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The outline of lecture

1. Dark energy: definition, discovery, history

2. Models of dark energy, dynamical dark energy (DDE)

3. Evolution of the DDE in the expanding Universe

4. Large scale structure and DDE

5. Constraints of parameters of DDE by observational data

6. Problems, projects, conclusions



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):

g(r) = −
4π

3
G(ρ+ 3p/c2)r > 0,

ρ+ 3p/c2 = ρm + 3pm/c
2 + ρX + 3pX/c

2 < 0,

pX < −
1

3
c2(ρm + ρX)− pm

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

Source of gravitational field: c2ρ+ 3p = c2ρ(1 + 3w)

Inertial mass: c2ρ+ p = c2ρ(1 + w)



Observational evidence for existence of dark energy

• apparent magnitude - redshift for SNe Ia,

• apparent magnitude - redshift for GRBs,

• acoustic peaks in the angular power spectrum of the CMB,

• baryon acoustic oscillations in the spatial distribution of
galaxies,

• angular size - redshift for X-ray galaxy clusters,

• formation of the large scale structure of the Universe,

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

• weak gravitational lensing of CMB,

• age of oldest stars in the Galaxy.



“Dark Energy: Mystery of the Millennium”
T. Padmanabhan (2006)



Candidates for dark energy

• cosmological constant Λ,

• scalar field (quintessence, phantom, quintom,

K-essence, tachyon field, Chaplygin gas, barotropic

fluid ...) which almost homogeneously fills the

Universe,

• more general theory than GR or another gravitation

theory (Brans-Dicke theory, f(R)-gravity, dilaton

gravity, MOND...) .



Century of cosmological constant

Albert Einstein in 1917 has added

the cosmological constant into

equations of General Relativity

in order to obtain the model of

eternal static world



Century of cosmological constant



“Kosmologische Betrachtungen zur allgemeinen
Relativitatsdtheorie”



“Kosmologische Betrachtungen zur allgemeinen
Relativitatsdtheorie”



“Kosmologische Betrachtungen zur allgemeinen
Relativitatsdtheorie”



Discovery of the accelerated expansion of the Universe (1998)

SuperNova Cosmology Project High-z SuperNova Search

dL ≡

√

L

4πF
=

c(1 + z)

H0

∫ z

0

dz′
√

Ωm(1 + z′)3 + ΩΛ

(m−M) = 5 log dL + 25 + α(s− 1)− βC,

(z ≡ ∆λ/λ = 1/a(t)− 1)



Discovery of the accelerated expansion of the Universe (1998)

From the measurements dL(z) of light curves of 50 SNe Ia carried
out by SNCP and HzSNS teams

q0 = −0.54± 0.2 (ä > 0) at 3σ (≈ 99.7%) C.L.!

Perlmutter et al. (1999):

Ωm − 0.75ΩΛ = −0.25± 0.125 → ΩΛ = 0.71± 0.07

Riess et al. (2004): ΩΛ = 0.71+0.03
−0.05 (1σ C.L.)



Key experiments of 1998-2011 years

1998 – HzSNST (SN Ia, Riess et al.)

1998 – SNCP (SN Ia, Perlmutter et al.)

1999 – Toco (CMB, Miller et al.)

2000 – Boomerang (CMB, Bernardis et

al.)

2000 – MAXIMA (CMB, Hanany et al.)

2001 – DASI (CMB, Halverson et al.)

2002 – ACBAR (CMB, Kuo 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.)



Nobel Prize in Physics 2011

“For the discovery of the accelerating expansion
of the Universe through observations of distant supernovae”.

Perlmutter S. (team SNCP), Nature, 391, 51 (1998)
Perlmutter S. (team SNCP), ApJ. 517, 565 (1999)

Riess A. G. (HzSNS), AJ. 116, 1009 (1998)

Schmidt B. P. (HzSNS), ApJ. 507, 46 (1998)



Problems of Λ

• Is Λ the second gravitational constant?
If “yes”, then what means that value of Λ = 3H2

0ΩΛ ∝ 10−56 cm−2 (or

∝ 10−122 against G = 1 in the Planck units)?

