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In previous lectures we considered the homogeneous and
isotropic Universe. But small irregularities must exists.
These irregularities created large scale structure of our
Universe, they formed “pancakes” of matter with high
density contrast in which cluster of galaxies, galaxies,
stars and planets were created.

In the following lectures it will be assumed that the size
of density perturbations are much less than c¢t where ¢t
being the physical time of our Universe. It will be
assumed also that the motion of the matter is
nonrelativistic, and peculiar velocity v everywhere much
less then the speed of light.



Perturbations of the fluid in static
bactkqround matter

First of all I would like to consider a sound wave in
ordinary fluid with self gravitation. We have three

dynamical equations:

P LG(pi)=0  p(F,), u(Fb)

ot
o, (GV)i = -V —iﬁp p(F,t)
ot yo,

AD =472Gp d(r,1)



One additional equation is necessary. Itis equation of state p=p(p)
This equation is nonrelativistic equation of state, and we will compare p
Over pv.? , where v, is ordinary speed of sound.

A sound wave is small perturbation of background fluid which has constant
background density, pressure, zero background velocity and constant
background potential ¢.

Therefore, we can write perturbations as
p(F.t) = po (L+ 5(F,1))
U(r,t) =0+v(r,t)
p(r,t) = p, +op(r,t)
and @(r,t) =D, + ¢(r,1)



We must find the Jdp using equation of state. To do it [ expand general
equation of state in Taylor series around g, : p, = p(p,)

_p . iop 10°p
P(p) = Py + 13 (,0 Po) + 2!5,02 (P—Po)" +.on.

P v and pp)= Py +Viped =

5p:Vszp05

Substituting this result into dynamical equation we obtain the system of

equations



— =-Vp-V2V§

Ap =4nGp,0

I would like to consider the solution of these equations
in the case of monochromatic plane sound wave.



So, we will choose the particular solutions of partial
differential equations

5(F,t) = &, (t) exp(ikr)
v(F,t) = v, (t) exp(ikF)
o(F 1) = @, (t) exp(ikF)

with unknown functions of time

0o(t)  Vo(t) @ (1)



If we substitute these solutions into above partial differential
equation we two obtain ordinary differential equations and one
algebraic equation

ds, . -
dt
d\_io -y .-y 2

— =—lk@ —1kv:o
dt (0 s 0

-k*p = 472G, 0,

the first step of solution is substitution of algebraic equation

go __47ZG p0§0
0=

k2

into second differential equation. The second step is multiplication of
second equation by k and we obtain the new system



ds, .-

F1(kv,) =0
0 4i(kY,)
) _ianGp, k225,
dt
2
or = ddtfo (47Gp, —k2V2)5, = 0

I would like to introduce definition

Q? = 471G p, —k?V?



and the solution of the last equation is

0, (1) = 0, exp(Qt) + o, exp(—Qt)

increasing mode T T decreasing mode

The value () isreal for k o0

and it is imaginary if K — o0

There exists the critical wavelength

2
Jy = [
Gp,

IT IS JEANS LENGTH




If the length of a wave is larger then Jeans wavelength of

our fluid
A>A,

then QZ > O

and we have superposition of increasing and
decreasing modes.

In opposite case, if ﬂ, < ﬂ/ ]

we obtain thatis () 2 < O and the solution is

O,(t) =0, exp(i| Q2|t)+ 0, exp(—1|Q|t)



which describes usual sound wave.

Therefore, we can expect the increasing of density
perturbation due to gravitational instability in the fluid
with long waves perturbations, and we can expect
ordinary sound waves in opposite case

A< A,

Now, we have to consider the evolution of density
perturbation due to gravitational instability in the
expanding Universe



Perturbations of the fluid
in the expanding Aniverse

The qualitative conclusion is valid also in the expanding
Universe, but numerical values are different.

What are main differences in the case of expanding
Universe?

