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Hubble law

V =H,D

H, - Hubble constant
H, =67.4 km sMpc?




Accelerated expansion of the Universe
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Figure 4. Hubble diagram for the Union2.1 ilati The solid line the best-fit logy for a flat ACDM Universe for supernovae alone.

SN $CPO6U4 falls outside the allowed =1 range and is excluded from the current analysis. When fit with a newer version of SALT?. this superova passes the

i - G — _ ; = o cut and would be included, so we plot it on the Hubble diagram. but with a red triangle symbol.
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Saul Perimutter Brian P. Schmidt Adam G. Riess

The Nobel Prize in Physics 2011 was awarded "for the discovery of the
accelerating expansion of the Universe through observations of distant
supernovae" with one half to Saul Perimutter and the other half jointly to Brian P. w2t

Schmidt and Adam G. Riess. e P
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Cosmological constant
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« ACDM model provides the best fit for
cosmological observations

* ACDM model is based on GTR for description
of gravity in the Universe on large scales

* ACDM model has:

- fine tuning problem
- coincidence problem



Dynamical scalar field @ CDM models

The equation of state parameter

w=p/p

YN

wy = —1 wy(t) # —1
ACDM model @CDM models



Phantom and quintessence @ CDM models
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Quintessence

V(o)

Ho < V'(¢)

¢+ 3Ho

Spatially uniform dynamical scalar field

This model avoids the fine tuning problem

Slowly rolls down to the minimum of its almost flat potential

Plays a role of the time-dependent cosmological constant

oV (o)
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Ho ~ V'(), 6*/2 < V(9), wy(t) ~ —/
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Subdivision of the quintessence models

 thawing models

for which the evolution of the
scalar field 1s fast compared to
the Hubble expansion:

H < /V"(¢) - underdamped

* freezing (tracking) models
for which the evolution 1is slow

compared to the Hubble expansion:

H > \/V"(¢) - overdamped

V(9) = S Mo~
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R. R. Caldwell and E. V. Linder, Phys. Rev. Lett. 95,
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Ratra-Peebles potential
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B. Ratra and P. J. E. Peebles, Phys. Rev. D37, 3406 (1988)

The Ratra-Peebles potential: L’? ({D) —

Model parameters: a > 0 k>0
0 << ¥ E 0.7 L. Samushia, arXiv:0008.4597
o =0 oCDM — ACDM



Ratra-Peebles CDM model

The first Friedmann equation

The scalar field equation

The scalar field density parameter

The energy density of the scalar field

The pressure of the scalar field

The equation of state parameter

We consider the flat universe
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Equations and initial conditions for background dynamics

* We solved the system of the equations:

. = . . . . ]
from ay = 5-107° (radiation domination epoch, a ~ t/?) to the present epoch, ag =1

2

(@2 4 Hﬂ-fpzlqé_&))l . for My=1

E(EI) — (Qrﬂﬂ_4 + -Qm{}a_g +

-1 la
o+ 3Hop — Eﬁ-ﬂﬂ-irglt;ﬁ_(&-l_lj = ()

12H2

* The initial conditions:

K= (&.JFG) [1 (o + 2)}&;“2

a+2/12
in = | =a(a+ 2 £t -
Pin 2 (e +2) n M. O. Farooq, arXiv:1309.3710
. Sy 1/2 2-a 0. Ai’sajarlisln-'ili, N. A. Arkhipova, L. Samushia and
@ — - 24a T. Kahniashvili, Eur. Phys. J. C 74, 11, 3127 (2014)
111 o _|_ 2 in

Qo = 0.315, Qgo = 0.685, h = 0.673, Hy = 100h km ¢~ Mpe™ (Planck 2013 results. XVI)
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Background dynamics
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- A larger value of « induces a stronger time dependence of the scalar field.
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Background dynamics
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- A larger value of a induces a stronger time dependence of the EoS parameter w(a) and its scale factor derivative
w'(a).
- As expected, for the ACDM model, w(a) = —1 and w’(a) = 0.



Hubble expansion of the Universe

3.5 T T T T T
cr = [
o = 0,1
=05

- The expansion ocenrs more rapidly with increase in the value of the a parameter,

- ACDNMN limit corresponds to the slowest rate of the Hubble expansion.
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Dynamics and energy components of the Universe
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- The dvnamics domination of DE began earlier than the energetic domination for the fixed

value of the parameter a.

- With larger value of a, the gquintessence energetic domination began earlier, and vice versa.
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How does the quintessence model affect
the large-scale structure in the Universe?

Lt 3 _|E-!Jr i, SQI'H'D ~ 5 — ,ﬂ[i’"_.ffj T {I_Illj}
0o + F— )0 — =0 =0 (P)
a B 2a° B~ §(as) = 6'(a3) = 5- 1073
F. Pace, J.-C. Waizmann and M. Bartelmann, Mon. Not. Roy. Astron. Soc. 406, 1865 (2010)
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Growth of the matter density fluctuations
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- The scalar feld with larger value of a parameter induces the larger values of the matter

density fluctuations at the origin moment and at all scale factors nntil nowadavs.
17



The evolution of the large-scale structure growth rate
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Increasing the value of the a parameter slows down the large-scale structure growth rate. This is due to the fact that
with an increase in the value of the a parameter, the Hubble expansion occurs faster, which leads to the suppression
of the large-scale structure growth rate in the Universe.
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Constraints from the growth rate data

3.5}
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- Using the growth rate data alone, we have got the highly degenerated likelihood contours

in the o — €},,, plane.