• Is Λ a measure of vacuum energy (Zeldovich, 1968)?

If “yes”, then why ρΛ = 3H2
0ΩΛ/8πG ∝ 10−29 g/cm3 is 10−54 orders of

magnitude smaller than the modern prediction considering the vacuum
energy of all known scalar and vector fields (Martin, 2012)?

• Fine-tunning problem: at the end of inflations (reheating) ρΛ/ρm+γ ∼ 10−96.
Why? Current physics does not explain...

• Coincidence problem: at the current epoch ρΛ ≈ ρm, at the epoch of
reionization ρΛ ≈ ργ (arXiv:1707.03388). Why? Current physics does not
explain...

Anthropic principle (Weinberg, 1987) as solution: if the cosmological constant

were only one order of magnitude larger than its observed value, the universe

would suffer catastrophic inflation, which would preclude the formation of stars,

and hence life.



Dynamical dark energy: definition and examples

Dynamical DE

δρde 6= 0, Vde 6= 0

quintessence

phantom

quintom

K-essence

scalar fields

tachyon fields

Chaplygin gas

·

·

non-minimally coupled

Non-dynamical DE

δρde = 0, Vde = 0

Λ-model

vacuum fields

f(R)-gravity

MOND

holographic dark energy

·

·

·



Scalar field as dark energy

L(X,U(φ)), X ≡
1

2
φ;iφ

;i

Tij = L,Xφ,iφ,j − gijL

Tij = (ρde + pde)uiuj − pdegij

pde = L

wde ≡
pde
ρde

=
L

2XL,X − L
< −

1

3

Ωde ≡
ρde
ρcr

=
8πG

3H2
0

ρde

ρde = 2XL,X − L

c2s ≡
δpde
δρde

=
L,X

L,X + 2XL,XX

≥ 0

c2a ≡
ṗde
ρ̇de



Scalar field as dark energy: a few examples of Lagrangians

Lagrangian EoS Effect. sound speed References

L = 1
2
φ;iφ

;i − V (φ) wde = φ̇2
−2V (φ)

φ̇2+2V (φ)
c2s = 1 [1-6]

L = − 1
2
φ;iφ

;i − V (φ) wde = −φ̇2
−2V (φ)

−̇φ
2
+2V (φ)

c2s = 1 [7-13]

L = −V (φ)
√

1− φ;iφ;i wde = φ̇2 − 1 c2s = −wde [14-21]

L = −V (φ)
√

1 + φ;iφ;i wde = −φ̇2 − 1 c2s = −wde [22]

L = F (X)− V (φ) wde = F−V

2XF ′−F+V
c2s = F ′

F ′+2XF ′′ [23]

L (φ,X, U(φ)) wde = L

2XL,X−L
c2s =

L,X

L,X+2XL,XX
[24-30]

[1] Ratra & Pebbles (1988); [2] Wetterich (1988); [3] Peebles & Ratra (1988); [4] Turner & White (1997); [5] Caldwell et al. (1998); [6] Zlatev et al. (1999);
[7] Caldwell (2002); [8] Caldwell et al. (2003); [9] Fabris & Concalves (2006); [10] Kujat et al. (2006); [11] Lima & Pereira (2008); [12] Schrerrer & Sen (2008);

[13] Creminalli et al. (2009); [14] Padmanabhan (2002); [15] Gibbons (2002); [16] Frolov et al. (2002); [17] Bagla et al. (2003); [18] Abramo & Finelli (2003);

[19] Gorini et al. (2004); [20] Sen (2005); [21] Calcagni & Liddle (2006); [22] Babichev et al. (2006, 2008); [23] Haq Ansari & Unnikrishnan (2011);
[24] Armendariz-Picon et al. (2001); [25] Malquarti et al. (2003); [26] Malquarti et al. (2003); [27] de Putter & Linder (2007); [28] Aguirregabiria et al. (2005);

[29] Bilic (2008); [30] Bilic et al. (2009).

