YKYPHAJ GI3UTHUX JOCIYKEHD
™. 24, Ne 2 (2020) 2902(11 c¢.)

JOURNAL OF PHYSICAL STUDIES
v. 24, No. 2 (2020) 2902(11 p.)

EVOLUTION OF COSMOLOGICAL PERTURBATIONS
IN THE MODELS WITH INTERACTING DYNAMICAL DARK ENERGY

R. Neomenko, B. Novosyadlyj
Astronomical Observatory of the Ivan Franko National University of Luviv,
8, Kyryla i Mefodiya St., Lviv, UA-79005, Ukraine
e-mail: oz.rik@hotmail.com
(Received 08 April 2020; in final form 28 April 2020; accepted 30 April 2020; published online 21 May 2020)

Evolution of cosmological perturbations is considered in the model with dynamical dark energy
which non-gravitationally interacts with dark matter. The dark energy equation of state parameter
(EoS) is varying in time and is parameterized by its adiabatic sound speed. Such model of interacting
dark energy has advantages over the model with constant EoS, because it avoids non-adiabatic
instabilities of dark energy in the radiation dominated epoch for certain types of interaction in the
dark sector. The stability conditions for the solutions of equations of dark energy perturbations
were derived. The impact of the strength of additional interaction between dark components on the
evolution of the density and velocity perturbations in them is analysed for the quintessence and

phantom types of dark energy.
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INTRODUCTION

All current observational cosmology data indicate that
beside visible matter (which consists of the particles of
the Standard Model) there is a dark sector of unknown
components — dark energy [1, 2] and dark matter.
The cosmological model which more or less fits the
observational data is ACDM model. However, this model
has problems of the interpretations of the observati-
onal data that appeared in the post Planck cosmology
[3-6]. So we can make our model more complicated,
where there may exist some non-gravitational coupli-
ngs between dark components, which make significant
impact on the expansion dynamics of the Universe and
the formation of its large-scale structure. Such cosmologi-
cal models were studied in works [7-11]. As follows from
[12-14], they can resolve some problems.

It is known that in the dark energy models wi-
th a constant equation of state parameter (EoS) the
instabilities of cosmological perturbations appear in
the radiation-dominated epoch if an additional non-
gravitational interaction is present [15, 16]. The solution
of this problem as mentioned in papers [15] and [17] can
be the dynamical dark energy with varying EoS [18-22].

In this paper, we study the evolution of cosmologi-
cal perturbations in a three component Universe which
consists of dynamical dark energy, dark matter and pri-
mordial electromagnetic radiation. The dark components
non-gravitationally interact with each other (DE-DM
interaction). The dark energy is represented by a model
with the varying EoS parameter w which is parameteri-
zed by adiabatic sound speed ¢, and EoS parameter
at present time wg [23-25]. The dark matter is descri-
bed by a pressureless ideal fluid model; however effective
pressure as a result of the energy-momentum exchange
between the dark energy and the dark matter can arise.

The DE-DM interaction term in general-covariant
conservation equations for dark energy and dark matter
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is proportional to some function of the energy densiti-
es of the dark components. In this paper, we explore
cosmological models with the simplest interactions,
which are linearly dependent on the density of dark
components.

I. MODEL OF INTERACTING DYNAMICAL
DARK ENERGY

We consider the spatialy flat homogeneous and
isotropic Universe with Friedman—Lemaitre-Robertson—
Walker (FLRW) metrics:

ds? = gipda'dz® = a®(n)[dn® — Sapdz®da®), (1)

where g;; is metric tensor, a(n) is scale factor, n is
conformal time, which is related to physical time ¢ by
dt = a(n)dn. Hereafter we assume that the speed of light
¢ equals unity. At present, time a(n) = 1. Each of the
components — dark energy, dark matter and black-body
electromagnetic radiation — is described by an ideal fluid
approximation with energy-momentum tensor:

Tlvyi = (pv) + pov)uvyit(ny — P s, (2)

where p(y) is energy density of N component, p ) is
its pressure, u(yy; is 4-vector of velocity. The equation
of state of each component is given by p(n) = wn)p(n),
where for dark energy wqg. = w, for dark matter wqy,, = 0
and for radiation w, = 1/3.