The equation of motion written in eulerian coordinates are
the same, but the decomposition into background values
and small perturbations is other



They are
p(r.1) = p(t)d+0o(r,1))

- a._ .,
U(r,t)=—r +v(r,t)
a

o(F, >—2§Gpr +o(F )

Now the equation of mass conservation is

op
ot
dp
dt

@+a(rV)5+(Vv) 0
o a

+V(pi)=0 =

+3p0



So, we have unperturbed equation and first order
perturbation one. It is convenient to change spatial
variables from eulerian coordinates r, to comoving
lagrangian. Coordinates in unperturbed model, defined

by equation

r“ =a(t)x”

Then according to usual rule of differetiation we
transform the equation via

o ‘t

O O a
_lx:_lr +—T
ot ot a



and the equation for perturbation becomes

The same procedure is applied to the second dynamical
equation

ol ,.=-.. o a,.- .. a._
—+(uV)u=@+E(rV|r)v+§v =
ot o a a

oV a.

—+—V

ot a



SO, we obtain

00 N (W) _

0

ot a

N a. Ve V6
—+ V="t —

ot a a a

Ag = 471G p(t)5(t, T)

Let us consider a simple example. Suppose that we
have pressureless gas, the pressure is equal to zero
and velocity of sound is also equal to zero.



In this case we have

@_I__(VV) 0
ot a
a_v_|_§\7: vgﬁ
of a a

Ag = 472G p(t)S(t, T)



If we transform these equations as previously we
obtain the equation for density contrast

d’s 4ds 2
dt*> 3t dt 3t?

o=0

Let us search the solution in the form

S5(t) = 5,t°

In this case the differential equation transform
into algebraic one

0((05—1)+ﬂa—g:0 or az—li Ezg
3 3 6 V36 3



So, the solution is

S(t) = 51t% + 0,17

N

growing mode decreasing mode

Let us consider now the ordinary gas with pressure,
velocity of sound is not equal to zero now



The first term In the solution is growing
mode, the second Is decaying mode. We
are interested in growing mode only:.

So, one can say, thatin the case of the
expanding Universe Jeans instability
changes from exponential to power law time
dependence.



The mass of a clump of matter with size
equals the Jeans length is called the Jeans
mass. It estimates the minimum mass of an
object formed due to the Jeans instability.

MJ :pm/l?]

Let us estimate the Jeans mass just after

the recombination epoch in the Universe
filled with baryons.



Here we have to substitute pB

Instead of matter density and obtain

3/2 .3
JT V
s _ ~10°M

— Go/2 \E sun

M;



It IS necessary to mention here that our
Universe filled with dark matter. In the
LCDM (standard model), it is the
collisionless gas of particles with very low
effective temperature. Therefore, the
effective pressure of dark matter Is
negligibly small, and Jeans instability
develops in dark matter much before
recombination, just after the epoch of
transfer from radiation dominated equation
of state to a matter dominated equation of
state in the early Universe.



Let us consider now the ordinary gas with pressure,
velocity of sound is not equal to zero now

v, #0
The general equation is now

d?s .ads (k°v:
+2——+ ~—47Gp(t) 0 =0
dt* a dt a’ PO

_ 2m
2

K = const during expansion

K A 1s physical wavelength



In the case of ideal gas

k?v?
Vszzk—T and zs’oci3

mp a a

In this case the solution of density equation is similar
to the pressureless equation. In the case of dust-
dominated background, flat Universe and ideal gas we
can rewrite the term in parenthesis as

k v? [ 2z kT t,° 4nGpotl |
Ao my t? t?
A5 .1 kT
A7Gp,t, E?— jt =w;(t) where A5 = (‘)%
Gpots?



As a result we obtain the equation for density contrast

2 (22 )
df:4d5:4ﬂ6pot§ ; 1125:0
dt> 3t dt 2T

Now we can choose the solution as
o(t) =0,t“ where

2
4 (22 )

a(a-1)+—a+4rGp,t .
3 Ao




and the solution is

1 1 A
a=-—+ A7Gp,(1——-

1 A
if —+42Gp,(1-—

) >0

We have superposition of increasing and decreasing
modes



In opposite case, if

1 A4
— +42Gp,(1-—-) <0
1 .
we have oO=——>T1lw
6

and the general solution is

5(1:) _ 511-._% eia)lnt+52t_% e—ia)ln’[

S0, we have oscillating wave with monotonically
decreasing amplitude.