Complete references are in the book at arXiv:1502.04177



Scalar field as dark energy: a few examples of potentials

Potential Where did it come from; References

V = M4−nφn, n > 0 particle physics; Linde (1990)

V = M4+nφ−n, n > 0 SUSY; Binetruy (1998); Masiero et al. (1999);

SG; Brax & Martin (1999); Copeland et al. (2000);

V = Σnanφ
n polynomial potential

V = M4 exp (−βφ/Mp) moduli; Ferreira & Joyce (1998);

dilaton field; Barreiro et al. (2000);

V = M4 exp (Mp/φ) exponential tracker fied

V = M4+nφ−n exp (αφ2/M2
p ) SUSY; Binetruy (1998); Masiero et al. (1999);

SG; Brax & Martin (1999); Copeland et al. (2000);

V = M4 cos2 (φ/2f) pseudo-Nambu-Goldstone boson; Frieman et al. (1995)



Scalar field as dark energy: examples of EoS parametrization

EoS parametrization

wde = const 1-parametric

wde = w0 + wa
z

z+1
2-parametric CPL;

Chevallier & Polarski (2001); Linder (2003);

wde = w0 + wa
z

(z+1)2
2-parametric; Bagla et al. (2003);

wde = w0 + wa
z(z+1)

z2+1
2-parametric; Barboza & Alcaniz (2008);

wde = w0

w0+(1+w0)(z+1)3(1+wa) 2-parametric GCG; Thakur et al. (2012);

wde = w0 + wa

(

z

z+1

)7
2-parametric; Pantazis et al. (2016);

wde = ztr+1
z+ztr+2

[w0 + wa
z

z+1
]− z+1

z+ztr+2
3-parametric; Komatsu et al. (2009);

wde = w0 +
(wf−w0)

1+exp(
z−ztr

∆
)

4-parametric; Bassett et al. (2002);



Scalar field as dark energy: freezing and thawing

T
i (de)
0;i = 0 :

dwde

d ln a
= 3(1 + wde)(wde − c2a)

Classes of quintessence scalar fields, freezing (w′

de < 0) and thawing (w′

de > 0) ones, in

the phase plane wde(a)− w′

de(a). Black solid lines show the boundaries of these classes

in the phase space, the short-dashed line shows the boundary between field evolution

accelerating and decelerating down the potential. The brown and blue lines show

evolutionary tracks of scalar fields with above potentials. The arrows show the direction of

evolution from beginning (a = 0) to current epoch (a = 1).

(From Caldwell R.R. and Linder E.V., Phys. Rev. Lett. 95, 141301 (2005)).



I. Scalar field as dynamical dark energy

at cosmological scales



Dark energy and expansion of the Universe

Einstein equations : Rij −
1

2
gijR = κ

(

T
(r)
ij + T

(m)
ij + T

(de)
ij

)

Friedmann metric : ds2 = gijdx
idxj = c2dt2 − a2(t)δαβdx

αdxβ

EoS equation : p = wc2ρ (wr =
1

3
, wm = 0, wde < −

1

3
)

T
k (r)
i;k = 0 → ρ̇r = −4

ȧ

a
ρr → ρr(t) = ρ0ra

−4

T
k (m)
i;k = 0 → ρ̇m = −3

ȧ

a
ρm → ρm(t) = ρ0ma

−3

T
k (de)
i;k = 0 → ρ̇de = −3(1+wde)

ȧ

a
ρde → ρde(t) = ρ0dea

−3(1+w̃de),

where

w̃de(a) =
1

ln (a)

∫ a

1
wde(a

′)d ln a′ and w̃de = wde for wde = const



Dark energy and expansion of the Universe

Figure 1: The evolution of energy density of relativistic (r), matter (m) and dark

energy w =const (de) components. RDE - Radiation Dominated Epoch, MDE -
Matter Dominated Epoch and DEDE - Dark Energy Dominated Epoch. All lines
correspond to model with Ωm = 0.3 and Ωde = 0.7. The MDE-DEDE crossing line
is shown for Λ-model (wde = −1).