The general-covariant conservation law ) T(’“N)Z.;k =
0 gives the following equations for the evolution of the
energy and momentum densities of the dark components
in the with DE-DM interaction

Tlaeyise = J(de)is (3)
T(]fim)i;k = J(dm)iy (4)
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where  J(ge.dm)i describes the DE-DM interaction
between the components, the semicolon denotes the
covariant derivative. It follows from the energy-
momentum conservation law that Jiqe)yi + Jam)yi = 0,
so we can just put Jgeyi = —J@m)y = Ji- For the
unperturbed medium with metric (1) the conservation
equations are as follows:

ﬁde""gaH(l"_w)ﬁde = jOa (5)

Pdm + 3aH pam = —Jo, (6)

where the dot denotes the derivative with respect to
conformal time 7, H = a/a® is the Hubble parameter
which characterizes the expansion rate of the Universe,
Jo is the background 0-component of .J;.

Also from Einstein’s equations

1
R — iRgik = SWG%: T(nyik (7)

one can obtain equations for the expansion dynamics of
the Universe in FLRW metrics (1):

81G _
H? = 3 P(N)> (8)
N
4G _ _
qH? = 5 (P(vy + 3D())s (9)
N
where ¢ = — % + 1 is the deceleration parameter.

The dark energy with the coupling linearly dependent
on the density of the dark matter is unstable when w is
close to —1 at the scales much larger then the Hubble
horizon in the radiation dominated epoch [15]. To avoid
this, we consider a more general model of dynamical dark
energy, where w is variable in time like in paper [17]. In
this work, we consider the dynamical dark energy with
adiabatic sound speed ¢ = pgo/pge = const [23-25].
Such parameterization gives us a possibility to explore
larger numbers of the valuable interacting quintessence
and phantom dark energy models. This condition and
conservation equation (5) lead to equation:

dw 3 2 jo

% = a(1+w)(wica) - ﬁdea2H

(w—c). (10)

For the EoS parameter, we have also the connection
to the density of dark energy for an arbitrary form of
interaction:
w4 p) G
Pde

where wg is the EoS parameter in the present epoch.
To describe the expansion dynamics of the Universe, we
must solve the system of equations (5), (6), (10) and (8).

Also, we must determine in which form the background
interaction term Jj is to be set. Here we assume that in
the general case it depends on H, pge and pam-

For convenience we will rewrite the conservation
equations in such form:

ﬁde + 30,H(]. +w + Hde)ﬁde = 07
fédm + 3aH(]~ - Hdm)pdm = 07
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where

IMge = _jO/(gaHﬁde)v Mgm = _jO/(gaHﬁdm)

are effective corrections to the EoS parameters of the
dark components, which appear as a result of the non-
gravitational interaction between the components.

II. COSMOLOGICAL PERTURBATION
EQUATIONS FOR NON-MINIMALLY COUPLED
DARK ENERGY MODEL

Perturbations of a energy-momentum tensor

Let us consider the perturbed parts of conservation
equations (3), (4) and Einstein’s equations (7). In the
conformal-Newtonian gauge, the perturbed metric is:

ds? = a*[(1 4 20)dn* — (1 — 2W)d,pdxdzP].  (11)

The perturbed part of energy-momentum tensor (2) for
each component

,Ti]C = Tik + 5,Tika
can be represented by the perturbed density, pressure
and 4-velocity:

p=p(l+0), p=p+dp,

u' = a' + du',

, U p*
ot =|(——,—
= (55):

where v* = % and 4° = (a~%,0,0,0). Hence, the
components of the perturbed energy-momentum tensor
of the perfect fluid are as follows:

STY = po, OT¢ = (p+ p)v*,

0TS = —(p+p®, TS = —bapdp.

