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Accelerating expansion of the universe

Discovery of the accelerated expansion of the Universe in 1998.
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Accelerating expansion of the universe

Discovery of the accelerated expansion of the Universe in 1998.
Dark energy is introduced to explain the accelerated expansion.

A standard cosmological model, the ACDM model, is proposed, where the
cosmological constant A acts as dark energy.

Problems with Standard Model:

- Smallness of the cosmological constant

- The coincidence problem
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Modified gravity

In f(R) gravity action is written in the following form:

5= ;/f(R)\ﬁgd‘*HsM,
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Modified gravity

In f(R) gravity action is written in the following form:
1
5= /f(R)«/—g d“x + S,

then in the FLRW metric the Friedmann equation has the form

= s (e OO oy
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Holographic dark energy model

Holographic principle: The holographic principle states that all physical
quantities within the universe, including the dark energy density, can be
described by setting some quantities at the boundary of the universe.
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Holographic dark energy model

Holographic principle: The holographic principle states that all physical
quantities within the universe, including the dark energy density, can be
described by setting some quantities at the boundary of the universe.

A model of holographic dark energy was proposed:

3(C?

Pde = 1

where Cis a constant and L can be chosen as:

1 tdt > dt ,
L=~ 1=a[ &, L:a/ iy L:R:6(H+2H2>
t a
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Tsallis holographic dark energy model

Tsalis generalized the Boltzmann-Gibbs entropy for a black hole:

Sy =pAl
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Tsallis holographic dark energy model

Tsalis generalized the Boltzmann-Gibbs entropy for a black hole:
Sy = pA”
Tsallis holographic dark energy model:

3C?
Pde = [6—27
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Some models of holographic dark energy on the Randall-Sundrum brane

and observational data

The cosmological equation on the brane:

H=La+ 2L
3030
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Some models of holographic dark energy on the Randall-Sundrum brane

and observational data

The cosmological equation on the brane:

H2:§(1+—

Tsallis holographic dark energy:

3C? > dt
p=rpm+tPde;  Pde = 73 L:Clt —
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Some models of holographic dark energy on the Randall-Sundrum brane

and observational data

The cosmological equation on the brane:
2Pyl
3( + 2)\)
Tsallis holographic dark energy:
3C > dt
P = pPm + Pde; Pde = 155y L:at q

Int. J. Mod. Phys. D Vol. 29, no. 01, 1950176 (2020).
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Some models of holographic dark energy on the Randall-Sundrum brane

and observational data
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- Tsalis models of holographic dark energy in Friedman cosmology (§ = 0) are
in good agreement with observational data

- As ¢ increases, the range of acceptable parameter values decreases, but still,

for some values, the models will fit the observables almost as well as the
standard model

- In all models, a Big Rip singularity occurs
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Crossing of phantom divide line in model of interacting Tsallis holographic

dark energy

Model with interaction:

1
H? = 3 (om + pae)

pm + 3Hpm = Q

pde + 3H(pge + Pge) = —Q
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Crossing of phantom divide line in model of interacting Tsallis holographic

dark energy

Model with interaction: :
H = g(pm + Pde)

pm + 3Hpm = Q

pde + 3H(pde + Pge) = —Q

3C? > dt
Pde = 155y L:a/t r Q = 3d’Hpge

where
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Crossing of phantom divide line in model of interacting Tsallis holographic

dark energy

Model with interaction: :
H? = ~(pm + Pde)

3
pm + 3Hpm = Q
pde + 3H(pde + Pge) = —Q
where > ~ gt
Pde = (127 L= a/t i Q = 3d*Hpge

Universe 2022, 8, 265.
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Crossing of phantom divide line in

dark energy
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model of interacting Tsallis holographic

The effective state parameter for holographic dark energy and the Hubble parameter
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- The interaction can lead to phantomization for dark energy but without a
singularity in the future

- For C=1,v > 1and d?> > 0, the value of the state parameter wg, can
intersect the phantom line wy, = —1

- For C > 1and ~ > 1, the “quintessence” with w > —1 due to the interaction is

possible: the Hubble parameter decreases and the universe expansion
decelerates
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Tsallis holographic dark energy model with event horizon cutoff

in modified gravity

Modified gravity model of Carroll-Duvvuri-Trodden-Turner (CDTT):