Dark energy and expansion of the Universe

H ≡
ȧ

a
, q ≡ −

ä

aH2

H = H0

√

Ωra−4 + Ωma−3 + Ωka−2 + Ωdef(a),

q =
1

2

2Ωra
−4 + Ωma

−3 + (1 + 3w)Ωdef(a)

Ωra−4 + Ωma−3 + Ωka−2 + Ωdef(a)
,

where

Ωx ≡
ρ(0)x

ρ
(0)
cr

, ρ(0)cr ≡
3H2

0

8πG
, f(a) ≡

ρde(a)

ρ0de
= a−3(1+w̃de(a))

Why does dynamical dark energy evolve?

• because space-time evolves: R = 6
(

ä
a
− ȧ2

a2

)

= −6 (1 + q)H2

• inherent property



Specifying of scalar field models of dark energy

ṗde
ρ̇de

= c2a = const → pde = c2aρde + C

[Babichev, Dokuchaev & Eroshenko (2005)]

dwde

da
= 3a−1(1 + wde)(wde − c2a)

wde(a) =
(1 + c2a)(1 + w0)

1 + w0 − (w0 − c2a)a
3(1+c2a)

− 1

ρde(a) = ρ
(0)
de

(1 + w0)a
−3(1+c2a) + c2a − w0

1 + c2a

f(a) =
(1 + w0)a

−3(1+c2a) + c2a − w0

1 + c2a



Phase plane and evolution of EoS parameter of DE

Left phase plane dwde/d ln a− wde for dark energy models with −2 ≤ c2a ≤ 0. Colors

denote the regions occupied by models with −1.1 ≤ wde ≤ −0.9 at the current epoch:

blue – models with decreasing wde and raising repulsion (freezing quintessence dark

energy), green – models with increasing wde and receding repulsion (thawing

quintessence dark energy, which becomes “false phantom” one with wde < −1 but

ρ̇de < 0, ρde < 0, pde > 0 in far future for short time in the vicinity of turnaround point, red

– phantom models with decreasing wde and raising repulsion of dark energy.

Right: examples of evolution tracks of EoS parameter wde from the colored ranges on the

left. The dotted line represents the subclass of dark energy models with w0 < −1 and

c2a > w0, for which ρde < 0 at some time in the past and which is excluded from further

analysis.



Dynamics of expansion of the Universe with scalar field dark
energy

Quintessence Phantom



Future of the Universe depends on the nature of dark energy

t(a) =
∫ a

0

da′

a′H(a′)
→ a(t)

Big Rip singularity: tBR − t0 ≈
2
3

1
H0

1
|1+c2a|

√

1+c2a
(1+w0)Ωde



Reconstruction of Lagrangian of scalar field

For c2s = const we obtain L = V X
1+c2s
2c2s − U

U =
ρde(c

2
s − wde)

1 + c2s
,

V = V0(c
2
s − wde)ρde,

X =

(

c2s
1 + c2s

|1 + wde|

c2s − wde

)

2c2s
1+c2s

(±V0)
−

2c2s
1+c2s

[Sergijenko & Novosyadlyj, Phys.Rev.D, 92 (2015); arXiv:1407.2230]



Potential and kinetic term for different values of c2s

wde = −0.9 wde = −1.1



Perturbations:

Tij = T ij + δTij

ρ = ρ(1 + δ), p = p(1 + π), ui = ui + δui,

φ = φ+ δφ,

δρde =
(

˙̄φ ˙δφ−Ψ ˙̄φ
2
)

(

∂L

∂X
+ 2X

∂2L

∂X2

)

−

(

∂L

∂U

∂U

∂φ
− 2X

∂2L

∂X∂U

dU

dφ

)

δφ, ,

δpde =
(

˙̄φ ˙δφ−Ψ ˙̄φ
2
)