The perturbation of the pressure of the dark energy in
the conformal-Newtonian gauge can be presented as a
sum of the adiabatic and non-adiabatic parts:

6pde = Ciﬁdeéde + (5pn—ada

In the rest frame of dark energy, the perturbation of
pressure is:

(rf)

0Pge - = Ciﬁde‘sgg) )

where ¢? is the effective sound speed of dark energy in its
rest frame. Using linear transformations between gauges,
one can obtain a general expression for the perturbation
of pressure in the conformal-Newtonian gauge:

5pde = Ci ﬁdeéde

—(c2 = A)[3aH(1 + w)pae — Jo] / (Vde, dX) .
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Covariant form of the DE—-DM interaction term

In [26] we studied the expansion dynamics of the Uni-
verse with the DE-DM interactions of three types:

Jo = —3aal per, (12)
Jo = —3Bal pae, (13)
jO = _37arﬁdmv (14)

. 3H2 .
where «, 5 and v are coupling constants, pe, = .o 18

critical density. There are two most common choices for
I" in the papers devoted to non-minimally coupled dark
energy: I' = const [15, 27-29] and ' = H [9-11, 16, 30—
35]. We analyse the case when I' = H.

Here the DE-DM interactions are written for the
unperturbed 0-component of J;. In the case with
perturbations, it must be written in a more general
form for dark components with energy-momentum tensor
(2). Also, it must satisfy the general covariance princi-
ple, since the physics of such interaction must not be
dependent on the change of the reference frame. In this
work, we use the covariant form of the DE-DM interacti-
on from [36]:

Ji = = [ (pdes Pam)U{py.p t(dm)i- (15)

Here the energy density of each dark component is defi-
ned in the reference frame of dark matter:

i

P(m) = T(M)iku(dm)ulgdm)a

where index M = (de,dm). The background part of this
interaction has the form (12)—(14). As a result, interacti-
on J; in the conformal-Newtonian gauge is:

JO = 73&H.f(ﬁdeaﬁdm)(1 + 8)

+/(Paes Pam) (3\11 — M‘) , (16)

Oox“
«

Jo = SQHf_(ﬁdc, ﬁdm)vgma (17)

where ¢ = of/f and o} = Yyl +
p(N))U?N)/ZN(P(N) + p(vy)- If coupling constant goes
to zero then the energy-momentum transfer between
dark components vanishes. If the coupling constant goes
to zero, then the energy-momentum transfer between
dark components vanishes. If perturbations vanish, then
(16)—(17) reduce to the background form of (12)-(14).
In this paper, we study such partial cases of interactions
(16), (17) with functions f, e:

f = aper; €=0, (18)
fT = Bﬁdey € = Ode, (19)
f="Pdm, &= bdm, (20)

Analytical solutions of background equations (5), (6)
and (10) were obtained for the DE-DM interactions wi-
th the linear dependence of f on the densities of dark
components and studied in detail in the papers [26, 37].

Cosmological perturbation equations

Conservation equations (3), (4) and Einstein’s equation (7) together with the DE-DM interaction (16), (17) give
the system of equations for the evolution of the density and velocity perturbations of dark matter, dark energy and
radiation as well as the metric perturbation function ¥

bde = —3aH (2 —w)dge +3(1+w)¥ + (1 4+ w)[k? +9a2H%(? — 2)|Vae
+ Tge[3aH (840 — &) + 3V + K2V + 9a2H?(? — ¢2)Vad], (21)
Vae = —aH(1 —3¢?)Vye — < Sqe — ¥ + 3aH Hae (14 ) Vae — Vam] (22)
de — s de 1+U) de 1+w s)Vde dm]s
bam = 3W + k> Vam — HMam[3aH (6qm — ) + 3V + k2Vy], (23)
Vim = —aHVay — U, (24)
. . 4 9
Op = A+ oKV, (25)
) 5,
T 3 27172
¥ = —aHV - a®H?(1+wr)Vr, (27)
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where 0 is the Fourier amplitude of the density
perturbation, V' = —i(k,v)/k? is proportional to the
Fourier amplitude of the velocity perturbation, ¥ is
the Fourier amplitude of the metric perturbation and
wr = Y n wN)A(N)/ 2w P(n)- This system of equations
should be integrated with equations (5), (6), (8), contai-
ning the background energy densities of each component.
Equations (21)—(24) in the non-interacting case are the
same as the perturbation equations in the linear approxi-
mation in paper [38].

