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The paper discusses the cosmological model with an interaction between dynamical quintessence
dark energy and cold dark matter. Evolution of the dark energy equation of state parameter is
defined by the dark energy adiabatic sound speed and the dark sector interaction parameter, which
must be a more physically correct model then the one previously used, in which this evolution
was determined by some fixed dependence on the scale factor. The constraints on the interaction
parameter and other parameters of the model were obtained using the cosmic microwave background,
baryon acoustic oscillations and the supernova SN Ia data.
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I. INTRODUCTION

The ACDM model is the simplest cosmological model
which is in a very good agreement with astrophysical
observational data. However, the theoretical explanati-
on of this model is very problematic from the quantum-
field theoretical point of view, which is described in
reviews [1, 2]. The alternative to A term in Einstein’s
equations is the new component — dark energy (DE),
which in most cosmological calculations is described as
a perfect fluid with positive energy density and negati-
ve pressure, which causes accelerated expansion of the
universe at present time. Such component can be easi-
er to explain theoretically: it can be for example, some
classical scalar field. The constraints on the equation of
state parameter (EoS parameter) of DE, which in the
simplest models is constant, point to the EoS parameter
value close to —1 (which is ACDM model) [3]. And, when
considering the more general models of dynamical DE
(in them the EoS parameter varies with the expansion
of the universe), their parameters constraints also prefer
the ACDM model [3]. So they do not have any advantage
in the explanation of the accelerated expansion of the
universe [4, 5]. That is why there is a need to consider
more complicated models of dynamical DE which could
have a good theoretical explanation. Among such models
are those, in which dynamical DE non-gravitationally
interacts with cold dark matter (DM), which are called
dynamical interacting dark energy models (dynamical
IDE). This generalization is natural, because there are
no known free fields in particle physics. These IDE
models with the constant or variable EoS parameter
were studied in detail for various forms of interaction
term in works, some of which are [6-14]. They are also
a promising solution to the Hy and cosmic shear tensi-
ons in modern cosmology [15, 16]. Anyway the previ-
ously studied dynamical IDE models [17, 18] have the
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problem of the DE EoS parameter dependence on the
universe’s expansion being physically non-realistic. It is
given by some fixed dependence on the scale factor,
as for instance in [19-21]. So we consider the model
of dynamical IDE, in which the evolution of the EoS
parameter depends on internal properties of IDE. This
evolution is parametrized by adiabatic sound speed of
DE and a coupling parameter of DE-DM interaction
[22, 23]. Also, we consider the most widely used type
of the DE-DM interaction term, proportional to the
energy density of DE [15, 24, 25]. The problem with
such types of interaction used in earlier works is that they
are not general-covariant. Hence, the general-covariant
DE-DM interaction term [30] is used in our model of
dynamical IDE. In this work, for the first time the
constraints on the parameters of such model were obtai-
ned using the Markov Chain Monte Carlo sampling
method. It must be noted that here the parameters of the
model are restricted to values where DE is quintessenti-
al. The model was compared with the cosmic microwave
background (CMB), baryon acoustic oscillations (BAO)
and supernova of type Ia (SN Ia) observational data.

This paper is organized as follows: in Section II the
general description of the model is given; in Section III,
the observational data and the analysis method, used in
this work are described; and in Section IV, the obtained
results are discussed.

II. MODEL OF THE DYNAMICAL IDE

The description of dynamical IDE and all other
components of the universe is made in perfect fluid
approximation with the stress-energy tensor:

TF = (p + p)usu® — pol . (1)

The universe is considered homogeneous and isotropic
with zero spatial curvature, relative to which small
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perturbations of metrics and the stress-energy tensor
of each component occur (perturbations are given in
synchronous gauge):

ds* = a>(n)[dn® — (6ap + hap)dz®dz”], (2)

T + 0Ty = p+ pd,

T5 + 0T = 0+ (p+ p)v°,

T2+ 0T =0 — (p+p)v*, (3)
TP 4+ 6T8 = —pol — 6psl.

Here a denotes a scale factor, n is conformal time,
hap is the perturbation of the metric tensor, p, p are
background energy density and pressure, v = v =
dx®/dn is the peculiar velocity, ¢ is the perturbation
of density relative to its background value, dp is the
perturbation of pressure.