∂L

∂X
+

∂L

∂U

∂U

∂φ
δφ,

Vde =
kδφ
˙̄φ

ds2 = c2dt2 + a2(t)(δij + hij)dx
idxj (h ≡ hi

i ≪ 1),

Rij = Rij + δRij , R = R + δR



Formation of large scale structure: some basic equations

δRi
j −

1

2
δijδR = κ

(

δT
i (r)
j + δT

i (m)
j + δT

i (de)
j

)

Equations for Fourier modes of perturbations in the synchronous
gauge comoving to matter component (Vm = 0):

δ̇de+3(c2s−wde)aHδde+(1+wde)
ḣ

2
+(1+wde)

[

k + 9a2H2 c
2
s − c2a
k

]

Vde = 0,

V̇de + aH(1− 3c2s)Vde −
c2sk

1 + wde

δde = 0,

δ̇m = −
1

2
ḣ,

ḧ+
ȧ

a
ḣ = −8πGa2(ρmδm + (1 + 3wde)ρdeδde)

CAMB: http://camb.info.Lewis A., Challinor A, Lasenby A., Astrophys. J. 538, 473 (2000)



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, ΛCDM, QSF+CDM and PSF+CDM models (amplitudes are
normalized to 0.1 at a = 0.1):

sCDM: Ωm = 1;
ΛCDM: Ωm = 0.3, Ωde = 0.7;
QSP1: Ωm = 0.3, Ωde = 0.7, w0 = −0.8, c2a = −0.8;
QSP2: Ωm = 0.3, Ωde = 0.7, w0 = −0.8, c2a = −0.5;

PSP1: Ωm = 0.3, Ωde = 0.7, w0 = −1.2, c2a = −1.2;

PSP2: Ωm = 0.3, Ωde = 0.7, w0 = −1.2, c2a = −1.5;



Evolution of density perturbations in the models with phantom
dark energy

The evolution of different Fourier amplitudes of PSF and matter density

perturbations from a = 0.1 to a = 200 for models with w0 = −1.2, c2a = −1.5 and
w0 = −1.2, c2a = −1.2 .

The different lines correspond to different wave numbers k (in Mpc−1) as follows:

1 - 0.0005, 2 - 0.001, 3 - 0.0015, 4 - 0.002, 5 - 0.0025, 6 - 0.005, 7 - 0.01, 8 -

0.05, 9 - 0.1 Mpc−1.

[Novosyadlyj, Sergijenko, Durrer & Pelykh, PhysRev D 86 (2012)]



Density perturbations of dark matter, baryon matter and dark
energy (k = 0.1Mpc−1) (CAMB)

wde = −0.9, c2a = −0.5 wde = −1.1, c2a = −1.5

[Sergijenko & Novosyadlyj, Phys.Rev.D, 92 (2015)]



Influence of c2s on CMB power spectrum of ∆T/T (CAMB)

wde = −0.9, c2a = −0.5 wde = −1.1, c2a = −1.5



Observational data and method of determination of
cosmological parameters

Observational data

CMB: Planck

CMB: WMAP9

BAO: SDSS DR7

BAO: 6dF

BAO: SDSS DR9

SNe Ia: SNLS3

SNe Ia: Union2.1

Planck collaboration (2015)

Hinshaw et al. (2013)

Percival et al. (2010)

Beutler F. et al. (2011)

Anderson et al. (2012)

Sullivan et al. (2011)

Suzuki et al. (2012)

Method

Markov Chain Monte Carlo CosmoMC [Lewis & Bridle (2002)]



Theoretical predictions vs observational data

CMB:

ℓ(ℓ+ 1)

2π
CTT

ℓ = 〈(∆T )2〉θ≈π/ℓ ,
(ℓ+ 1)

2π
CTE

ℓ = 〈∆T · E〉θ≈π/ℓ

Power spectrum of matter density perturbation:

P (k) ≡ 〈δ(k)δ∗(k)〉 = Ask
nsT 2(k; Ωi, w0, c

2
a)

Its amplitude:

σ2
8 =

1

2π2

∫

∞

0

k2P (k)W 2(8Mpc · k/h)dk, W (x) = 3
sin x− x cosx

x3

BAO:

R(z) ≡
rs(zdrag)

DV (z)

SNe Ia:
(m−M) = 5 log dL + 25 + α(s− 1)− βC,

dL =
c(1 + z)

H0

∫ z

0

dz′
√

Ωm(1 + z′)3 +Ωdef(
1

1+z′
)
.