- If we fix a = 0, we get the best fit value of €, = 0.27840.03, which is within 1o confedence

level of the Planck 2013 data.
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Constraints from the BAO data

LE(a. 0., Hy) o e::,:]'}[*—ﬁh-"ij ’
1!’L;[23 — XFI-CJ'_I-X X = Thh — Tlobs 2]

3_
’}}(:“) = '-('[A(-:t:lcc)/DV(:BAO) Vel
Angular diameter distance: N
: dz’ T
da(z,a, (), Hy) = -
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The addition of the BAO data and distance prior from CMB broke the degeneracy:

0 <a<1.3at 1o confidence level
0.26 < ), < 1.34 at 1o confidence level



MCMC analysis with upcoming DESI data
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Carrying out the MCMC analysis with upcoming DESI data, we obtained ranges of a and (),,, parameters, 0 < a < 0.16
and 0.296 < Q,, < 0.32 at 30 confidence level, where the Ratra-Peebles ¢CDM model is compliance with the ACDM
model.
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Mass Varying Neutrino Model



MaVaN model

SE — / dr / (t)3dz +—(W) +V(¢a)]

202

. 38 - 0
SE= [ d 033z D(x,7) (e — 2y - V + my, — ) (x,
D /; T/a() ’LIIL(X_’T)( 5~ m ,u,)if(xf'r)

3
m_DJrg/ d'r/ a*d>z pi)
o 0

R. Fardon, A. E. Nelson and N. Weiner, JCAP ilil[l; 005 (2004)

S=Sp+Sp
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Saddle point approximation

 Path integral

2= f Dpe ) = / D¢ exp [ - S +logDetD(9)] ,

D(6) =75 = =7 -V +g6(x,7) = 1"

 The total thermodynamic potential

372

INL. [ (E2 — ,2)3/2
Vi = V0) + Vilo) = V(o) - S [ aE
3

* Conditions for the minimum of the total thermodynamic potential at equilibrium

W (9)

(9]0

P=Qcr

axr .4 A2 7 ,
EJ}-{-’ I'__--'E-" [ U} _ [:] EJ} -["' I'__--'E-" I:.U} } {]
=Y o T A4 |
U’ {}m p.B:0=dcr {}{;J g, B:0=decr
__ 9V (9) Vi (¢) _ F R N N o
=% | T =0, da=(p), My =g, g=1
' P=Qcr ' DP=Qcr

G. Y. Chitov, T. August, A. Natarajan and T. Kahniashvili, Phys. Rev. D 83, 045033 (2011)
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Saddle point approximation for the Ratra-Peebles potential
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Massless neutrinos

Dirac fermions,

Fermi distribution function

Fermionic density

Fermionic pressure

Pv =

1
ePE 1

np(F) =

IN .. o0 2 . ,.12 1}.-"12
_ 2N / (E ©°) dE

By Eq E —|_ ]-

ONp [ (E? — p?)%?
.“ / B — )" g
32 ePE 11

i T ]
L

Np=3.8=1/T.T =T,o/a. T,o = 1.9454 ¢V
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Equations for the neutrinos - DE fluid after the critical point

, M 3+4 | (ep \
* The total potential Veouple = (_:;Q_ + Oper (T)
) _3 1 ﬂ[(§}+4 > ,_ (Uop\ 2\ ) 1/2

* The first Friedmann equation E(a) = (3 Ymoa” " + P (_]( ho + o + f.—'-")ﬂcr( » ) ))

._ . aM ';H__l - 3
* The scalar field equation O+ 3Ho — — Hotl T Per (r—z) =0

: Gt o+ opa (%)
* The neutrino-scalar field fluid density parameter Qy(a) = —
E*(a)peo

()2 M :;}JA _ Uep \ 3
* The energy density of the neutrino-scalar field fluid Pcouple = B ()u T PPer (%)

I Vi

O , Aep \ 3
* The pressure of the of the neutrino-scalar field fluid  Pecouple = 9T T OPer (7)
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Values of the scale factor at the critical point and the
neutrinos mass depending on the parameter a

Qv M acr |my(acr) eV|my(aog) eV
107%12.36 - 1072 | 0.67 | 0.0009 0.006
107312.36 - 1072 0.38 | 0.0016 0.025
107%12.39- 1072 0.21 | 0.0028 0.113
107112.81- 1072 0.10 | 0.0060 0.663
1/216.38-1072| 0.03 | 0.0208 8.913

With increase in the value of the model parameter a, the value of the scale factor at the critical point
decreases, that 1s, the moment of the neutrino non-relativization occurs earlier.

28



Evolution of the neutrino mass in the MAVAN model
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With an increase in the value of the model parameter a, the value of the 1nitial neutrino
mass and, accordingly, the value of the neutrino mass increases for all scale factors up to
the present epoch.
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The evolution of the Hubble parameter in the MAVAN model
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With increase in the value of the a parameter, the expansion of the Universe occurs faster.



Evolution of the density parameters for the matter and DE-neutrinos fluid
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Evolution of the EoS parameter for the DE-neutrinos fluid
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Conclusion

Scalar field CDM models

The scalar field pCDM model differs from the ACDM model in a number of characteristics, which are generic
for this model.

- In the scalar field model,

* the expansion rate of the Universe is always faster than in the ACDM model, and

* the DE dominated epoch sets in earlier than in the ACDM model

- The scalar field pCDM model predicts a slower large-scale structure growth rate in the
Universe than in the ACDM model.

Mass Varying Neutrino model

Studying the interaction of the fermionic field and the scalar field with the Ratra-Peebles potential, we found
that with increase in the value of the parameter a, that is with strengthening of the scalar field:

e The moment of the neutrinos non-relativization occurs earlier

* The value of the initial neutrino mass and, accordingly, the value of the neutrino mass increases for all
scale factors up to the present epoch

* The expansion of the Universe occurs faster.
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