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Abstract The paper studies the possible interplay between
matter and geometry in scalar tensor theories of gravitation
where the energy—momentum tensor is directly coupled with
the Einstein tensor. After obtaining the scalar tensor repre-
sentation of the f(R, G, TH"") gravity, the analysis con-
tinue with an approach based on the thermodynamics of
irreversible processes in open systems. To this regard, var-
ious thermodynamic properties are directly obtained in this
manner, like the matter creation (annihilation) rate and the
corresponding creation (annihilation) pressure. In the case
of the Roberson—Walker metric several analytic and numer-
ical solutions are found in the asymptotic regime. In the
last part of the manuscript a specific parametrization for the
Hubble rate is constrained using the Markov Chain Monte
Carlo algorithms in the case of cosmic chronometers (CC)
and BAO observations, obtaining an approximate numeri-
cal solution which can describe the cosmological model. For
this model, we have obtained by fine-tuning some numeri-
cal solutions which exhibit creation mechanisms in different
specific regimes.

1 Introduction

In the present days the cosmological theories have reached
an important point, affecting the development of science and
technology [1-3]. An important framework is represented by
General Relativity [4], a hundred years old theory which can
explain various physical effects on local and galactic scales
[5]. Although this model can successfully describe various
physical characteristics on small and large scales, it has its
own limits [6]. In the cosmological theories the dark matter
paradigm [7-9] appeared in the late 70s, after several astro-
physical observations pointed out that baryonic matter alone
cannot explain the dynamics of the Universe at galactic levels
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[10,11]. Since then, many studies have analyzed the possible
candidates, opening a research area in this direction [12-17].
The accelerated expansion of the Universe [ 18—20] is another
curious phenomenon in modern cosmology, driving the large
scale matter dynamics [21]. Discovered at the end of the last
millennium, the dark energy phenomenon has been probed
by various astrophysical observations [22-25] and theories
[26,27].

The most simple model is represented by the ACDM
model [19], where the Einstein—Hilbert action is comple-
mented by a cosmological constant term [28], driving the
acceleration of the Universe. Although it is a promising the-
ory, it has its own drawbacks [20], due to the constant equa-
tion of state for the dark energy sector [19]. Most astrophys-
ical observations [23] have pointed out that the dark energy
sector is described by a dynamical equation of state [29],
and the ACDM model can be regarded only as an effec-
tive approximate theory. Taking into account the dynamical
evolution of the dark energy equation of state [30], from an
astrophysical point of view the latter term can be associated
to quintessence [31], phantom [32], and quintom [33,34]
behaviors. Within these theories, the dark energy sector is
modelled as a time dependent field(s) minimally or non-
minimally coupled [35-39] which drives the expansion of
the Universe. Another approach in the cosmological theo-
ries is based on modified gravity models [40], where various
invariant terms are encapsulated in the specific action, lead-
ing to different physical effects [41]. The most simple model
isthe f (R) theory [42], based on the scalar curvature, extend-
ing the Einstein—Hilbert action in a non-trivial manner. Since
then, many alternative theories have been proposed [43—46],
based on specific invariant terms. Most of these theories are
compatible to the dark energy phenomenon [47], explain-
ing the late time large scale dynamics of the Universe at the
background level.
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Within these theories [48], some particular extensions
have appeared, based on the interplay between matter and
geometry [49]. In the case of f(R, T) theories [50,51], a
specific coupling between scalar curvature and the trace of
energy momentum tensor have been proposed. In the lat-
ter framework different authors have investigated specific
physical features [52-57], confirming the viability of the
interplay between matter and geometry. Another extension is
related with the f (R, Tz) framework [58,59], based on the
energy momentum squared gravity. The energy momentum
squared gravity has been analyzed in various cosmological
applications in the recent years [60—64]. A more fundamental
interplay between matter and geometry have been proposed
recently [65,66], by considering a direct coupling between
the Einstein tensor and the energy—momentum tensor [67], a
theory capable of explaining the late time acceleration, highly
compatible with recent astrophysical observations. In this
theory [68], matter and geometry is considered to be on the
same level from an abstract point of view, offering a phys-
ical balance of the latter concepts [69]. Recently, different
authors have investigated various properties of f (R, T) [70]
and f(R, T?) models [71], by adopting a specific point of
view based on the thermodynamic properties of open systems
[72]. Within these cosmological systems, the standard con-
tinuity equation is not satisfied, due to the interplay between
matter and specific physical properties of the geometrical
manifold [73].

