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Definition of dark energy

The physical essence which is causing the accelerated expansion
of the Universe which is described in the framework of the general
relativity (GR):

4
g(r)=— ;G(,ﬂ+ 3p/c*)r > 0,

p+3p/¢ = pm + 3pm/c’ + px + 3px /¢’ <0,
1

px < —gcg(,@m + px) — Pm

Component X have been called the dark energy
(Huterer D. & Turner M. 1998).

Source of gravitational field: ¢*p + 3p = ¢?p(1 + 3w)

Inertial mass: ?p + p = @p(1 + w)



Observational evidence for existence of dark energy

e apparent magnitude - redshift for SNe Ia,
e apparent magnitude - redshift for GRBs,
e acoustic peaks in the angular power spectrum of the CMB,

e baryon acoustic oscillations in the spatial distribution of
galaxies,

e angular size - redshift for X-ray galaxy clusters,
e formation of the large scale structure of the Universe,

e cross-correlation of ISW effect for CMB and the spatial
distribution of galaxies,

e Wweak gravitational lensing of CMB,

e age of oldest stars in the Galaxy.



Key experiments of 1998-2018 years

1998 — HzSNST (SN la, Riess et al.)
1998 — SNCP (SN la, Perlmutter et al.)
1999 — Toco (CMB, Miller et al.)

2000 — Boomerang (CMB, Bernardis etal)
2000 — MAXIMA (CMB, Hanany et al.)
2001 — DASI (CMB, Halverson et al.)
2003 — WMAP-1 (CMB, Spergel et al.)
2005 — BAO (SDSS, Eisenstein et al.)
2006 — WMAP-3 (CMB, Spergel et al.)
2008 - WMAP-5 (CMB, Komatsu et al.)
2011 — WMAP-7 (CMB, Komatsu et al.)
2011 — ACT (CMB, Dunkley et al.)
2013 — WMAP (CMB, Bennett et al.)

2018 — Planck (CMB, Planck
Collaboration)




Temperature fluctuations of CMB
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Cosmological parameters from Planck 2018 (18.07.2018)

Parameters

Planck alone
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Candidates for dark energy

e cosmological constant A,

e scalar field (quintessence, phantom, quintom, K-essence,

tachyon field, Chaplygin gas, barotropic fluid ...) which almost
homogeneously fills the Universe,

e more general theory than GR or another gravitation theory
(Brans-Dicke theory, f(R)-gravity, dilaton gravity, MOND...) .



Scalar field <= dynamical fluid
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Dark energy and expansion of the Universe

1 i m €
Einstein equations : R;; — > giiBE=r (Ti(;r') N ng )+ Ti(jd ))

Friedmann metric :  ds? = g;;dr'da? = Pdt? — a®(t)d4pda®dx”

1 1
EoS equation : p = wc? p (wr = ~ W =0, e < —g)
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Specifying of scalar field models of dark energy

I?dﬁ = cﬁ =CONSt > Pde= Cipde A
Pde
[Babichev, Dokuchaev & Eroshenko (2005)]
dw g,

= 3071 (1 + wge) (wae — ¢2)

da

(1+¢2)(1 + wp)

wgsla) = I - ey — 1

wa)a—30+€2) 1 -2 _ 4,
(o) (1 +wo)a + ¢ — wy
,Ode(ﬁ'») = Pde 1+ "—_:{21




Dynamics of expansion of the Universe with scalar field dark

energy
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Future of the Universe depends on the nature of dark energy

t(a) = /ﬂa a’g{za’) —  a(t)

0 2 4 & B 10 12 14

Big Rip singularity: tpr — to = gHﬂ |1—|—1c3| (Hlij;)ﬂdﬂ



Perturbations:

p=7p(1+9), p=p(l+m), o' =7+,
Ti; =Ty + 01

ds® = c*dt* + a*(t)(0i; + hij)dx'de? (h=hi< 1),
s :R;j +ohy, It = R+ 4R
Equations for Fourier modes of perturbations in the synchronous
gauge comoving to matter component (V,,, = 0):
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Density perturbations of dark matter, baryon matter and dark
energy (k = 0.1Mpc—!) (CAMB)
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[Sergijenko & Novosyadlyj, Phys.Rev.D, 92 (2015)]