The sum of stress-energy tensors of dark components
satisfy the general-covariant conservation equation, but
separately, due to DE-DM interaction, they do not con-
serve:

Ty = J(deyin (4a)
k
Tioyik = Jeoi- (4b)
Here J; is the DE-DM interaction term, “;” is a co-

variant derivative. From the conservation of the to-
tal stress-energy tensor of dark components follows that
Je)i = —Jde)i = Ji- There are many forms of the in-
teraction term in works on IDE, but in this work one of
the most often used is considered: its background zero
component .Jy is proportional to the energy density of
DE [15, 24, 25]:

Jo = 3BaH pge - (5)

Here 3 is the interaction parameter, H = (da/dn)/a?
is the Hubble parameter. This interaction form is pop-
ular because of the absence of DE perturbations’ non-
adiabatic instabilities in the radiation-dominated epoch
of the universe [24, 25]. Other forms of the DE-DM
interaction for which DE perturbations are stable were
studied in work [26]. The background component of the
equations (4) with this interaction takes the following
form:

ﬁde +3aH (1 + w)pae = —3BaH pae, (6a)

pe + 3aHp. = 3BaH pye, (6b)

where the dot over p denotes its derivative on conformal
time 77 and w is the DE EoS parameter. In this work, w

varies with the expansion of the universe, hence the DE
is dynamical. There are several parametrizations of w

1903-2

evolution proposed in [19-21]. In them, EoS parameter
is given as some function of scale factor a which does not
depend on the internal properties of DE. But it is obvious
that the evolution of w must depend on them, and in the
case of our IDE model, on the DE-DM interaction. To
parametrize the evolution of w, which would satisfy these
requirements, let us use adiabatic sound speed of DE. It
is defined as ¢2 = Pqe/pde- Then from equation (6a) one
can obtain the general equation for the evolution of w:

%:Z(1+w+ﬂ)(w—63)- (7)

In a general case, ¢2 is dependent on time, but in this
work only the phenomenological models of IDE are con-
sidered for which ¢2 = const [22, 23]. Such model of DE
for a non-interacting case was considered in [27-29]. The
general solution of the system of equations (6), (7) was
obtained and analyzed in detail in work [22], and has the
following form:

- — (1+c+8)A +wo+B) B
o 1 + wo + ﬂ — (wo — cg)a3(1+cg+ﬁ)

1-08, (8a)

) (1+wo+ B)a=30+e+8) g + 2

ﬁde:pdc 1—|—C§—|—ﬂ 5 (8b)
~ _ (0) -3 ~(0) A -3
pe=p¢’a +5peK +B>a
“\E+8
A 34eep)
- ath) _ B 8
=5 , (8¢)
14w+ p _wo— ¢l
142+ 8] 14248’

where wy, ﬁ&?, ,5&(2 are the values of EoS parameter, DE

density and DM density at present time (a = 1).

Also the extension of interaction term (5) to the back-
ground plus perturbation case is made as follows J; =
Sﬁdeeugc) in works [24, 25]. This interaction form is
not general-covariant. So in this work, the interaction
term is taken in following form:

Ji = 3/5’pdeufkT)kuz(-°), 9)
where u,(CT) is the 4-velocity of the center of mass of all
components in the universe. The presence of scalar quan-
tity u(g)k in this interaction term means that it takes
into account the local deviations of the Hubble param-
eter from its background value H, which was first pro-
posed in work [30]. Another general covariant form of
J;, which takes into account the perturbations of H, but
is not considered in this work, was proposed in [31].

The resulting equations for the cosmological perturba-
tions of interacting dark components, following from (4),
in Fourier space, in synchronous gauge and in the dark
matter rest frame, take the following form [23]:
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Sqe = —3aH(c§ — w)dde

—(1 +w)g — (14 w)[k* +9a*H?*(c2 — ¢

ede
k2

2
a

)]

- B h + 07 +9a?H?(c2 — ¢2) bac ) (10a)
2 k2
Oge = —aH (1 — 3¢2)04c + s Sde + 3aHi(1 +c2)0 (10b)
de — s /Vde 1 Tw de 1 T w s /Vde s
S h Pde h
[ H c —0de) — 5 — P 1
0, 5 Jé; > {Sa (0c — Ode) 5 GT} (10c¢)

where ¢2 is a comoving effective sound speed of DE, 6 =

i(k,v) and

2NN +DN)ON

o= ow + o)

where N denotes the number of each component in the
universe.

In this work, the quintessence model of dynamical
IDE is considered. So for the quintessence DE of our
model, with the small values of scale factor a < 1, the
EoS parameter is equal to the square of adiabatic sound
speed wg = c2. Using this property of the EoS parameter
evolution, the solutions of perturbation equations (10)
can be obtained at radiation-domination epoch and in
the supper-horizon scales (kn < 1):

ini 3C ini
Ode = 350% ‘ (11a)
. D ..
bt = 186, (11b)
6(1)1111; — Z(<)‘1gn1t , (110)

C=({1+c+P)4-32)1+c)—3801+c2)],
D=1+ +p),

E=2(1+c}(4+3c2—6c%) —33(2+5¢2 —3c2),

where 6;““, 9;““ are initial perturbations of the electro-
magnetic radiation component. These solutions had
been used as initial conditions when the integration of
the system of perturbation equations was made.