In the present paper we shall consider a possible inter-
play between matter and geometry at the level of background
dynamics, encapsulating a direct coupling between the Ein-
stein tensor and the energy—momentum tensor [65] in the
corresponding action. After we present the geometrical rep-
resentation of the f(R, G, TH"") gravity [66] we shall dis-
cuss its scalar tensor representation, by introducing two time
depending scalar fields. Then, by relying on the thermody-
namics of open systems [70,72,74], we deduce various phys-
ical features [71] in specific asymptotic regimes, discussing
the compatibility of the (R, G, T*") theory [66] with cur-
rent astrophysical observations. The main aim of the present
paper is to explore the possibility of matter creation or anni-
hilation in the Universe as a consequence of a direct interplay
between matter evolution and space—time geometry.

The structure of the paper is as follows. In Sect. 2 we
present the equations of the f(R, G, T*") gravity, obtain-
ing the scalar tensor representation. Then, we proceed with a
short introduction into the thermodynamic properties of open
systems, presenting the relevant relations for the analysis in
Sect. 3. In Sect. 4 we study the analytical and numerical prop-
erties of our model, in asymptotic regimes. We also discuss
the case where the field equations are numerically solved in
a direct manner, confronting the CC + BAO observations.
Finally, in Sect. 5 we outline the physical effects found in the
analysis and present the last concluding remarks.

@ Springer

2 The action, the field equations, and the scalar tensor
representation

2.1 The geometric representation of f(R, G, T"") gravity

In this section we shall present various theoretical aspects
[66] related to our cosmological model. In what follows we
shall take into account the Roberson—Walker metric,

ds? = —dt* + a(t)*8;;dx"dx' i, j = 1,2,3, (1)

witch depicts ahomogeneous and isotropic Universe described
by the cosmic scale factor a(¢) which further depends on the
cosmic time ¢. The present cosmological model takes into
consideration a direct coupling between the Einstein tensor
and the energy—momentum tensor, indicated by the following
fundamental action [66]:

S = Sn+ / d*xy [ F(R) + (T, ®)
with
76 = G, T". 3)

The energy—momentum tensor can be written according
to the definition,
2 8(/—&Lm)
Ty = ——= —= @)
_ g 8 g j7ay
Next, in our calculations we shall use the variation of the
energy—momentum tensor with respect to the inverse metric.
For this, we shall consider the following relation [66],

aTaﬂ 6§aﬁ 1. - 1.
3g;w = Sgll‘) Lm + zgaﬂngl,w — EgaﬁTMV
92L,,
2 gz 5)
8 8

Before proceeding to the presentation of the correspond-
ing Friedmann equations we define the following relation,
obtained by using the previous equation, Eq. (5) [66],

8T, 1 - .
Y = Gaﬂag_fﬁ =—Gulm + EGaﬂgozﬁ(g#vLm — Thwv)
2
_2Gaﬂ8¢_ (6)
sgnvsgab

Note that in our action we have considered that a special
decomposition is taken into account, by decomposing the full
action into a term that is described by the scalar curvature
(f(R)), and another component which describes the matter
geometry interplay (g(79)).

Next, if we consider the variation of the term which is
described by the scalar curvature in Eq. (2), we obtain the
following expression for the energy—momentum tensor [66],
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TSI = g0 f(R) = 2Ry fr + 2V, Vo fr — 280 fr-
(N
On the other hand, the variation of the matter-geometry
interplay term in Eq. (2) leads to the corresponding energy
momentum tensor [66],
G ~
T;f\()T ) = gpwg(TG) + g,TG TR;,W - 2g,TG GgTMﬁ
_Q’g,TG GZTVOZ
_g,TGRT,uv — I:l(g’TG Tﬂv) + VO,V/L(gVTG Tva)
+Vo V(g 76 Ty)
~8uwVa V(8 76 T%) + g8 76 T)

_vuvv(g,TGT) _Zg,TG lea (8)
where
dg(T)
8716 = 470 )