III. BACKGROUND ASYMPTOTIC
EVOLUTION OF DARK COMPONENTS

Interaction f = ape

Let us consider the expressions for the background
energy densities of dark components pge, fam [26] in the
model of interacting dark energy with a coupling to dark
matter independent of its densities (18):

1 =3(14c7) _ 2
pacla) = gl L0 tot
¢ 1+c2

1— a73(1+ci)

14+¢2

- apcr

bl

pam(a) = pima™ + ape(l —a™®).
The dark energy is quintessential when ¢ > —1.

In the radiation dominated epoch, we have such
asymptotes for the quintessence dark energy: w = 2,
IMye = 0, Mgy, = 0.

The dark energy of a phantom type when ¢? < —1.
The asymptotes in the early epoch are:

w— ac — (wp — ¢2)Qqe Do — _ a(l+c?)
a+ (wo— 2)Qqe | ° (wo — 2)Qge + &’
Mg, = 0.

The condition of the positive energy densities of dark
components, pgm > 0 and pge > 0, leads to the constraint
for the value of interaction parameter [26].

Interaction f = Bpqe

For the interaction proportional to the density of dark
energy pge (19), we have such expressions for the energy
densities of dark components [26]:

o) (1 +wp + B)a=30+<a+8) — g + 2

pacla) = Pae R |
_ _(0) 3, 50 -3
Pam (@) = Pama "~ + Bhge [(Ci—i—ﬁ —I—B>a
A 3a44p)
- th) _ B
ci—i—ﬁa ’
A= Lrwots g wo—c
1+c¢2+8 1+c¢2+8
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In this case the dark energy is quintessential, when
B > —1 — 2. In the radiation dominated epoch, for a
quintessence model with the conditions of positivity of
densities of dark components taken into account we have
such asymptotes: w = c2, Iqo = 3, Mgm = 0.

For phantom model (3 < —1—c2) we have: w = —1—,
Hge = B, lam = 0.

Interaction f: YPdm

For the interaction proportional to the density of dark
matter pam (20) the expressions for densities pde, Pdm
are as follows [26]

(0 [ (L wp)a=0D 4 2wy

ﬁdc(a) = pde 1_1_63
2
n PYQdm 1—a*t) q—30+e2)
Qde CZ + Y ’
_ _(0 — _
pam(a) = papa” 1.

For the density of dark energy to be positive, the followi-
ng conditions must be satisfied: v > 0, ¢2 + v < 0.
Also, as we see from the expression for pqy,, the coupli-
ng constant must have small value v < 1 in order to
avoid a contradiction with astronomical observations. In
the early epoch, when a — 0, the densities of the qui-
ntessence and phantom dark energies diverge pge — 00,
Pdm — 0.

The asymptotes for the quintessence and phantom
dark energies in the early epoch are as follows: w = c2,
Mge = —c2 — 7, Mam = 7.

The energy density of radiation, which is in equations

(8), (9), changes over all time in a standard manner p, =

ﬁ&o)a_‘l.