Theoretical predictions vs observational data

Likelihood function:

L(x; θk) = exp
(

−
1

2
(xi − xth

i )Cij(xj − xth
j )
)

≈ exp

(

−
1

2
Σi

(xi − xth
i )

2

σ2
i

)

Posterior function:

P (θk;x) =
L(x; θk)p(θk)

g(x)

Parameters:

θk : Ωde, wde, c
2
a, c

2
s, Ωb, Ωcdm, H0, As, ns, τrei



Anisotropy of cosmic microwave background (key
experiments)

WMAP

Planck

South polar telescopes SPT BICEP2

ACT



Planck ∆T/T -map after data processing and map cleaning
(98.4% of sky)



Planck results 2015: TT, TE and EE power spectra

Planck Collaboration, arXiv:1502.01582



Comparison with other measurements of Dl



Planck results: cosmological parameters of ΛCDM model

Planck Collaboration, arXiv:1502.01582



The best-fit values and 2σ confidence limits for parameters of
cosmological models

Table 1: The best-fit values (pi), mean values and 2σ confidence limits for param-

eters of cosmological models using 4 different observational datasets: WMAP9 +
HST + BAO + SNLS3 (p1), WMAP9 + HST + BAO + SN Union2.1 (p2), Planck +
HST + BAO + SNLS3 (p3), Planck + HST + BAO + SN Union2.1 (p4).

Parameters p1 2σ c.l. p2 2σ c.l. p3 2σ c.l. p4 2σ c.l.

Ωde 0.727 0.722
+0.022
−0.023

0.720 0.718
+0.023
−0.025

0.718 0.719
+0.021
−0.023

0.721 0.717
+0.023
−0.024

w0 -1.123 -1.120
+0.160
−0.156

-1.114 -1.092
+0.181
−0.190

-1.146 -1.169
+0.139
−0.136

-1.247 -1.158
+0.165
−0.156

c2a -1.171 -1.337
+0.322
−0.288

-1.341 -1.282
+0.731
−0.342

-1.152 -1.372
+0.235
−0.242

-1.599 -1.374
+0.246
−0.238

10Ωbh
2 0.225 0.225

+0.009
−0.009

0.226 0.225
+0.009
−0.009

0.220 0.221
+0.005
−0.005

0.220 0.221
+0.005
−0.005

Ωcdmh2 0.118 0.117
+0.006
−0.006

0.118 0.117
+0.006
−0.006

0.121 0.120
+0.004
−0.004

0.121 0.120
+0.004
−0.004

h 0.718 0.711
+0.028
−0.029

0.709 0.704
+0.032
−0.031

0.713 0.714
+0.027
−0.027

0.718 0.710
+0.030
−0.030

ns 0.968 0.968
+0.022
−0.021

0.970 0.969
+0.023
−0.022

0.958 0.960
+0.012
−0.012

0.960 0.960
+0.012
−0.012

log(1010As) 3.103 3.096
+0.059
−0.056

3.095 3.097
+0.059
−0.055

3.098 3.089
+0.050
−0.047

3.090 3.088
+0.050
−0.047

τrei 0.087 0.086
+0.027
−0.026

0.082 0.087
+0.026
−0.026

0.093 0.089
+0.026
−0.024

0.089 0.089
+0.026
−0.024

[Novosyadlyj B., Sergijenko O., Durrer R., Pelykh V., JCAP, 5, 30 (2014)]



CMB: theoretical predictions vs observational data



BAO: theoretical predictions vs observational data



SNe Ia: theoretical predictions vs observational data



Arbitrating power of observational data on CMB anisotropy

Left panel: CMB angular power spectra for the cosmological models with best-fit

parameters p1 − p4 (superimposed lines) are compared to currently available data

(symbols). Right panel: the relative differences of temperature and polarization power

spectra for models with different pi compared with experimental uncertainties.