The variation of the action (2) with respect to the inverse
metric leads to the following modified Friedmann equations
(661,

R T¢
TR + 18T + 1 = 0. (10)

Taking the divergence of Eq. (10) we obtain the corre-

sponding continuity equation,
G
VAR + 18T + 1] =0, (11)

describing various evolutionary aspects of our cosmologi-
cal model. For the Roberson—Walker metric (1) we use the
following definition of the matter stress-energy tensor,

Tyv = (om + pmduptty + Pm&uv, (12)
which is associated to a standard barotropic matter fluid.
In this case, we obtain the following modified Friedmann
equations [66],
f(R) =6 fr(H + H?) + 6H fr = py — g(T)
—6omg o H. (13)
F(R) = 2fx(H +3H?) +2fr +4H fr = —pro. (14)
with
pro = g(T%) —2g 16 (om(BH* + H) + Hpy)
—6H’ p[20mH + H pin )8 7676 (15)
Finally, for our cosmological model we can define the
effective (total) equation of state,
2 H
3H?
Forthe f(R, G, T"") gravity theory [66] the phase space
analysis showed the compatibility with the recent evolution

of our Universe, explaining the late time cosmic acceleration
as a physical effects due to the matter-geometry interplay.

(16)

Wror = —1

Note that in this section we have neglected the matter pres-
sure, considering that w,, = 0.

2.2 The scalar tensor representation for f(R, G, T"")
gravity

In order to apply the formalism of irreversible thermody-
namics for open systems, we need to obtain the scalar tensor
representation for the f (R, G, T*") gravity theory, follow-
ing Ref. [71] and references therein. Within the present paper,
we shall investigate the cosmological model described by the
following action,

S = Su+ %fd“x\/fg[f(le, 9], (17)

where S, describes the matter sector (as the dark matter com-
ponent). The action for the f(R, G, T*") gravity theory can
be written in an equivalent manner in the scalar tensor rep-
resentation. To this regard, we need to introduce two scalar
components « and S which will further describe the pure
geometrical context induced by the scalar curvature depen-
dence and the matter-geometry interplay encapsulated into
the 7¢ = G w THY component. Hence, the equivalent action
will be written in the following mode,

1

S
2

/ d*xy/=Z[f @ B) + fu(R —a) + f5(TC = B)].
(18)

Since at this point the full action is described by two aux-
iliary scalar fields, we need to perform the variation of the
previous action with respect to the scalar quantities. By per-
forming the variation with respect to the scalar field o we get
the following relation,

faa(R — ) + fpa(TC — B) =0, (19)
while for the § field we obtain:
fap(R — ) + fap(T — p) = 0. (20)

The system composed by the Egs. (19), (20) can be written
in the matrix representation as:

M- -x=0, (21)
with
_ faafﬁa) (R—O{)_
M = . =0. 22
(faﬂ feg) \T9 -8 22

The system of Egs. (19), (20) has a unique solution if the
following inequality is satisfied,

faa Fop # fass (23)
described by
o =R, 24)
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and
B=TFC. (25)

If we further introduce two scalar quantities as

0
=11 (26)
o
_
V=3 5 27
mediated by an auxiliary potential term
Vg, V) = —f(a p) + da + VB, (28)

we can rewrite the original action (17) in the scalar tensor
representation (18):

s=3 [ dxJ=glor+uT - V6. W) 29)
where

Vg ¥).d =R (30)
and

Vg ).y =TC. 6D

For the final action (29) in the scalar tensor representation
we shall perform the variation with respect to the inverse met-
ric, obtaining the corresponding energy—momentum tensor,

1
Tp,v = ¢G;w + guvD¢ - V,,,Vﬂﬁ + Egp.v Vg, V)

1 af B

+(_§)guv¢’G Top + V2 + wTM G
1

‘HﬂTvaGZ + EwT/wR

1
+(—§)(Vavu(1ﬁT,ﬁx + Vo Vo (¥ 1))

1 1 B 1

“FED(I/ITMV) + Eguvvavﬂ(wT ) — El/fTR;w

1 1
+§V;LVV(WT) - ED(WT)g;w- (32)

In this case the corresponding modified Friedmann rela-
tions are the following:

2, _ 1 _3 2
3H ¢—Pm+2V(¢J/f) 21%0m1‘1

—3YpuH —3H, (33)
Vg, ¥) + H* (=64 + 3pmyr) + 2H (Y oy — 26
+omV) — 2Q¢H — puy H + ) = 0, (34)

specific for the Robertson—Walker metric (1) in the scalar
tensor representation. We note that these equations contain
second order terms, describing a cosmological model where
the matter-geometry interplay is mediated by the evolution
of two additional scalar fields ¢ and 1. As in the previous
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case, the matter component is assumed to be pressure-less,
with w,, = 0.