We considered the case of ideal gas.
What is the main difference in the
case of hot plasma?



RADIATION DRAG. SILK
In previous material I demonstrated that due
to gravitational instability small-scale
perturbations can grow and can significantly increase
density contrast in the almost homogeneous and

isotropic Universe filled with ideal fluid.

What is main difference in the case of
the hot Universe or Big Bang?



As long as the matter is neutral the only effect of the
Primeval Fireball radiation is to increase somewhat the
rate of expansion. For instance, in radiation dominated

model ,
p ="+ A

We have the Hubble parameter as function of time
a/ _ -1
=@

and the solution for density perturbation is

3 _ /3
o) = 51tJZ + 0,1 %
It is not very different from

S(t) = 51t% + St



However, if the protons and electrons of primordial
plasma is coupled to the radiation it can very
significantly alter the picture.

Consider an electron with peculiar velocity much
smaller then the speed of light

V<LC

In the electron frame of reference the distribution of
radiation temperature is

T(6’):T(1+%C056’)



and the radiation brightness is

B(8) =coT *(8)!4r

Due to effect of Thomson scattering the force of
radiation pressure emerges

F = —jaT %cosﬁdﬂ
C
which is
F = _ 46y oT*Y
3 C

[t is the radiation drag force on the electron



The radiation acts on electrons and protons of primordial
plasma. However, due to the fact that the Thomson cross
section of electrons are much larger than the cross-
section of protons we have that radiation pressure on
electrons is larger. The electrostatic forces, which emerge
in the plasma if the electrons and protons are separated,
keep the stability of plasma and reduces separation to
zero keep the plasma electrically neutral.

The radiation drag force per unit volume in opposite
direction of the plasma motion is

F: 40T T4 IO
3 cm,



Where yo,

m,

is density of electrons per unit volume.

When this force is added to equation of density
perturbation, it becomes

2 : 4 2 1,
d 25+ zi-l—ﬁ(f-r ol d5+ k2 KT —47Gp(t) 0 =0
dt a 3 myc)/dt (a"m,

Let us estimate the ratio of two terms in first parenthes
is



2001 )

3Hmpc

~10°h*(1+2) 2

When 2z> 1000 the ratio is larger then 30 which means
that radiation drag dominates the left hand side of
equation during radiation-dominated era. Therefore, we
can leave only one term in the left hand side of this
equation. If we also neglect the pressure term we obtain

4  oT*\do

2 _ 472G p(t)S
[3GT mpc) dt P




The solution is

L 372G 3e10°
5(t) = 5, exp{| pmjcdt} 5, expf—=0 3
o ool (1+ Z)/
It gives W -1006 at T =3000° K

5(0)



We can write the equation which describes the evolution
of density perturbations in the radiation dominated
plasma having arbitrary wavelength

O
3 m,C dt

4 2y,2
Yo O d5+£ka‘2’ —47sz(t)]5:O

The term in parenthesis has negative sign if wavelength
is larger then Jeans wavelength and positive sign in
opposite case. It means that amplitude of a wave with
wavelength larger then Jeans one remains almost
constant during the radiation-dominated epoch with very
small increase. The amplitude of a wave having 4 < A;
decreases exponentially.

The term o T s energy density of photon radiation.



Total energy density is proportional to T% and the number
of degrees of freedom of all species of relativistic particles.

So, we can transform both

ol *
Or ——
mpc

and
.
KV
az

47Gp(t) -

to the convenient form. It is convenient to introduce the
characteristic time



m2
r= 0 g2 e gaqqi g
IN, mm,

Here N, is the number of degrees of freedom, « is the
fine structure constant, m, is proton mass, m, 1S
electron mass, m, =2 10'® Gev is Planck mass and

A, 1s compton wavelength.

We can rewrite the equation as

d5 1_3772(|H jz A 2 5
dt 8 \ A C




So, even for ﬂ >> 2’\]

1LY (v, )
That means (%j (—Sj << 1
C

To the end of recombination one has

o(t) =9, exp(t%) =3, exp(6¢107°)



In the case of short wavelength the term in parenthesis
becomes negative and we have rapid decay in amplitude.