Evolution of matter density perturbations in the models with

different types of DE

The evolution of matter density perturbations from the Dark Ages to the present
epoch in sCDM, ACDM, QSF+CDM and PSF+CDM models (amplitudes are

normalized to 0.1 at a = 0.1):
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sCDM: ,,, = 1;

ACDM: Q,, = 0.3, Q4. = 0.7;
QSP1: Q,, = 0.3, Qe = 0.7, wo = —0.8, 2 = —0.8;
QSP2: Q,, = 0.3, Q4. = 0.7, wy = —0.8, ¢2 = —0.5;
PSP1: Q,,, = 0.3, Q4. = 0.7, wg = —1.2, ¢2 = —1.2;
PSP2: Q,, = 0.3, Q4. = 0.7, wg = —1.2, ¢2 = —1.5;



Current determination of dark energy parameters

Observational data: Planck, WiggleZ, SN Union2.1, Hg
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Planck 2018 + other data
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Conclusions |

o Observational data prefer the cosmological model with DE density domination
at current epoch: ;. = 0.7 £ 0.02.
The model without DE (Q24. = 0) is excluded at > 500 C.L. !

e Observational data related with cosmological scales (Planck results 2015)
give strong constraints on the density of dark energy in the early Universe:
Qrpe < 0.0071.

e Observational data related with cosmological scales do not distinguish the DE
type: wo = —1.0 £ 0.15.

e Currently available observational data related with cosmological scales give
no possibility to constrain ¢ !



Gravitational potential wells and humps from the different

overdensity (clusters) and underdensity (voids) bullets

The ratio of densities of dark energy and matter: £4= = ﬁﬁﬁr e
Pm +a??3 ﬂ?n

Universe: ’;ffﬂ ~ 2.3, Halos: ’;L <1, Voids: £4= ~ 5 — 20

m Ik

repulsion

*.__

raditinn dark matter void with
bullet bullet quintessence void with phantom
dark energy dark energy

Source of gravitational field: ¢*p + 3p = ¢*p(1 + 3w);
Inertial mass: c¢*p +p = ?p(1 + w)



Spherical perturbations of metric and densities and velocities

of matter (), dark energy (de) and relativistic component (rel)

Metric:
ds? = e’ a? — o2 (1’.)5‘”’“” [di"Q - ?'g(df-}'g + sin’ Qdflﬂg)];
Density and pressure:

Em(t, ) = En(t) (1 + 0 (t, 7)), pm(t,r) =0,

Ede(ts7) = Cae(t)(1 + 0ge(t, 7)),  Pae(t,T) = WEge + Opge(t, 7),
Pae(t,7) = 281,040 (t,7) — 320aH(1 + w)(c2 — u)]-ydﬁft rYdr,
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E-reﬂ(tvr) — =ref( )(1 + {jrel(f ?)) preﬂ(t T) — §§ ()(1 + {Ii*refft*. T))

Velocity:
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Equations of conservation of energy-momentum 7* = 0 for

dark matter and dark energy:

b= 21+ 8,)ir+ (v, + g.Lm) LI )
bt 2.;;1{ - j;;} () 1éfén - 9
Ode + %(cg — w)0ge + (1 4+ w) LZ;;I + ;TE? —9H(* —w) f Vgedr — %;}]
+(1+ ) [d&;ﬁe — ;d; (-u&e - %-Uﬂge) — %dder}] — (). (4)
0305 gy () i ()
2;,H + ﬁ; lé‘deue + bactiae + (1 — 3u)édﬂade ;;}] 0, (5)



Initial conditions: amplitudes

We define the initial conditions in the early Universe, when

pe > pm > pae, and physical size of the perturbation a\ > ct.