. 3ﬁ1(R) (p+ ) =1R) 3HRf,(R)>

f(R) = R + AR —0%
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Tsallis holographic dark energy model with event horizon cutoff

in modified gravity

Modified gravity model of Carroll-Duvvuri-Trodden-Turner (CDTT):

37 (R)
f(R) = R + AR? —a%
Tsallis holographic dark energy:

3C? > dt
p=>Pm+tPde  Pde = 77y L:at —
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Tsallis holographic dark energy model with event horizon cutoff

in modified gravity

Modified gravity model of Carroll-Duvvuri-Trodden-Turner (CDTT):

f(R) = R+ AR? —a%

Tsallis holographic dark energy:

3C2 > dt
p=>Pm+tPde  Pde = 7137 L:at —

Int. ). Geom. Meth. Mod. Phys., 2022. arXiv:2208.13320v1
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Tsallis holographic dark energy model with event horizon cutoff

in modified gravity

We got a system of equations:

d*H f(R) 1 Rf'(R) —f(R)
dZ ~ TBHEZA)F(R) T Bz + ) F(R) <f’+ > ) +
1 dH\? dH
Tz ((dz) (Z+1)_3Hdz>’
a1
dz H
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Oscillations
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Dependence of the Hubble parameter H and the derivative of the Hubble parameter H
with time in the past and future (time is given in units of Hio and Hubble parameter in
units of Hy )
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Consistency with observed data

- Observational data favor to v = 1 (canonical model of HDE)
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- Observational data favor to v = 1 (canonical model of HDE)

- Data set for Hubble parameter is described by holographic model better in
comparison with ACDM model:
x> =17.097 (Ho = 67.89 km/s/Mpc) for Q = 0.717, H(0) = —0.21H3;
x> = 16.955 (Hg = 67.64 km/s/Mpc) for Q = 0.713, H(0) = —0.42H3;
x? = 16.799 (Ho = 67.13 km/s/Mpc) for Q = 0.705, H(0) = —0.84H3.
For ACDM model ¥ is minimal for Qx = 0.737 and equal to 19.262
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Consistency with observed data

- Observational data favor to v = 1 (canonical model of HDE)

- Data set for Hubble parameter is described by holographic model better in
comparison with ACDM model:
x> = 17.097 (Ho = 67.89 km/s/Mpc) for Q = 0.717, H(0) = —0.21H3;
x* = 16.955 (Hg = 67.64 km/s/Mpc) for Q = 0.713, H(0) = —0.42H3;
x* = 16.799 (Ho = 67.13 km/s/Mpc) for Q = 0.705, H(0) = —0.84H3.
For ACDM model ¥ is minimal for Qx = 0.737 and equal to 19.262

- But for these parameters SNe data are described worse: for given H(0) there
is a significant discrepancy between optimal value of Q from two data sets.
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Singularities

op

-0.003 | -0.001 0 0.001 | 0.003

v =1
0.001 1.5005 | 1.4696 | 2.3678 | 0.9069 | 0.6107
0.005 2.0362 | 1.6923 | 1.9583 | 1.4120 | 0.8412
v =125
0.001 15112 | 1.4551 | 3.2991 | 0.6302 | 0.3409
0.005 15234 | 1.7937 | 2.6955 | 0.8382 | 0.7934

Time to the final singularity for different xand A (C=1, Q = 0.72).
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Conclusions

- The considered models have interesting feature namely Hubble parameter
“oscillates” near dependence corresponding to THDE in General Relativity.
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moment in time, can vary in wide limits.
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Conclusions

- The considered models have interesting feature namely Hubble parameter
“oscillates” near dependence corresponding to THDE in General Relativity.

- The amplitude of this oscillations grows with time in future. For u # 0 a
future singularity arises corresponding to zero of first derivative of f(R) for
some R.

- The time before singularity, as determined by the value of H for the initial
moment in time, can vary in wide limits.

- Such models for some parameters can describe observational data for SN la
and dependence H(z) with sufficient accuracy especially for v = 1and larger
values of H in comparison with ACDM model.
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