 MpcMpc from from LGLG random velocity ~ random velocity ~ 40 km s40 km s --11

Full peculiar velocity ~Full peculiar velocity ~ 600 600 km skm s --11

At different places at different timeAt different places at different time

Where are Hubble outflows broken?Where are Hubble outflows broken?



Paired galactic velocities at region Paired galactic velocities at region κκ(x) < 1(x) < 1 inin
scalesscales < 15 < 15 MpcMpc ((correlation length of peculiar correlation length of peculiar 
velocityvelocity )    )    –– regular anisotropic outflowsregular anisotropic outflows
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Matter peculiar velocities as well as randomMatter peculiar velocities as well as random
variations fromvariations from the mean (highly correlated) the mean (highly correlated) 
velocity outflows velocity outflows , , increase with radius and increase with radius and 
reach the maximum values at  reach the maximum values at  r ~r ~1515--4040 MpcMpc

What had What had EE. . Hubble observed ?Hubble observed ?



R
ad

ia
l v

el
oc

ity
R

ad
ia

l v
el

oc
ity

156 156 nearby galaxiesnearby galaxies

EigenEigen values values HHikik= = diagdiag ((8181, , 6262,, 4848)) km skm s --11 MpcMpc --11



CONCLUSIONSCONCLUSIONSCONCLUSIONSCONCLUSIONSCONCLUSIONSCONCLUSIONSCONCLUSIONSCONCLUSIONS



Today the peculiar velocities are at maximum Today the peculiar velocities are at maximum 
This period will continue a Hubble time moreThis period will continue a Hubble time more
The velocity will decay by factor two in The velocity will decay by factor two in 35 35 GyrGyr

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

Hubble recovering will happen in tens Hubble recovering will happen in tens GyrsGyrs

DE affects crucially dynamics       DE affects crucially dynamics       
of the structure generationof the structure generation

LSSLSS is a clue of DE propertiesis a clue of DE properties



LSSLSS formation proceeds from formation proceeds from 11
toto 22 22 GyrsGyrs since the Big Bangsince the Big Bang

We live at period of maximum              We live at period of maximum              
LSSLSS formation in the Universeformation in the Universe

Use this chance:Use this chance:

measure DE by weightingmeasure DE by weighting
the structure with the structure with redshiftredshift



DE detection is a matter    
of  precise cosmology

Statistical measure of structure!Statistical measure of structure!