3 Overview of thermodynamics in open systems

In what follows, we shall present briefly for completeness
various theoretical aspects related to the thermodynamics of
open systems, following mainly Ref. [71]. In the case of a
particular adiabatic process, we can write the energy conser-
vation relation as follows,

d(pV)+ pdV = %d(nV), (35)

valid for a specific open system described by a number of
particles N contained in a volume V. In this relation we
have denoted the particle number density with n = N/V,
while & = p 4 p represents the enthalpy per volume (in
units). As usual, p represents the energy density, and p the
associated pressure. Taking into account that we have an open
system, we can write the second law of thermodynamics, by
encapsulating the entropy flow d, S and the entropy creation
component d; S,

dS=d,S+d;§S > 0. (36)

This inequality is associated to the evolution of the total
entropy, showing the specific growth. Next, for the entropy
flow we can add the following relation [74]

dQ
d.S = T 37)
while for the entropy creation term we have [74],
;S = Zd(V). (38)
n

Taking into account that the heat exchange is zero (d 0 =
0), we can write the previous second law of thermodynamics

dS§S > 0. (39)

This specific expression shows that the variation of the
entropy should be positive, determined by the creation of new
particles, assuming that the system is adiabatic. This inequal-
ity implies that, assuming a thermodynamic interpretation,
the creation of matter due to the matter-geometry interplay
is an irreversible process.

Next, we shall assume that we have a homogeneous and
isotropic cosmological system described by the Robertson—
Walker metric (1), contained in a comoving volume V = a’.
Taking into account these considerations, the energy conser-
vation relation reduces to

d 3 d 5 p+pd
a PO =T

If we introduce the definition of Hubble parameter, we

obtain a continuity-like equation, taking into consideration a

(na). (40)



Eur. Phys. J. C (2024) 84:1191

Page 50f 13 1191

thermodynamic interpretation approach,

PEP G+ 3HR). (41)
n

p+3H(p+p) =

Furthermore, we can write the number current for the cos-
mological fluid,

N"* = nu'. (42)

Taking the corresponding divergence in the comoving
frame we obtain

V,N* =n+3Hn =nl, (43)
reducing the previous expression (41) to the following form:
p+3H(p+p)=(p+pr. (44)

From the previous expression we deduce the expression
of the matter/particle creation rate I,

_p+3H(p+p)

- ptp
In the case of open systems, an auxiliary pressure can be
introduced (p. as the creation pressure), expressing the ther-

modynamic energy conservation relation (35) in an alterna-
tive manner,

r 45)

3 3
—(pa + D+ p.)—a’ = 0. 46

Finally, at this point we obtain the definition for the cre-
ation pressure introduced earlier,

p+p

Pc = _Wr )
observing the specific dependence on the particle creation
rate, the energy density and pressure for the cosmological
fluid, encapsulating physical effects due to the cosmic expan-
sion through the Hubble parameter.

As shown in [71], the time evolution of the entropy
depends on the creation rate,

(47)

S(1) = Spels T&ar’ (48)

while the temperature, defined as follows,

T(Z) — 'T()e,c%‘/‘Ot/(l_‘([/)—3[1)dl/7 (49)

is influenced by the matter creation rate, the Hubble param-
eter, and the associated speed of sound, ¢, = /(dp/dn),.

4 Analytical and numerical properties

In this section, we shall discuss various analytical and numer-
ical properties for the present cosmological model which
takes into consideration a matter-geometry interplay. As
previously mentioned, in our analysis we have considered
that the background dynamics corresponds to a flat scenario

where the cosmological fluid behaves as a pressure-less fluid
with w,, = 0.