III. OBSERVATIONAL DATA AND METHOD

To obtain the observational constraints on the param-
eters of our model, the following cosmological and astro-
physical data were used:

1. CMB temperature and polarization aniso-
tropies. The cosmological data on the anisotropies of

[

the CMB were obtained by Planck Collaboration (Planck
2018 data release) [32]. They contain the information on
high-l TT, TE, EE power spectra and low-l TT and EE
power spectra. Also in addition to this, the data on the
CMB weak gravitational lensing (Planck 2018 lensing)
[33] were used.

2. BAO data. The following BAO observational
data were used: SDSS-IIT Baryon Oscillation Spectro-
scopic Survey, DR12 [34]; the 6dF Galaxy Survey [35];
SDSS DR7 Main Galaxy Sample [36].

3. SN Ia data. Pantheon dataset [37], which con-
tains data on 1048 supernova of type Ia.

Parameter Prior

Qph? [0.005, 0.1]
Q.h? [0.001, 0.99]
100 Onic [0.5, 10]

T [0.01, 0.8]
log(10'° As) [1.61, 3.91]
N [0.8, 1.2]

Wo [-1, —0.333]
(-1, 0]

B [-0.3, 0]

Table 1. Priors for independent parameters

For constraining the dynamical IDE model parame-
ters, the Markov Chain Monte-Carlo (MCMC) statisti-
cal method was used. For this, the CosmoMC software
package [38] was modified for our model. For the calcu-
lation of observable quantities of the model, the CAMB
code [39] was used, also modified for this purpose. The
space of independent parameters has three parameters
wo, ¢, B, in addition to the standard parameters of
ACDM model. As the DE quintessence-phantom divide
is shifted by g [22], for the quintessence model the fol-
lowing conditions must be satisfied wg, c2 > —1 — 3. So
it is convenient to introduce the renormalized quantities
Wy = wo + B and & = ¢2 + 3. Now for DE to be the
quintessential, the renormalized quantities must satisfy
these conditions: g, 2 > —1. For the interaction pa-
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rameter 3, the negative values are taken in the parameter
priors, because at these values the DE cosmological per-
turbations are stable [23]. Also the negative values of
are preferred by MCMC constraints of quintessence IDE,
made in the works [15, 40]. The resulting table of inde-
pendent parameter priors taken in our MCMC model
constraints are given in Table 1.

In the MCMC simulation, the 8 chains were used. The
Gelman—Rubin parameter, used as the measure of the
chain convergence, is taken R —1 < 0.01 for the MCMC
chains being converged.

Parameter 68% limits
Qph? 0.02243 4 0.00014
Q.h? < 0.0767

T 0.058370 005
Wo < —0.988
& < —0.586

B —0.15710:948
In(10'°A4,) 3.05150018
ng 0.9668 + 0.0038
Hy 67.361052
Que 0.823%0:0%,
Qn 0.177%097°
o3 1.78%0:82

Ss 1187046

wo —0.8330 050
ca —0.52%0 55

Table 2. The parameter constraints of the dynamical IDE
model given at 68% CL

IV. RESULTS

The results on the MCMC constraining of the dynam-
ical IDE model parameters are given in Table 2 for 68%
CL limit. The comparison of the model with observa-
tional data prefers a non-zero value of interaction param-
eter 8 at 2.050 significance level. Also there is degener-
acy between Q.h% and § parameters as it is seen from
the 2D-marginalized distribution of Q.h%>~3 parameters
shown in Fig. 1. This occurs because the amount of DM
in the universe is directly dependent on the energy trans-
fer rate from DM to DE. This fact does not allow us to
determine the Q.h? lower bound in the considered model
using Planck 2018+lensing, BAO and Pantheon datasets
only. In work [40] for a £gCDM model (with the inter-

action of form J; = £H pdeuz(-c)) such degeneracy also oc-
curred, with the absence of a lower bound constraint on
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Q.h2. For the same interaction in the quintessence IDE
model (but with the priors of £ bounded to the positive
values), considered in work [41], and the vacuum IDE
model considered in work [31] (Model IV) and in work
[40] (model EACDM), the degeneracy between these pa-
rameters is also present when constraining model param-
eters using the Planck data only, and breaks down when
adding additional datasets. So it is expected that adding
other observational data which were not used in the
MCMC parameter constraints in our work would break
this Q.h?-3 degeneracy and give the tighter bounds on
the dynamical IDE model parameters. This behaviour of
the IDE model can also be different for the other forms
of interaction J;, such as for Model IT and Model III in
[31], where the correlation between Q.h% and 3 is much
smaller. The negative non-zero value of 8 means that in
future epochs of the universe the energy transfer from
DM to DE will lead to negative values of the DM energy
density p.