The initial density perturbations are decomposed into
Fourier series.

S(t,F) = [d3ke™s5(t,k) = [dke™ s t,E

(t,7) = [d®ke™ 5(t,k) = | Mot 2)
N

For the Fourier component 5 (t, —)
A

The above mentioned equation is valid

45, _ 1_3n2(|Hj2 v ) 5
dt 8 \ 1) \c &




So each wave evolves in according to its own rule. It is
necessary to remember that the second term in
parenthesis is a function of time, therefore condition
changes and waves of many lengths vanished during the
Universe expansion.

S(k)p I

[

[

| in the early Universe
[

| \

[

[

[

[
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: at the moment of recombination
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1
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In general, a sound wave in imperfect fluid will be damped
at a rate

25T 4 nm nm
- keoT < 160 LMy )
135 oT* 4

GnJT(nmer;r T*) nm, +—ofl*

\ J

So the second wave will be damped in amplitude by a factor

r

D = exp{— jl“(t)dt}: exp- _(“I\/l/lc j% -

. J




where M c is a critical mass which is
determined by

j [(t)dt

and M is the mass within the length 41/2 of
the sound wave. One can estimate the critical mass
in the accepted cosmological model.

100kms*Mpc™

M., =8x10" M,
HO




Sufficient damping may be expected, if

v \%

C

M

~10

One can conclude that it is around mass of a gigantic
galactic.

The perturbations having long wavelength
A>> A,

Survive to the moment of recombination.



After this moment they grow in according to

Y%
5k(t): . 5k(tr):(1+zr)5k(tr)




The redshift at the recombination epoch is 103 therefore

we can expect the initial perturbation to grow by a factor
of 103.

We observe some quasars at z=8 and a lot of galaxies
between 2z = 0 and z=1. Therefore one can expect well
developed density contrast at z = 0. To have density
contrast J =1 at present moment we must have J |
103 at recombination. But the observation of angular
anisotropy of the CMBR shows that § . < 10 .

This paradox was one of the reason to introduce the
concept of invisible (dark, hidden) matter. Other reason
came from galactic astronomy. The observation rotation
curves of galaxies shows that the total (gravitational) mass
of galaxies is greater than its visible mass.



Now the paradox is generally accepted that the matter of
our Universe predominantly consists of dark matter. One
part is called now just dark matter while the other is called
dark energy. Here we will discuss the contribution of dark
matter into evolution of density perturbations only.

The contribution of ordinary matter (baryonic matter) is of
the order of 0.04 of total density of the Universe and the
contribution of dark matter is of the order of 0.21, and the
contribution of dark energy is of the order of 0.75 of total
density of the Universe.

Now we must consider the evolution of density perturbation
in the more complicated picture. So, we have two
component matter which consists from baryonic matter
having background density

pb ~ O'O4pcrit



and from dark matter having background density
Pou = 0.21p,

The total density of matter in the universe in our approach
is equal to a fraction of the critical density

3H°
870G

Po T Pom = 0.2904; =0.25

Now we can expand the exact values of density, velocity and
pressure to the first order approximation separately.



For instance,

p(t,F) = P (1+Qb5b + Q2 5y Opy )

here Q, = Po_ and Q... _ Pow
Perit Perit

are density fractions of baryonic and dark matter

0, o) .
o, ] Oy = PoM are density contrasts

L Powm




After some transformations we obtain the coupled system of
differential equations

d?5, 4 3r d5b+(k2v2

dt? "'(3,[ + 8'[2) dt az(ts) _4ﬂprj5b — 47ZGpcrit (QDM 5D|\/| +Qb5b)
and
) 4dS

thM +3’[ dE[)M = 472G (Qpy Opm +€2,0,)

here Q,, and £, are fractionsof dark and baryonic matter

and p_,, 1s time dependent critical density.