IV. INITIAL AND STABILITY CONDITIONS
FOR A SYSTEM OF PERTURBATION
EQUATIONS

For scales much larger than the Hubble horizon (k1 <
1), in the early epoch the dark energy, dark matter
and radiation components behave as an adiabatic fluid.
Hence the relative entropy perturbation between arbi-
trary two components x, y is equal to zero:

O (5y B
Golrn) <py/py>> =0 (29

In the early epoch, the radiation component has a domi-
nant impact on the expansion dynamics of the Universe:
a = Hgv/Qn (9, is the relative energy density part of
radiation in the present epoch). Moreover, the gravitati-
onal potential ¥ of cosmological perturbations is defi-
ned by radiation mainly, so, the dark components are
dynamically test ones, they practically do not affect it.
Hence, at the superhorizon stage when the initial condi-
tions are to be set, equations (21)—(27) can be simplified

Syy = al (



EVOLUTION OF COSMOLOGICAL PERTURBATIONS. ..

and only the first four equations from the seven can be
analyzed because U = const then. Making the transiti-
on in equations (21)—(24) to the derivative with respect

J

déde

to N = In(kn), we obtain the perturbed conservation
equations in the radiation dominated epoch as follows

o = —3(& — w)dae + 9Hy V(14 w) (e — ) Ve + 3M4e[0de — € + 3Ho/Q (2 — ¢2)Vael, (29)
dd‘;/ée = —(2—3)Vyo — HO\/Q{% o Sie — Ho\l/szi‘y + 31111‘;[(1 +2)Vae — Vam, (30)
djj\;“ 3T (O — €, (31)
N _ o7, e (32)

where V = V/a. If Tge, gy and w are constants in the
early epoch, we can obtain analytical solutions of these
equations, which in the general case for all three types
of the DE-DM interaction are:

3
6de = _5(1+W+Hde)\p+6§ev (33)
3 .
5dm = 75(1 - Hdrn)\IJ + §dm7 (34)
5, = =20, (35)
- 1 -
Vie = ———— W + V&, 36
d 2HO\/m + Vde ( )
- 1 ~
Vi = ————— W4 V| 37
d 2H()\/Qi7ﬂ + d ( )
- 1
= (38)

V=1,
2Ho/Q,
where 43, 63

s, Vi, Vi are the deviations from adi-
abatic constant solutions. For all the three cases of the
DE-DM interaction considered in this work 63, = 0,
but in the general case it could be the non-zero function
of N. In the non-interacting case, these non-adiabatic
perturbations vanish fast. But when there is a DE-
DM interaction, then they can increase over time, so
the solution (33)-(38) is not stable at supper-horizon
scales in the radiation dominated epoch. As mentioned
before, when we have the quintessence dark energy wi-
th the constant EoS parameter being close to —1, for a
DE-DM interaction dependent on the density of dark
matter (20), the super-horizon non-adiabatic mode of
dark energy perturbations in the radiation dominated
epoch are unstable [15]. In the model of dynamical dark
energy which we study, the EoS parameter is variable in
time but in the early epoch (both in the quintessence
and phantom models) it can be assumed constant. So we
can use the initial conditions (33)—(38) but now the dark
energy EoS parameter in the early epoch does not need
to be close to —1, while staying close to this value in the
modern epoch.

To derive the stability conditions for the perturbati-
ons of interacting dark energy in the radiation domi-
nated epoch, we use the Liéard-Chipart criterion [39] for
the analysis of non-adiabatic solutions of perturbation
equations (29)—(32). It must be noted that these conditi-
ons must also be used with the density positivity condi-
tions of the dark components obtained in [26].

Interactions f = ap. and f = Bpac

For the interaction model independent of densities of
dark components (18) perturbations of dark energy are
stable at radiation dominated epoch for cg <0and 0 <
c? < 1, both for quintessence and phantom dark energy.

For the interaction proportional to the density of dark
energy (19) (0 < ¢ < 1) the stability condition for dark
energy perturbations at radiation dominated epoch for
-1<c2<0is

1+ 2 2
ﬁ<mln{1+;(3—ci), 3(1+ci)}
S

and for —oo < ¢2 < —1 the dark energy is stable. This
result is in agreement with those obtained in [16].