As a first step, we have verified that our model incorpo-
rates the de Sitter solution. For this solution in the asymptotic
regime H = Hp =constant, describing the late time accel-
eration epoch of our Universe. Taking into consideration the
vacuum case where p = p = 0 and H = Hp =constant,
we have obtained the same solution as in Ref. [71], without
a particle creation rate (I' = 0), showing that the matter cre-
ation might appear in different stages in the evolution of the
Universe in the non-vacuum case. For further details on this
solution, see Ref. [71] and references therein.

Furthermore, as a second step we have considered the case
of the constant energy density, which implies p = pg, p =0,
H = Hjy =constant. Following Ref. [71], we have obtained
similar results, having the creation rate I' = 3 Hy, with the
creation pressure p. = —pg. This is somehow expected since
at the fundamental level the coupling between the Einstein
tensor and the energy—momentum tensor implies a direct con-
nection between the evolution of the Hubble parameter and
the growth of the energy density.

4.1 The case where the energy density is time-dependent

In this section we shall discuss the asymptotic case where the
Hubble expansion rate is constant, (Hy =const.), while the
matter energy density is a time-depending variable. As in the
previous discussion, the matter is assumed to be a pressure-
less fluid. The first equation of the potential reduces to

V@, ¥) _

R =6(H+2H* ~ 12H?, 50
49 (H + ) 0 (50)

implying that the potential should be proportional to ¢,
V(p, V) x 12H§¢. For the second argument of the potential
we shall take into consideration a squared variation. Hence,
the potential analyzed has the following dependence,

Vg, ¥) = Ao+ 12H ¢ + By, (51)

For simplicity, we have considered that the constant term
in the above relation is neglected, A9 = 0. Here B is a con-
stant parameter which describes the strength of ¥ squared
coupling term. The second equation of the potential reduces
to,

avie.y)

=3H?p, 52
dv 0P (52)

implying a non-negligible relation between the variation
of the matter energy density p and the ¥ term, 3H§p =
2B . Hence, in our asymptotic calculations we can replace

the matter energy density with p = % The Friedmann
-0

@ Springer
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constraint equation reduces in the asymptotic regime to

B> . 2 28y

—— +3Hyp —3H o = —. 53
> op 0P 3H? (53)
From this, we can obtain the algebraic solution for the

variable,

2, ﬁ\/zﬂZ —27BHS$ + 2TBHS ¢

V= 3me 3BH?

) (54)

restricted to the real domain. Next, for simplicity we take
Hp = 1 and B = 1, presenting the solution in units of Hj.
In our analysis we have observed that the first solution leads
to viable physical effects, ¥ = % + 1v/—54¢ + 54¢ + 4.
With this solution, we use the second Friedmann equation,
the acceleration relation, and replace ¥ and its derivative,
obtaining the final representation in the asymptotic regime,

2,/ =54 + 54¢ + 4 + 1.2“/5"5
V=27¢ +27¢ +2
1224
/276 + 274 +2
+36¢ + 4 = 15¢ + 21¢, (55)

adifferential equation for ¢ which can be solved numerically
for different initial conditions. Using similar arguments, we
can obtain the expression for the matter creation rate,

—54¢ + 54¢ +4 — 135¢ + 1354 + 2

r= .
—75¢ + 75¢ + 2

, (56)

and the creation pressure,

Eur. Phys. J. C (2024) 84:1191
25
20
¢ 15
10
0.5 1.0 15 2.0
t

Fig. 1 The evolution of the ¢ variable in the asymptotic regime where
the Hubble expansion is saturated

2.15;
210¢
2.05"
r 2.00;
1.95
1.90¢

05 1.0 15 20
t

Fig. 2 The evolution of the matter creation rate in the asymptotic case
where the Hubble expansion is saturated

4.2 Cosmological scenarios with a redshift dependence for
the Hubble parameter

In this section we shall present several approximate numeri-
cal solutions by encapsulating a specific parametrization for

Pc = —

2 (458" + 58 + 4+ 27 (5/—54¢ + 54¢ + 4 + 12) — 27 (5/=54¢' + 544 + 4 + 12) ¢’ +8)

(57)

27 (—=75¢' +75¢ +2)