In that time the perturbations are linear (4, v, ¥ < 1), so without
loss of generality the solution can be presented in the form of
separated variables:

via)f(r), on(a,r)= Shr(a.)f(r). on(a,r) = vy (a)f (r).
where f(0) =1 and f'(r) o r near the center r = 0.

The relations for amplitudes of growth mode of perturbations in the
superhorizon asymptotic at the radiation-dominated epoch:
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Evolution of matter density and velocity profiles (2,. = 0.7,
w=-0.9,ct=1,r, =628 Mpc, C;, = —2-107%).
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Profiles of real voids

Public Cosmic Void catalog, created on the base of SDSS DR7-10, contains
2325 voids. [Sutter et al., Apd, 761, 44 (2012); MNRAS, 442, 3127 (2014);
MNRAS, 443, 2983 (2014)]
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696 voids at z = 0.5 — 0.6
[VVoid alignment and density profile applied to measuring cosmological
parameters, Dai D.-C., MNRAS, 454, 3590 (2015)]



Universal Density Profile for Cosmic Voids, Hamaus N. et al.,

Phys.Rev.Lett., 112, id. 251302 (2014)
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Sensitivity of void parameters to DE ¢?
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Sensitivity of void parameters to dark energy EoS parameter w
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Equation for amplitudes at center of spherical halo:

S

X 2 S
Om — =(1 + O )& =7 kD =10, (8)
5 o B DO o O, A O
Vin k a T 2a2H * 1 _|_3m 3a2H =0 (©)
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Publicly available code: https/194 44 198 & ~novos/dedmhbalo.tar.az



Evolution of amplitudes at the center of spherical halo with

k = 0.2 Mpc—!, which is collapsing now
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Dynamic of dark energy in the halo, which has been formed at

z ~ 10

Phenomenological approach for halo virialization:

1.

To slow down the fall of matter we introduce into eq. of motion
of matter the artificial bulk viscosity:

A, = 100 — 178 [Kulinich, Novosyadlyj & Apunevych, Phys.Rev.D, 88, (2013)]
to keep the density of matter at the given constant value

pv = Dyper(20):

the equation for ¢,, —> 5 ‘3&1—; — 0,

the equation for o,, = v,, — 3 (H +adl ) — ().




Evolution of amplitudes at the center of spherical halo, which

has been formed z = 14 (k = 2 Mpc 1)
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Conclusions i

Dynamical properties of dark energy in the voids and halo depend on the
value of effective sound speed.

Dark energy with ¢, = 1 is practically unperturbed in the voids and halo.

Dark energy with ¢, = 0 moves together with dark matter at all phases of
evolution.

The amplitudes of matter density in voids and in their overdensity shells as
well as peculiar velocity depend on ¢, of dark energy at the level of few
percents.

The amplitudes of matter density in voids and in their overdensity shells as
well as the peculiar velocity are sensitive to the value of EoS parameter of

dark energy wg. at the level of few percents.



Dynamical dark energy in the vicinity of stars: static solution

The space-time metric in spherically symmetric coordinates:
ds? = e*Ndr? — Adr? — 2 (d@g + sin” Qd:,-::-*g) .

We consider the dynamics of scalar field dark energy in the
gravitational field of homogeneous spherical object with radius R:

12
ds* = (1 —r,/r)dr* — 7 i e r (d@g + sin® Qdcpg)
—Tg/T
forr > R and
1 — &)3’/2 d_frg ]
ds? = ( dr? — — 12 (df? + sin? Odp?
5 (1 —ar?/R?)1/2 T TIC ar? [ R? ' ( s ody )

for r < R.
Here
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Dynamical dark energy in the vicinity of stars: static solution

Conservation law for probe dark energy in the stationary
gravitational field:

2 2
k (de) dp 1 dv Wie = 5 — (s
7.7 =0 — —+=(p+p)—=0.
Lk dr 2 (p ) dr
N oI
i \\1 : 2.’:2;3 ]
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N ]
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p(?") = Poo ( 1 Cg 1 CE lE } ,

where (") = 1 — r, /r outside the spherical object and
e’ = (1 —a)*?/(1 — ar?/R*)'? inside it.