One can mention that Q,,, ~5Q, and density contrast in dark matter is
larger than density contrast in baryonic matter. Therefore the term1s

right hand side of equations can be approximately written as
471G C2 oy Opw



Dark matter became nonrelativistic and obey the equation
(p=0) after so-called decoupling epoch z,=10°. Until
recombination

Op = const

or decreased very rapidly. At z,=10° we have equal density
contrast both in dark matter and in baryonic matter

5b — 5DM

But to the moment of recombination the perturbations of
the dark component became greater and reached



1+ 2,
1+ 7

r

Opm (L) = ( ngM (t;) 10000y (ty)

So, we have at the moment of recombination

55 (t,) ~ 1005, (t,)

Because of the fact that the perturbations of the baryonic
component remain roughly constant



We will consider only long waves and do not consider back-
action of the baryonic perturbations on the dark matter
perturbations. At the moment of recombination the
perturbations of dark matter are

_ r
o DM (tr) =0 DM | .
and they continue to grow as

5DM (t) — §DM



One can write the equation for baryonic component
(4 > 4;)as

d’s, 4ds, 2 _20pu % 1

+ -—Q,0
dt? 3t dt 3t 7T 34

Third term in left hand side is negligible small, therefore
we can transform this equation into

d?o, N dd, 2 Spy
dt® 3t dt  3¢’a’




One can transform it as

d %déb 205,
i T
3t

If we imply that 55 (tr) 0 and 5-8 (tr) -0

We obtain the solution

% %
5b(t)=5DM[tij 1—3(t—fj 2!







Dark Matter.
Basic Properties of Dark Matter.

Dark matter must be dark, in the sense that it must have
no (or extremely weak) interaction with photons

Self-interaction of dark matter should be small. If dark,

matter particles can self scattered several times in
galactic halo during the [ife time of the Universe, it
would suffer gravi-thermal catastrophe

Interaction with baryons must be weak also

Dark matter particles do not belong to Standard Model
of Physical Interactions



Dark Matter

Hot, Warm, and Cold Dark Matter,
beyond hydrodynamical
approximation



B pacwupsaowencsa BcenieHHOM eCTb HECKO/IbKO XapaKTepHbIX
MOMEHTOB BpPEMEHWU, BaXHbIX 4719 ONMCaHNA 2BOOLUN BO3MYLLEHUMN.
[lepBbIl MOMEHT — 3TO MOMEHT BpeMeHU, Korga A/IMHa BOJIHbI
BO3MYLLEHNSA CTAaHOBUTCS paBHOW ANTMHE rOpM30OHTa Yactuy t, ( nHoraa
FOBOPAT, UTO BOJSIHA BXOAMUT Mojg rOPMU30HT). BTopon MOMEHT BpeMeHMU
teq, KOTAQ OCYLLECTB/ISIETCA NEpPEXo OT paaMalMOHHO-
AOMUHUPOBAHHOWM CTaaun K CTagun paclumpeHnsa BceneHHoOM
AOMUHUPOBAHHOM Mbl/IbIO. 3aTeM crenyeT MOMEHT BpeMeHu
pekoMbuHauum sBogoposa t., BceneHHas CTaHOBUTCSA Npo3padvyHoOn A
PESIMKTOBOIro U3niydyeHus, gasneHme OTOHHOro rasa pe3ko najaert,
HaUYMHAETCs POCT BO3MYLLEHNN B BAPUOHHOMN KOMIMOHEHTE MaTepuu.
HakoHel, nocnegHnn U3 Takux MOMEHTOB t,— Ha4yaso AJOMUHUPOBAHUA
TEMHOW 2HEeprumn, poCT BO3MYLLEHUN «3aMopaxunpaetcsa». MoOMeHT
BpeMEHU t, 3aBUCUT OT AJINHbI BOJIHbI BO3MYLLEHMA U NapaMeTpa
Xabbna, a octanbHble MOMEHTblI BpEMEHU onpeaenatTCa TO/IbKO
(OHOBbIMU MSIOTHOCTAMU COOTBETCTBYHOLWMX TUNOB Matepumn. MOMEHTDI
BPEMEHW pacCnosioXKeHbl B cneaytowem nopsaake: t,, <t.<t, at,
MOXET WMMeTb IOy BESIMYMHY OT NJIAHKOBCKOro BPEMEHU A0
Bo3pacTta BceneHHon. Hac, BnpoyeM, byaeT nHTepecoBaTb BroOJIHE
onpeaeneHHbln MHTepBasJi BpeMeHn, KOTOPbI COOTBETCTBYET BOJSIHaM
MHTEPECHbIM C TOYKU 3peHnsa obpasoBaHMa KpynHoMacwTabHou
CTPYKTYpbl BceneHHOW.