At this point, we numerically integrate the equation (55),
displaying the results in Figs. 1, 2 and 3. The initial conditions
affect the numerical values of the corresponding solutions,
leading to distinct physical effects. The evolution of the ¢
variable is displayed in Fig. 1 for the following initial con-
ditions, ¢ (0) = 5, qb(O) = 0.001. In this case, the initial
values have been fine tuned in order to obtain viable physical
effects. Next, in Fig. 2 we depicted the matter creation rate
and the evolution of the creation pressure in Fig. 3. These
graphs are viable also from a thermodynamic point of view,
showing that the matter creation starts in the early stages
of evolution, leading to a non-negligible creation pressure.
Note that for this solution the creation rate is positive, sat-
isfying the basic thermodynamic assumptions considered in
the previous section.

@ Springer

the Hubble characteristic expansion rate. This enables us to
impose a specific evolution for the Hubble parameter, viable

-0.5
-1.0
Pe _15

-2.0

-2.5

Fig. 3 The evolution of the creation pressure in the asymptotic regime
where the Hubble expansion is saturated
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from an observational point of view. Hence, in our study we
shall first obtain viable best fitted values in the case where a
specific parametrization for the Hubble characteristic expan-
sion rate is considered. To this regard, we shall take into
consideration the following expansion rate [75] (Figs. 4, 5),

H(z) = Hov/Quno(1 +2)3 + (1 — Qo) (1 +2)%hz.  (58)

This parametrization has been probed by Mamon et al.
[75] in the case of quintessence dark energy model mini-
mally coupled with gravity. The analysis has been performed
for Union 2.1 compilation and BAO/CMB data. The present
study applies the previous mentioned parametrization using
cosmic chronometers, baryon acoustic observations, present-
ing the confidence intervals for the corresponding parame-
ters. For further details on the numerical implementation, see
Ref. [76] and references therein. The results of our analysis
are presented in Fig. 6, showing the best fitted values of the
relevant cosmological parameters, and the specific one sigma
intervals.

After obtaining the best fitted values of the corresponding
variables encoded into the Hubble expansion rate, we fur-
ther encapsulate this solution into the field equations in the
scalar tensor representation, obtaining the evolution of the
matter creation pressure p. and the creation rate I' for this
model. As the first step in the analysis we have considered
the introduction of the following auxiliary variables,

H = Hyh, (59)

T = Hot, (60)

p = 3HZr, (61)

V =3H}U, (62)
v

= 63

v 517 (63)

After changing the time dependence to the 7 variable, we
obtain the final relation for the first Friedmann equation,

2
w | _dh  dé

S Y N ]
Ty thgy = O

In this case the potential equations reduces to,

- —U<¢ U+ h2p+

dU(¢. ) dh

2
. 2(—dT +2h7), (65)
dU(¢,¥) 1 .,
—0 - I (66)

The acceleration equation reduces to the following expres-
sion,

dh  d? 1 ,-
2¢d +d‘f h( xp— —‘f)+3r(—1+§h2¢
+i_ﬁ l ﬂ) (67)
9wdt 9 drt

Ho=64.6132

Omo = 0.265+3883
0.41
L 03F ‘
g
co02f
0.1r a=120%08
2 . 4
S
0 . 4
N ‘ - - 030133,
1 . 4
of ]
«Q
—-1F 4
—-2F 4
60 70 02 04 2-10 1
Ho Qmo a ﬁ

Fig. 4 The posterior distributions in the case of CC + BAO observa-
tions

H(z)

0.0 0.5 1.0 15 2.0 2.5
z

Fig. 5 The evolution of the Hubble parameter in the case of CC + BAO
observations. For the CC + BAO data we have used Ref. [77]

Moreover, for simplicity we introduce an additional vari-
able,

_49
S dt’
Next, we change the 7 dependence of the dynamical sys-
tem to the redshift variable z, considering the time depen-

(63)

dence in units of Hy (Hy = 1). In this case, we use the
following relations,
1
l+z=—, (69)
a
d
=—-(14+2h—. (70)
dz

@ Springer
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02 04 06 08 10 12 14 °~

Fig. 6 The evolution of the w variable in the case of CC + BAO obser-

vations

02 04 06 08 1.0 12 14 ~

Fig. 7 The redshift dependence of the ¢ variable in the asymptotic
case which takes into account CC + BAO observations