Arbitrating power of observational data on BAO and SNIa

Relative differences of the theoretical predictions from the model with parameters

pi versus the relative uncertainties of observational data for BAO’s (left panel)

and SNe Ia distance moduli (right panel).



Current determination of dark energy parameters

Observational data: Planck, BAO, SNIa, WL, RSD, H0

ΩΛ = 0.692± 0.012

[Planck Collaboration, A&A, 594, id.A14 (2016)]



Current determination of dark energy parameters

Observational data: cosmic shear, galaxy-galaxy lensing, galaxy clustering

S8 = σ8

√

Ωm/0.3

[Dark Energy Survey Collaboration, arXiv:1706.09359 (2017)]



Current determination of dark energy parameters

Observational data: Planck, WiggleZ, SN Union2.1, H0

Ωde wde c2a c2s
0.71+0.03

−0.03 −1.11+0.14
−0.14 −1.32+0.25

−0.25

[Sergijenko & Novosyadlyj, Phys.Rev.D, 92 (2015)]



Conclusions I

• Observational data prefer the cosmological model with DE
density domination at current epoch: Ωde = 0.7± 0.02.
The model without DE (Ωde = 0) is excluded at > 50σ C.L. !

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

• Observational data related with cosmological scales do not
distinguish the DE type: w0 = −1.0± 0.15.

• Currently available observational data related with cosmological
scales give no possibility to constrain c2s !



Current and future projects

• The Dark Energy Survey (DES) is an

international, collaborative effort to

map hundreds of millions of galaxies,

detect thousands of supernovae, and

find patterns of cosmic structure that

will reveal the nature of the mysterious

dark energy that is accelerating the

expansion of our Universe. DES

began searching the Southern skies

on August 31, 2013.

• Euclid (ESA) is a mission to map the

geometry of the dark Universe: will

investigate the distance-redshift

relationship and the evolution of

cosmic structures by measuring

shapes and redshifts of galaxies and

clusters of galaxies out to redshifts 2.



Current and future projects

• The goal of the Large Synoptic Survey

Telescope (LSST) project is to conduct

a 10-year survey of the sky that will

deliver a 200 petabyte set of images

and data products that will address

some of the most pressing questions

about the structure and evolution of

the universe and the objects in it.

• Wide-Field Infrared Survey Telescope

(WFIRST, NASA) is mission to perform

an extraordinarily broad set of

scientific investigations: studying the

newly-discovered phenomenon of dark

energy, measuring the history of

cosmic acceleration, completing the

exoplanet census begun by NASA’s

Kepler Space Telescope and

demonstrating technology for direct

imaging and characterization of

exoplanets.



Some review books:

Special issue on dark energy, Eds. G. Ellis, H. Nicolai, R. Durrer, R.
Maartens, Gen. Relat. Gravit. 40 (2008)

Amendola L. and Tsujikawa S., Dark Energy: Theory and
Observations, Cambridge University Press, 507 p. (2010)

Lectures on Cosmology: Accelerated expansion of the Universe.
Lect. Notes in Physics 800, Ed. G. Wolschin, Springer, 188 p.
(2010)

Dark Energy: Observational and Theoretical Approaches, Ed. P.
Ruiz-Lapuente, Cambridge University Press, 321 p. (2010)

Novosyadlyj B., Pelykh V., Shtanov Yu., Zhuk A., Dark energy:
observational evidence and theoretical models, ed. V. Shulga,
Akademperiodyka, Ukraine, 381 p. (2013)

Cosmology and Fundamental Physics with the Euclid Satellite,
Amendola et al. (The Euclid Theory Working Group) (2016),
arXiv:1606.00180



Thank you

for attention!



Much ado about nothing?
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