Yactnubl xonogHou TemHou matepum (Cold Dark Matter, CDM)
OTWENNATCS OT NEPBUYHOM MNasMbl byayymn yxe HEpPenaTUBUCTCKUMHU, a
yacTmubl Tennon temMHon matepum (Warm Dark Matter, WDM) u
ropsayen temHou matepummn (Hot Dark Matter, HDM) oTwennsaiTcs eue
penaTUBUCTCKUMU. Pasnnumne mexay rennoun m ropsayen DM
onpeaensieTca B MOMeHT nepexoga ot RD (pagmauMOHHO-AOMUHUPOBAHHOWN)
cTagmmn K ctagnm gommHuposaHusa noinn (DD). Ecnu Ha cTaauu nepexoaa
yactuubl DM 9Bna0TCS HEPENATUBUCTCKMMM, TO TaKasd TeMHasa MaTepus
Ha3blBAaeTCS TeMJIOU. ECnM OHKM OCTaloTCS peNnATUBUCTCKUMM, TO TaKas
TEMHas MaTtepust Ha3blBAETCS FrOpAYen.

Bo3MyLleHUsa NAOTHOCTU B cpeae U3 6eCCTONKHOBUTENbHbIX YacTul,
KOTOpble ABUXYTCH C PeNSTUBUCTCKUMN CKOPOCTSIMU N B3aUMOAENCTBYIOT
TOJSIbKO rpaBUTAUMOHHO, NOABEPXEHbI 3aTtyxaHuto JlaHgay. B
aHrNos3bIYHOW NUTEpaType UCNONb3YyeTCs TEPMUH free streaming.
dusnyecknin MexaHusM rnpouecca — ceobogHOE NnepemMelleHne yacTtumy C
BblpaBHUBAHMEM MNIOTHOCTU. XapaKTepHbIM MacwTab Takoro npouecca ecTb
npou3BeaeHne XapakTepHOW CKOPOCTU YacTuL, Ha XapaKTepHoOe BpeMs
N3MeHeHns GOHOBOM MNJIOTHOCTU. XapaKTepHOe BpeMS U3MEHEHUS
doHOBOM NIOTHOCTU — XabbnoBckoe BpeMs. Bo3myuweHMsa Ha MacwTabax
MEeHbLUEe 3TOro 3aMblBaOTCS M3-3a 3aTyXaHua JlaHpaay. 3aTyxaHue
BO3MYLLUEHWUX MNOTHOCTU B TEMHON MaTeEPUMN NPUBOAUT TaKXe K 3aTyXaHUIO
BO3MYLLUEHWUN rPaBUTALUMOHHOIO NoTeHunana.



[MpoaHanu3npyemM BHa4vasne 3aTtyxaHue JlaHgay Ha npumepe XOoJs104HOMU
TemHon matepun (CDM).

P deKT 3aTyXaHUsa NosABNAETCS TOJIbKO NPU paCcCMOTPEHUS OTAENbHbIX
yacTuu, ANg ero aHanausa Heob6xoaAMMO UCMNOb30BaTb KUHETUYECKUE
ypaBHeHUs. KunHeTmnuyeckoe ypaBHeHMe ana @yHKUUn pacnpeaneneHums
6eCCTONKHOBUTENbHbIX YacTul NO KoopauMHaTaM n nMmnynocam f(x,p)
nMeeT Bup

of

of
+F5V pﬂ pﬂapvzo

OX“

pOl

[lpaBad 4yacCTb paBHa HYJO, MOCKOJIbKY MHTEerpasa CTO/IKHOBEHUW paBeH
HYt0. JleBas yacTb npeacraBnsieTr cobon penssTMBUCTCKOE YpaBHEHUE
JlnyBunna4.