Interaction f = vpqm

For the interaction proportional to the density of dark
matter (20), the quintessence dark energy is stable if v >
vo for by < ¢2 < min(0, be). If ¢2 is not in that range,
then there is an additional condition v € (—oo, 1)U
(727 OO)) where
d3 — 4dyd3
2d, ’

di =9(1+c2)? +12(1+c2) + 4,
dy =12(1 + ¢2) — 242 (1 + ¢2) + 8,

ds =4 — 24c2(1 + ¢2),

b2 =

Cdy
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e lta (2,
Yo = a 2+C§+Cg 3 a |

1, 11+4¢
= ——C, — —
N2 T T 3 e

11+c2 1+¢2 2 1+¢2
= 9 T% 2 g) —0216- (2 - 2).
:F181+c§\/< 1+c2 TG

For phantom dark energy stability condition is v < g
(—2—-c2 <2 < —-1)and v > 7 (2 < =2 — %) with
additional condition v € (—oo, 1) N (7v2, ©0). This
result is also in agreement with those obtained in [15].

V. NUMERICAL RESULTS

The system of equations for the density and velocity
perturbations of dark energy, dark matter and radiati-
on (21)—(27) is integrated using the Fortran subroutine
dverk.f [40] based on the Runge-Kutta—Verner fifth and
sixth order method. The initial value of the gravitational
potential was taken as ¥ = —4.25 - 10~° and the initial
scale factor as a = 10710,

In Figs. 1-3 the evolution of the Fourier mode k =
0.01 Mpc™! amplitude of cosmological perturbations is
shown for the quintessence and phantom dark energy
models with a non-gravitational interaction. For conveni-
ence, we present the effective momentums of dark
components:

Vde = (1 + w)Vae + HaeVr,  vam = Vam — lam Vr,

instead of velocity perturbations Vge and Vg, accordi-
ngly.

One can see, that in the conformal-Newtonian gauge,
the amplitudes of the dark matter density perturbati-
ons (bottom panels in the left columns of each figure) at
the super-horizon stage (a < 0.001) are constant, while
the amplitudes of the dark matter velocity perturbati-
ons increase proportional to a (bottom panels in the ri-
ght columns of each figure). This is well known from
classical papers [41] and [42]. The perturbations of qui-
ntessential dark energy at this stage evolve similarly and
independently of the type of interaction (upper panels of
upper part of figures).

Interaction f = aPcr

Figure 1 shows the evolution of the density and
effective momentum perturbations of dark energy and
dark matter for coupling (18). One can see that the
density and effective momentum perturbations of qui-
ntessence dark energy d4. and prg. change their signs
at times closer to the modern epoch for a non-zero
interaction parameter. This happens due to the growth
of the momentum transfer between dark energy and
dark matter which is caused by the non-gravitational
interaction. The amplitude of the density perturbati-
ons of dark matter increases faster in the matter domi-
nated epoch, due to the impact of the dark coupling
on the gravitational potential perturbation, and slower
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closer to the present epoch, due to an increase in
the effective pressure of dark matter compared with
the non-interacting case. In the phantom dark energy
model, compared with the non-interacting case, there are
changes in the sign of the density perturbation due to the
change of the sign of the dark energy effective momentum
Vge- The perturbations of dark matter in the phantom
dark energy case evolve similarly as in the quintessence
case.

Interaction f = B54e

Figure 2 shows the evolution of the density and effecti-
ve momentum perturbations of dark energy and dark
matter for coupling (19). The oscillations of d4e and
V4e, Which arise after entering the Hubble horizon, are
due to the impact of the DE-DM interaction on the
pressure of dark energy. Their amplitude is proporti-
onal to the interaction parameter 8. The dark matter
density and velocity perturbations are very sensitive to
the value of the interaction parameter in the case of
quintessence, and practically insensitive in the case of
phantom dark energy. This has an obvious explanati-
on: Iam = BPde/Pam is essentially larger in the past
in the first case than in the second. The greater the
value of the interaction parameter, the more quintessenti-
al dark energy suppresses the increase in the perturbati-
on amplitude of dark matter. The initial evolution of the
phantom dark energy perturbations strongly increases its
dependence on the large values of interaction parameter
3, because at these values w is not constant, so the ini-
tial adiabatic conditions are not valid anymore, so we
must take the small values of 8. The evolution of d4, for
small values of § is defined by the evolution of effective
momentum V4., as in the previous interaction model.