0.0 ,

0.05 0.10 0.15
Q.h?

Fig. 1. The 2D marginalized distribution in Q.h?-3 plane of
the dynamical IDE model

Also, the upper bound of the DE EoS parameter at
present time wg overlaps with the lower bound of the
square of the DE adiabatic sound speed c2, as it is shown
in Table II. Hence we cannot determine with high sig-
nificance level whether w in our model varies with the
expansion of the universe.

V. CONCLUSIONS

In this work, a constraints on the model parameters
of dynamical interacting quintessence dark energy were
obtained. Unlike the previous works on this kind of cos-
mological models, constraints were obtained for the first
time for the model in which the coupling in dark sec-
tor has the general-covariant form and the evolution of
the dark energy equation of state parameter is depen-
dent on the internal properties of dark energy includ-
ing its coupling with dark matter. From the results of
the parameter constraining using CMB, BAO and SN Ia
observational data follows the non-zero value of the cou-
pling parameter at 2.050 significance level. However, the
constraints on the evolution of the dark energy equation
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of state parameter are not very tight, so it is uncertain
whether the dark energy is dynamical at all. Also there
is degeneracy between the amount of the dark matter in
the universe and the interaction strength in the dark sec-
tor, which does not allow us to obtain the lower bound
on the Q.h? parameter. It is expected that using addi-
tional observational data in the future statistical analysis
of this model will give more precise constraints on its pa-
rameters.
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OBMEXKEHHSI HA B3AEMO/III0 KBIHTECEHIIIMHOI TEMHOI EHEPI'II 3 TEMHOIO
MATEPICIO TA EBOJIFOIIIIO ii IAPAMETPA PIBHAHHSA CTAHY
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PozrasgayTo KocMoIOTivHy MOJIENb 13 Her PaBiTAIli iHOIO B3a€MO/II€I0 MizK TMHAMITHOIO KBIHTECEHITIITHOIO
TEeMHOIO €Hepriero i TeMHOI0 Marepieio. Byno Bmepiie orpuMaHO 0OMEKEHHsT Ha IMapaMeTpH i€l Moeri,
y {Kifl €BOJIOLid [1apaMeTpa PIBHAHHS CTaHy TEMHOI eHeprii 3ajiexKuThb Bijl i1 BHYTPIIIHIX BJIaCTUBOCTEN
i BiJ cuIM B3aEMOJIil TPUXOBAHWX KOMITOHEHT. Taka MOIes b €BOIONIl € GBI (PI3UYHO peasicCTHIHOIO,
Ha BiaMiHy Bif pamime 3ampomoHoBaHuX. st oOMeKeHHsT Ha 3HAYEHHsT TapaMeTpiB BHKOPHCTOBYBAH
crarucTudnnii Mmeron MapkroBcbkux jmaHIioxkkis Morare—Kapio. 1o Mmomens 3icTaBisim 31 ciocTepexy-
BAHUMU JAHUMHU 3 aHI30TPOMIl PEIIKTOBOTO BUMPOMIHIOBAHHSI, DAPIOHHIX aKyCTUYHUX OCIUJIAINN T HAI-
voBuX Tuny la. 3 orpuMaHmx 0OMEKEHb BUILIMBAE HASIBHICTH MEPETiKAHHS €HEpPril Bij TeMHOI MaTepii 10
KBIHTECeHINHOI TeMHOI eHepril Ha piBHI mocToBipHOCTI 2.050. BomgHodac He BAaIoCs 3HAUTH HUXKHIO Me-
Ky mapamerpa §).h? BHACTIIOK iCHYBaHHS BHPOIKEHOCT] Hif dac 06MesKeHHs mapaMerpiB MixK KifbkicTio
TEeMHOI MaTepii y BCecBiTi it mapaMeTpoM B3aeMOJIil MiXK TTPUXOBAHUMHU KOMTIOHEHTAMH, IO € XapaKTEePHUM
JIJIS IBOT'O KJIACY KOCMOJIOTIYHUX MOJeJieii. 3 TomepeaHix podiT mo B3a€MOIi0qiil TeMHil eHepril BATLIN-
Ba€, IO IF0 BUPOIKEHICTh MOXKHA YCYHYTH, PO3IJISHYBIIH TOJATKOBI crmocrepexKysaHi gami. Tak camo
BUKOPHCTAaHI B Ii#i poOOTi [JaHi HE JAI0THh 3MOIM BCTAHOBUTH HAMABHICTH €BOJIIONII IapaMeTpa pPiBHAHHS
CTaHy KBIHTECEHIIfHOT TEMHOI eHeprii.

Kurro4oBi ciioBa: B3a€MOJIiI0Ya TEMHA, €HEPrisd, TEMHA MATepPis, KOCMOJIOTiuHI 30y peHHs.
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