B cny4yae HepenaTUBUCTCKUX YacTUL, U MasiblX BO3MYLLEHUNA METPUKMU
Ha NJI0CKOM (DOHE MMEEM ypaBHEHMUE:

of _of oD of
4V - =0

ot or or ov

MpuyeM, NJIOTHOCTb TEMHOMN MATEPUN ONpeaensaeTcs MHTErpasoMm

o(t,r) = mjd3vf (V,t,1),

a ¢ - FpaBUTALUMOHHbBbIN NOTeHumMan.



BBenem BenMUnMHbI, onucbiBaowme pnykrtyaumn. OYHKUMUIO
pacnpeaeneHus npeacraBum B Buae cymmbl:  f(x,p) = P(x,p) + &f(x,p) .
[MonpaBKy K noTeHuymnany obo3HaumMM ¢. Toraa KMHeTndeckoe ypaBHeHue
Ansa daykTyaumm @yHKUMK pacnpeneneHns ecrb:

O Iv%f_aqoﬁfo
&t or or ov

[lanee, TakXXe KakK B cny4yae rmapoanHaMmyeckoro npubnnxeHunsd, Mol
MOXEM npeacCTaBuUTb pelleHne 3TOro ypaBHEHUSA B BUAE MHTerpasna
dypbe 1 HaNTU AUCNEPCNOHHOE YpaBHEHME, KOTOPOe NOoKaXeT HaM
o6nactn HeyCTOM4YMBOCTU N YCTONUYUBOCTU.



,U,MCI'IepCVIOHHOG YpaBHEHUNE A4 BOJTHOBOIo YWNCjia BO3MYLLEHUA K W yacTto

P 0
2 =azemfav ) [g 7
@° — (KV) oV
B cnyyae Manbix BOJIHOBbIX Yncen k % O

ncnepcruoHHOE ypaBHEHUNE eCTb 0)2 p— —47ZGIO

YacTtoTa saBngeTcd MHMMOMN, BMeCTO KosiebaHum nosiBnsaeTcs
AEKPEMEHT, OMUCbIBAKOLWMIN SKCNOHEHUMabHOEe 3aTyXaHne U
SKCMOHEeHUMaNnbHbIA POCT. Tak 4To, 6eCcCTONKHOBUTE/IbHbIE YaCTULLbI

B npegene ManbiX k BepyT cebs Kak B rmapoanHaMMUYeCcKoMm
NpnbAanXKeHuu.



BennuynHy BONHOBOIO 4YMcna, HauymHas C KOTOPOro PpoCT NpeKpallaeTcs
MOX>XXHO HAaWTN U3 YpaBHEHUS AUCNEPCUN Mosaras w=0 .

MK =4Gp

rne — | =



PaccMOoTpuM noBeaeHMe 4yacTul, XoNo4HOW TEMHOW MaTepun, KoTopble
MMEIT MacCy m U <«OTLWenndTCca» OT paBHOBECHOW MJia3Mbl Mpwu
Temnepartype T, . [lOCKONbKY B MOMEHT OTLLENNIEHNUA YaCTULbl yXe
6blIN HEPENATUBUCTCKUMUN, TO X pacrnpeaeneHne onmcbiBaeTcs
pyHKUMEN BonbuMaHa C HEKOTOPOWU 3PPEKTUBHON TeMnepaTypon T, .

BbICTpbIV POCT BO3MYLLEHUN B TEMHON MaTepun HauYMHAETCH nocne
MOMeHTa (., nepexoja OT paAvauMOHHO-AOMUHMPOBAHHOM K CTaAnKN K
CcTaaAun AOMUHUPOBAHUSA Nbln. [103TOMY BbIYMCIIUM 3HAYEHNE AJIUHDI
BOJIHbI JIaHA4ay B 3TOT MOMEHT BPEMEHMN.