Interaction f = vpqm

Figure 3 shows the evolution of the density and effecti-
ve momentum perturbations of dark energy and dark
matter for coupling (20). In this case, the evolution of
dde and vg, after entering the Hubble horizon is different
for quintessence and phantom: the former oscillates, the
latter alters the sign of amplitude. Also we see a signi-
ficant difference in the behaviour of the non-interacting
and interacting phantom dark energy models in the early
epoch. This is due the fact that for this type of coupling,
the phantom dark energy at the beginning behaves like
quintessence, its density decreases, and only after some
time does it begin to increase (see Fig. 5b in [26]). The
smaller the interaction parameter v the shorter the peri-
od of the decrease of the phantom dark energy density.
But models of dark energy similarly affect the amplitude
of the density and velocity perturbations of dark matter:
the faster increase just after entering the Hubble horizon
and the slower increase at later stages compared with
minimally coupled models of dark energy. This behavi-
our of dark matter perturbations follows from Eq. (23)
and the fact that for this type of interaction Iy, = 7 is
for both models of dark energy and any a.
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Fig. 1. Influence of the DE-DM interaction independent of the densities of dark components on the evolution of the perturbati-
ons of the densities and effective momenta of dark energy and dark matter. Here Q4o = 0.7, Q, = 5.0- 1075, k = 0.01 Mpc,
c2 = 1.0. For quintessence dark energy (up) wo = —0.9, ¢2 = —0.5, for phantom (bottom): wo = —1.1, ¢ = —1.25.
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CONCLUSIONS

We studied the evolution of cosmological perturbations
in the model with dynamical dark energy coupled with
dark matter by an additional non-gravitation interacti-
on. This model, with variable a EoS parameter, behaves
in such way that in the early epoch EoS can be consi-
dered as constant. The dark energy perturbations here
are free from non-adiabatic instabilities at super-horizon
scales in the radiation dominated epoch. The stability
conditions for the perturbations of dark energy are in
the form of constraints on the value of the interaction
parameter obtained in an explicit way. We studied three
cases of dark coupling: independent on the densities of
dark components, proportional to the density of dark
energy and proportional to the density of dark matter.
In all cases the impact of the interaction on the evolution
of dark energy perturbations is larger than on the dark
matter ones. The impact of the interaction on the dark

matter cosmological perturbations is similar for all cases:
after the perturbations enter the Hubble horizon, their
growth is faster, and closer to the present epoch it is
slower. The strength of the impact depends on the type
of interaction, on the value of its parameter («, 3, v) and
the type of the dark energy model. The results can be
useful for establishing of the observational constraints on
the nature of dark components and possible interaction
between them.
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EBOJIIOIIA KOCMOJIOI'TYHUX 3BYPEHDb ¥ MOAEJIfAX I3 BBAEMOAIFOY0ORO
JVHAMIYHOIO TEMHOIO EHEPTIEIO

P. Heomenko, B. HoBocsimit
Acmponomiuna obcepeamopia JIv6iecvkozo nayionarvhozo yricepcumemy imeni Iseana Ppanka,
eya. Kupuaa i Megodia, 8, Iveis, 79005, Yxpaina,
e-mail: oz.rik@hotmail.com