Taking into account the previous mentioned considera-
tions, we obtain the final expressions which describe the cos-
mological system,

a¢

w=—(+2h=2, 7D
dz
du 1 .,
w = 3rh N (72)
av dh
i 2020 — (1 +z)hdz), (73)
1 5. rh*y
—EU(¢>,¢)+h ¢+T
1 dh
——ry(1+2)h— +ho =, (74)
3 dz

dh dw 1
—2¢(1 + z)ha - +Z)hd_z = h(—gllf

@ Springer

0.15

0.10

0.05

z

02 04 06 08 1.0 1.2 14

Fig. 8 The dynamics for the r variable in the asymptotic case which
takes into account CC + BAO observations

Me

8000+
6000+
4000~

2000+

; s ‘ ‘ ‘ Loz
02 04 06 08 10 1.2
Fig. 9 The evolution of the matter creation rate in the asymptotic case

where the Hubble expansion is constrained using CC + BAO observa-
tions

d 1
(1 + 20 4 o) 4 3r(—1 + ~h2w
dz 3

dy
@
Note that we have dropped out the over line for the
variable, for simplicity. In our analysis we have considered
that the potential is decomposed as follows, U(¢, ) =
ad" + By + 7oy, with@, B, 7, n, m constant parameters.
In the analysis we have integrated this system of equations in
redshift, considering that the 4 variable is described by the
previous mentioned representation in Eq. (58). The results
of the analysis are presented in Figs. 6, 7, 8, 9 and 10 for the
following specific values: @ = —0.001, 8 = +0.001, 7 =
0.01,w(z = 0) = 5,m = 1,n = 1. The evolution of the
o variable in the asymptotic case which takes into account
CC+BAO observations is presented in Fig. 6. For the ¢ vari-
able the evolution is shown in Fig. 7, while for » quantity
the dependence is depicted in Fig. 8. The redshift evolution

_‘_‘w(1+ )hﬁ—lhz(l—i— ) (75)
9 ‘ dz 9 ¢
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Fig. 10 The evolution of the creation pressure in the asymptotic case
where the Hubble expansion is constrained using CC + BAO observa-
tions

of most important thermodynamic quantities are shown in
Figs. 9 and 10. In Fig. 9 we have represented the redshift
dependence of the matter creation rate I". The evolution of
the corresponding creation pressure p. is shown in Fig. 10
for specific initial conditions. We can observe that the matter
creation rate I is positive and increases towards a maximum
in the early stages of evolution. For the creation pressure p,
we have a similar evolution, at late times (z — 0) the cre-
ation pressure is negative implying a matter creation mecha-
nism, while in the early times (z — 1.2) the matter creation
evolves asymptotically towards zero. Note that the numeri-
cal solution obtained by fine-tuning is specific for a matter
creation mechanism, satisfying the fundamental thermody-
namic assumption rules in the early stages of evolution.

3.0f

2.5+

2.0-

1.5}

05 10 15 20 25

~Z

4.3 Numerical evaluation of the field equations in redshift

In what follows, we shall also consider the case where the
field equations (72)—(75) are directly integrated, without any
parametrization for the Hubble expansion rate. The results
of the direct integration are presented in Figs. 11, 12 and 13.
For the integration we have considered the following values:
@& =08=079=035m=1,n=1hz=0) =
I,Lh(z =0) = 1,¢(z =0) = 0.1,¢'(z = 0) = —0.2.
In this case, we can observe that the evolution corresponds
to a non-negligible matter creation with a significant cre-
ation pressure in the late times. From the graphs, we see
that the matter creation rate increases in the near past, with
a maximum near z — 1.2, having a significant bounce
before declining. The dimensionless matter density r evolves
asymptotically, having a significant value in the present
days. Furthermore, the evolution of the Hubble parameter is
comparable to the observed values, presenting a minor ten-
sion at high redshift. As expected, the results are satisfying
the fundamental principles associated to the thermodynamic
assumptions previously considered.