2 Te(ty)
) H(t,) | m

CoBpeMeHHOe 3Ha4YeHne 3TON OJINHbI eCTb

T 1GeV 3
1~ pC
mi, mT,

A, =1+ zeq)He‘q1



PaccMoTpuM yactmubl CDM ¢ xapaktepuctmkamm m=100 3B T,
~ 10 M3B, B 5TOM cnydyae MacwTab anuHbl JlaHaay cocTtaBnsieT
npuMepHo 1 nNK . Takue MacwTabbl «3aMbITbl» 3aTyxaHnem Cusnka B
paHHen BceneHHOW, OHM HaM HEUHTEpPECHHDI.

PaccMoTpuM Tenepb cny4yaun, Koraa TeMHas Matepusa ABASETCA TEMNIOW.
[lycTb YyacTunubl aBNAOTCA PepMnUoHaMn. DyHKUMA pacnpeneneHuns
eCTb: 1

o) = f,

mv

ol

CoOTBETCTBEHHO CpeAHM KBaapaT CKOPOCTU B MUHYC NepBOu
CTEerneHun ecTb
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3aBMCUMOCTb V2 OT TeMnepaTypbl U MacCCbl Apyrasi, YeM B Clyyae
CDM. CoBpeMeHHOe 3Ha4YeHue KpUTUYEeCKOMN ASINHbI BOJIHbI eCTb:

b
2, =220 kpc (100] (1 eV j
9(Ty) m

30ecb g(T) 4ucno cteneHen ceoboabl NpU COOTBETCTBYHOLLEN
Temnepatype. Echm m = 1 k3B, 10

100 )%(1 keV

A, =220 kpc
L (g(Td) m

szMpc



OueHb BaXHbl BbIBOA, A/11 KOCMONIOrMn cneayeTt n3 Gusnku
HEUTPUHO. HENTPUHO — €ANHCTBEHHbIE N3 U3BECTHbIX YacTul,
KOTOpble MOryT 6bITb «ropsiuen TeMHOMN MaTepunen». HeMTpuUHHbIE
oCUMNNAUMM CBUAETENbCTBYIOT TaKXe, UTO O4HO U3 HEUTPUHO
nMeeT Maccy. B cnydae, ecnu macca nopsiaka goneu
3/IEKTPOHBOJIbTA, COOTBETCTBYHOLWMM MacwTab ecTb:

A, o« 200 Mpc

Cnepyet Takxe A06aBUTb, YTO 3TU HENTPUHO HE MOIYT COCTaB/ISATb
3HAUYMTENbHYO A0J110 TEMHOW MaTepuun, a NUllb HeEBONbLUYIO €€ YacTb.



END



Dark matter is classified also in terms “hot” (Hot Dark,
Matter or HDM) and “cold” (Cold Dark Matter or

CDM)
Self-interaction of dark matter should be small. If dark,

matter particles can self scattered several times in
galactic halo during the [ife time of the Universe, it
would suffer gravi-thermal catastrophe

Interaction with baryons must be weak also

Dark matter particles do not belong to Standard Model
of Physical Interactions



Dark matter is classified also in terms “hot” (Hot Dark, Matter
or HDM) and “cold” (Cold Dark Matter or COM).

The key feature to these terms is the energy level of DM particles when
they decouple from primordial plasma. If the DM particles were relativistic
at the moment of decoupling the average impulse is equal to

E

p:_
C

Later on velocity of DM particles became nonrelativistic due to velocity
reducing because of the Universe expansion, but the distribution function
of energy-impulse will be the same.

Very important effect bends the matter power spectrum depending on the
nature of DM. It take place when the mode of perturbation enters the
horizon. It means that the wavelength of perturbation became less then
the particle horizon size. In the case of HDM the free-streaming
movement will erase the small scale perturbations, until the particles
became non relativistic.



Weakly interacting Massive Particles
(WIMPs)

Dark matter must be dark, in the sense that it must have
no (or extremely weak) interaction with photons

Self-interaction of dark matter should be small. If dark,

matter particles can self scattered several times in
galactic halo during the [ife time of the Universe, it
would suffer gravi-thermal catastrophe

Interaction with baryons must be weak also

Dark matter particles do not belong to Standard Model
of Physical Interactions