BusteHo po3BUTOK KOCMOJIOTIYHIX 30ypeHb y Mofesii HecTamionaproro BeecsiTy 3 TeMHOIO eHeprieio, TeMHOIO
MaTEepI€0 Ta PEJIIKTOBUM BHUIIPOMIHIOBAHHSAM, SKi € BUBHAYAJIbHUMHU CKJIQHUKAMK JUHAMIKU PO3MIMPEHHs Ha Pi-
3HUX €Tarax oro eBosionil. BBaxaerncs, mo BCl KOMIOHEHTH B3a€MOIIIOTH MiXK CO0OIO I'DABITAINHO, & TEMHA
eHepris i TemMHa MaTepis MOB’A3aHI mME MOAATKOBOK (II'ATO0) B3aeMomien. Ilapamerp piBHAHHS CTaHy TEMHOI
eHeprii w 3MIHIOETHCS 3 9acOM i mapaMeTpmu3yeThest i1 aaiabaTraHO0 MIBUAKICTIO 3ByKy. EBosmonis w Taka, 1o
B PAHHIO €IIOXy HOro 3HAYEHHS MOYKHA BBaKaTU CTAauM. lle 103BOJIsi€ BUPAa3WTH MOYATKOBI ymMoBH mjist mude-
PEHIlaIbHIX DIBHAHD, IO OMKUCYIOTH KOCMOJIOTidHI 30ypeHHs B yCiX KOMIIOHEHTAX, Yepe3 aMILNTyay dyp’e-Momu
METPUKH TTPOCTOpy-4yacy. Kpim Toro, Taka Mo/Ie/Ib TEMHOI €HEepTil Ja€ 3MOTy YHUKHYTH HECTIMKOCTEN Hea tiabaTr-
9HOI MO 30ypPEHb TEMHOI eHepril, Mo BHHUKAIOTH y MOZAENAX 31 cramuM w. g BCTaHOBIEHHS 30HU (JIi/IAHKY)
JOIMYCTUMUX 3HAYEHB TapaMeTpa B3AEMO/III, 38 SIKMX 30y pPEHHsT TEMHOI eHeprii € CTIHKNMY, BUKOPUCTAHO KPUTepii
Jlienapa—Illunapa fis cucreMu piBHSHB, MO OMUCYIOTh €BOJIONMII0 KOCMOJIOTIYHUX 30yPEHb B €M0XY JOMIHYBAHHS
BUIIPOMIHIOBaHHS. PO3IVISHYTO TPpH THIM TOMATKOBOI B3AE€MOIl: HE3aJI€2KHOI Bif I'yCTHUH IIPUXOBAHUX KOMIIOHEHT,
IIPOMOPIIIHOI 10 TYCTUHMA TeMHOI eHepril i mpomopmiitaol 10 rycTrHu TeMHOI MaTepii. IIpoanasnizoBano BILMB ma-
pamMeTrpa HerpasiTariiinol B3aeMomil Ha €BOIIONII0 30ypeHs IXHbOI rycTram Ta mBUAKOCTI. [loka3ano, mo y Tphox
PO3IVISTHY THIX THMAaX B3aeMomil 11 BInB Ha 30ypeHHsT TeMHOI eHepril € 6ibimnM, Hix Ha 30ypeHHs TeMHOI MaTepii.
Buiue B3aemozil Ha eBoonio 30y peHb TeMHOI MaTepil y BCiX TPHhOX BUIAIKAX € MOIIOHUM: TMiCJIsI BXOIKEeHHs 30y-
PEHb y TOPU3OHT YACTUHKN BOHH 3POCTAIOTh MIBHAIIE, Hi2K 6e3 J0maTKOBOI B3aeMozil, a Oiuzkye 10 Terepinrabol
€T10X¥ — TIOBL/IbHIMIE. YCTAHOBJIEHO, IO €BOJIIONIs KOCMOJIOTIIHIX 30ypeHb 3a/I€7KUTh Bi/T TUITY MOJE/i TEMHOI eHep-
rii (kBinTecenniiina wu GanToMHA), TUILy HErPaBiTAIINHOI B3AEMOII MizK TEMHOIO €HEPTi€I0 Ta TEMHOIO MATEPIE0
1 BeIMIMHYT IapaMeTpa i€l B3aeMomii.

Kuro4oBi ciioBa: B3aemoziioda TeMHa €HEPrig, TeMHa MaTepis, KOCMOJIOTiuHI 30y peHHs.
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