The effective or total equation of state for the present the-
oretical model can be expressed as follows,

2 H 214zdh

P O M .
Weff 3H? 3 h dz

(76)

We have represented in left panel of Fig. 14 the evolution
of the total equation of state, showing closely a quintessence
behavior in the present days. The dynamics shows an evo-
lution having a small bounce in the recent past where the
acceleration is reduced, followed by a steep expansion in the
early stages towards a phantom regime, crossing the phantom
divide line. In the right panel of Fig. 14 we have represented
the evolution of the matter creation rate I as a function of
the dimension-less Hubble parameter 7 where the redshift
corresponds to the [0, 1] interval. The dotted line represents

H[Z]
250+
200!
150! *
100! :.M
11 ds T1o 15 20 25°
Wl ds fio is a2

Fig. 11 The evolution of the Hubble parameters in the case where the Friedmann equations are solved directly. We have considered that the Hubble
rate in the present is: Hy = 64.6, H(z) = h(z) Hp. The CC + BAO. data is taken from [77]
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Fig. 12 The dynamics for the r variable obtained by the direct inte-
gration of the field equations

the best fitted linear function, assuming the following depen-
dence, I' = a + b - h, where a = 2.34, b = 5.01. From
the graphs it is clear that in late time the matter creation

13
12
11

10

0.5 1.0 1.5

-0.2F

-0.4}

-0.6f

20° -08

rate I" scales with the dimension-less Hubble parameter #,
almost linearly. The presented evolution is compatible to a
quintessence behavior at late times. The dependence between
the evolution of the matter creation rate and the dynamics of
the Hubble parameter has been investigated also in Ref. [78],
considering a phantom correspondence. In the approach pre-
sented in Ref. [78] the matter creation represents a viable phe-
nomenon compatible to the accelerated expansion, showing a
late time phantom behavior. We mention here that the present
results highly depend on the choice of the corresponding
parameters, affecting the evolution of the field equations. Dif-
ferent physical effects can be observed if the corresponding
parameters are slightly changed, affecting the background
dynamics and the overall evolution.

S Conclusions
In this paper we have studied a novel dark energy model

which takes into account a direct coupling between the Ein-
stein tensor and the energy—momentum tensor. To this regard,

Pe

Fig. 13 The matter creation rate I" and the creation pressure p. obtained by direct integration

Wt

-0.2;
-0.4;
-0.6¢
-0.8¢
-1.0t

-1.2¢

h(z)

1.2 1.4 1.6 1.8 20 22

Fig. 14 The evolution of the total equation of state in terms of redshift (left panel). The matter creation rate I" as a function of the dimension-less
Hubble parameter (right panel). The dotted gray line represents the linear interpolation obtained by using the least squares method
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we have analyzed the matter creation or annihilation in a spe-
cific model which encodes the interplay between matter and
geometry at the fundamental level. After a brief introduction
into the accelerated expansion phenomenon, we have pre-
sented the full action and the corresponding field equations
which governs the specific dynamics. Then, we have deduced
the scalar tensor representation in the case where the Einstein
tensor is directly coupled with the energy—momentum ten-
sor. Furthermore, we have presented several aspects related
to the thermodynamics of open systems. In the following,
we have obtained the final field equations in the case of the
Robertson—Walker metric, deducing the relations for the cre-
ation (annihilation) pressure and the matter creation (anni-
hilation) rate. In this manuscript, we have analyzed differ-
ent specific solutions. In the first case, we have checked the
vacuum solution and the constant energy density solution
in the analytical case. Then, we have deduced the numerical
solution corresponding to the time-depending energy density
when the Hubble expansion rate is saturated (the de-Sitter
expansion), presenting various physical aspects. In the last
part of this section, we have used the Markov chain Monte
Carlo (MCMC) algorithms in the case of cosmic chronome-
ters and baryon acoustic oscillations. In this case, we have
used a specific parametrization for the Hubble parameter,
obtaining specific posterior distributions for the correspond-
ing cosmological parameters. The bestfitted parametriza-
tions are then injected into the scalar tensor field equations,
obtaining numerical solutions of the cosmological model by
fine-tuning. For the numerical solutions obtained the model
presents a non-zero creation rate in the near past and a cor-
responding creation pressure, an interesting result showing
different aspects of the matter geometry interplay. Hence, the
matter creation in a specific model which takes into account
a possible interplay between matter and geometry is directly
compatible to the accelerated expansion and the late time
evolution of the Universe, affecting the background dynam-
ics.
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