Dynamical dark energy in the centers of astrophysical objects

Object Mass M Ty Radius B | (p(0) — poo)/ oo
kg m m 1 —wy = £0.2
Earth like planet | 6-10*% [1-102] 6-10° +2.5-107°
Sun like star 2-10% | 3.10° 7-10° +6.4-1077
White dwarf 2.10%° 3-10° 6-10° +7.5-107°
Neutron star 4-10%° | 6-10° 1-10% +0.3
Galaxy 3-10%* | 5.10% 6 - 10% +1.3-107°
Cluster of galaxy | 2-10* | 3-10'" | 5-10% +9-10-7

Table 1: The estimations of deflection of the densities of quintessence and
phantom dark energy in the centers of different gravitationally bound objects,
(p(0) — poc)/poo- In the evaluation we take ¢? = 1 along with w., = —0.8 for

quintessential dark energy and w., = —1.2 for phantom one.

[Novosyadlyj, Kulinich & Tsizh, arXiv:1404.0276; ; Phys.Rev D 90, 063004 (2014)]




Stationary accretion of dark energy on black hole

Presentation of 4-velocity «* = dz*/ds of DE via its 3-velocity
v(r) =dr/dr:

EL’(T}/Q ’UEA (r)fﬁ O 0 i E_H(T)KQ 'UE_}‘(T)/‘Q O U
U; = s S . u = 3 s s .
{‘;’1_1,2’ ‘f]_—'UQ ' } {‘fl_i,? ,,I"]__,UQ’ ' }

Motion equations for DE:

TSE?E) = 0 — (1+w)pr’ " =C

B

; I dlnp I dlnv 1d\ 2
T — o —Z4+Z=0
13 1+w dr i 1 —v2 dr 2 dr o r




Stationary accretion of dark energy on black hole

—0.8 .
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Figure 1: The dependence of dark energy and radial component of 3-velocity on
distance to the center of black hole for models of dark energy with w,, = —0.8
(solid lines) and w~, = —1.2 (dotted lines) and three values of square of effective

sound speed 2 =1, 2/3, 1/2.

[Novosyadlyj, Kulinich & Tsizh, arXiv:1404.0276; Phys.Rev D 90, 063004 (2014)]




Estimation of lower limit for c. of DE

EPM2011: 677 000 positional observations of the planets and spacecrafts give
AM <5-107°M (r < -10° km) [Pitjev & Pitjeva, Astronomy Letters, 39, 141 (2013)]

2
Mrg(r1) = 4T7poo {(CE — Weo) (1 i 3) ri/3+

112

_ _ —i";

R :

Ltwe)1+32) [ (o [A—=D>| ™ o Ry -
+ 1+ c2 =y rodr + (1= —— =i
-+ O 0 | [ R[:\Q Ire P
31074 Ut wmlpm ) B~ 0.17
oz s 1.2-10-27 | ° b

[Tsizh, Novosyadlyj & Kulinich, AASP, 5, 51 (2015)]



Conclusions lli

e In the static world of galaxies or clusters of galaxies dark energy average
density doesn’t change with time, E&iﬂ’ D) « 5l99€D) DE is gravitationally

stable.

e In the gravitational fields of stars and planets the static solution exists and
describes the distribution of dark energy density near and inside the stars. Its
value differs slightly from the mean one, the magnitude of relative deviation
of the density, d4. = p4e(0)/p,4. — 1, has maximum in the center and depends
on the depth of the potential well, value of EoS parameter and effective
sound speed.

e The solutions for stationary accretion of DE on the Schwarzschild black hole
show that the rate of inflow of DE depends on the parameters of dark energy

Weo and 2.

e The density of phantom dark energy in the potential well of concentration of
matter is lower than average one and tends to zero when the size of the

object approaches the value of gravitational radius.
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