Acta Physica Polonica B Proceedings Supplement 16, 6-A28 (2023)

CHALLENGING ACDM WITH SCALAR-TENSOR f(R,T)
GRAVITY AND THERMODYNAMICS
OF IRREVERSIBLE MATTER CREATION*

MIGUEL A.S. PINTO*P, TIBERIU HARKO®%¢, FRANCISCO S.N. LoBo*P

aInstituto de Astrofisica e Ciéncias do Espaco
Faculdade de Ciéncias da Universidade de Lisboa
Edificio C8, Campo Grande, 1749-016 Lisbon, Portugal
PDepartamento de Fisica, Faculdade de Ciéncias da Universidade de Lisboa
Edificio C8, Campo Grande, 1749-016 Lisbon, Portugal
°Department of Theoretical Physics, National Institute of Physics and Nuclear
Engineering (IFIN-HH), Bucharest, 077125 Romania
dDepartment of Physics, Babes-Bolyai University
Kogalniceanu Street, Cluj-Napoca 400084, Romania
¢Astronomical Observatory, 19 Ciresilor Street, Cluj-Napoca 400487, Romania

Received 1 April 2023, accepted 14 April 2023,
published online 13 June 2023

We investigate gravitationally-induced particle production in the equiv-
alent scalar-tensor representation of f(R,T) gravity. In this theory, the
matter energy-momentum tensor may not be conserved due to a non-mini-
mal curvature-matter coupling. As such, we explore the consequences of
such a non-conservation within the scope of particle production by using
the formalism of irreversible thermodynamics of open systems. Accord-
ingly, we obtain the expressions for the particle creation rate and for the
creation pressure. Finally, we explore the de Sitter solution with a con-
stant and non-constant matter energy density and determine the explicit
expressions for the two scalar fields and both creation rate and pressure.
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1. Introduction

General Relativity (GR) [1] has been truly remarkable in the explanation
of a plethora of observed phenomena such as gravitational lensing and grav-
itational waves. However, it is widely known that it is currently facing many
challenges. For instance, Einstein’s theory does not provide a fundamental
explanation for the cosmological constant as well as it does not explain the
true nature of dark matter — we just assume that these components are
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part of the cosmological fluid in order to explain observations. Another in-
consistency of GR in the cosmology domain is that Einstein field equations
being adiabatic and reversible are incompatible with the irreversible matter
creation processes that occur in the Universe [2|. Therefore, using GR as a
gravitational theory does not provide a clear explanation for the increase in
entropy that accompanies the irreversible production of matter within our
Universe. Thus, in the last couple of decades, a myriad of extensions of GR,
known as modified theories of gravity, were formulated in order to solve these
problems. In this paper, we consider f(R,T) gravity [3] in its recently de-
veloped scalar-tensor representation [4]. Due to the fact that it may contain
non-minimal curvature—matter couplings, an interesting feature of f(R,T)
gravity is that the covariant divergence of the matter energy-momentum
tensor does not vanish identically. We explore the physical and cosmological
implications of this property by recurring to the formalism of irreversible
thermodynamics of open systems.

2. f(R,T) gravity

We now present the main equations of f(R,T) gravity theory in its
scalar-tensor representation. In the geometrical representation, the action
for f(R,T) gravity theory is assumed to be [3]

S = [ VIIRTIS 5 [ VgL gyl )
0N 02

where k2 = 87, with G being the universal gravitational constant, {2

denotes the 4-dimensional Lorentzian manifold on which one defines a set of
coordinates {x*}, f(R,T) is an arbitrary function of the Ricci scalar R and
of the trace T' of the matter energy-momentum tensor 7},,. Ly, is the matter
Lagrangian density that depends on the metric tensor g,,, with determinant g
and on a collection of non-gravitational matter fields ¥. The matter energy-
momentum tensor is defined in terms of the matter Lagrangian density as
T = —(2/v/=9)0 (V=9 L) /0g"". Furthermore, it is possible to construct
a dynamical equivalent action to Eq. (2.1) in terms of two extra fundamental
scalar fields [4, 5]. Such an action has the following form:

1
S =g [ VIR HIT - Vi) dte+ [V Luds, (22
0 (0]

where ¢ and 9 are two massless scalar fields, defined as, respectively,
LT - or’

and V (¢, 1) is the scalar interaction potential, defined as

(2.3)
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Vie,¥) = R+ 4T — f(R,T). (2.4)

By varying the action of (2.2) with respect to g,,,, we obtain the following
modified field equations:

1
Ry — ig;w(QOR"i‘ YT —V)+ (g,w/D - vuvz/) Y= KZT/W - (T/w =+ wa) )
(2.5)
where V, is the covariant derivative, J = V*V, is the D’Alembert operator,
and 6, is an auxiliary tensor defined as

af (5T045

Ouw=yg S

(2.6)

In addition, varying the action of (2.2) with respect to ¢ and v yields,

respectively,

ov ov
V,="" =R, Vy=—2=T. 2.7
g Y= 50 (2.7)
Moreover, by taking the covariant divergence of Eq. (2.5), we find the con-
servation equation for f(R,T) gravity in its scalar-tensor representation

(K2 =) VT = (T + Ou) VH9h + hVH O,

5o RV £ VAT V)] (28)
By looking at Eq. (2.8), it is evident that in this theory, the matter energy-
momentum tensor T}, is not necessarily conserved, as it is in GR. We in-
terpret this non-conservation as an exchange of energy between the non-
gravitational matter fields, represented by T}, itself, and the gravitational
fields g, and 1 (notice that ¢ only interacts with curvature). As such,
we consider that this energy exchange could potentially allow particle pro-
duction from the gravitational fields by using the formalism of irreversible
thermodynamics of open systems.

3. Irreversible thermodynamics of open systems

Irreversible thermodynamics of open systems applied to cosmology was
started in the late 1980s by Prigogine and collaborators |2]. In the early
1990s, Lima and collaborators [6] generalized this analysis by formulating
covariant thermodynamic quantities. Nowadays, this formalism has been
applied in the context of modified theories of gravity, particularly in theo-
ries with non-minimal geometry-matter couplings [7], which have a natural
thermodynamic interpretation due to the non-conservation of the matter
energy-momentum tensor [8].
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Then, let us consider the Universe as an open system of (comoving)
volume V containing N particles, with an energy density p and a thermo-
dynamic pressure p. In such a system, the 15¢ law of thermodynamics can
be written as

d(pV) = dQ — pdV + %d(nV) , (3.1)

where d@ is the heat received by the system during a time dt, h = p + p is
the enthalpy per unit volume, and n = N/V is the particle number density.
The 2™ law of thermodynamics in an open system has the following form:

dS = d.S +d;S >0, (3.2)

where d.S is the entropy flow and d;S is the entropy creation. The entropy
flow is the part of entropy that measures the homogeneity of the system,
while the entropy creation is the part of entropy that is originated due to
matter creation. These quantities are given by the following expressions,
respectively:

deS = df_), &S = %d(nV), (3.3)
where 7T is the temperature and s = S/V is the entropy density. In a
homogeneous Universe, all quantities do not depend on the position, which
makes it impossible for receiving energy in the form of heat, dQ) = 0. By the
first of Egs. (3.3), we verify that in such a Universe the entropy flow vanishes,
deS = 0. Therefore, matter creation is the only source of entropy production
in a homogeneous Universe. In this case, the 2" law of thermodynamics

becomes s
dS =d;S = ﬁd(nV) >0. (3.4)

Therefore, Eq. (3.4) means that it is possible to have an energy flow from
the gravitational sources that produce matter, while the inverse process is
thermodynamically forbidden.

We now explore more in-depth the 15¢ law of thermodynamics. By ex-
pressing the volume V in terms of the scale factor a(t), V = a3(t), and
writing time derivatives instead of differentials, under the condition of ho-
mogeneity, Eq. (3.1) can be written as (see more details in [5])

p+3H(p+p)=(p+p)I, (3.5)

where I' is the particle creation rate, H = a/a is the Hubble function, and
“denotes the time derivative. Alternatively, the 15 law of thermodynamics
can be rewritten as an effective energy conservation equation

p+3H (p+p)=—3Hpc, (3.6)
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where p. is the creation pressure, a supplementary pressure that describes
the emergence of particles at a macroscopical scale. By comparing Eq. (3.5)
with Eq. (3.6), we can write the p. in terms of I’

p+p

=-_PTPp .
P Vi (3.7)

4. Thermodynamic applications of f(R,T) gravity

In this section, we apply the thermodynamic results obtained in the pre-
vious section to scalar-tensor f(R,T') gravity. We obtain the set of cosmo-
logical equations, the explicit form of the creation rate and pressure. Next,
we explore in detail the de Sitter solution with and without constant matter
energy density.

4.1. Cosmological equations

To study the cosmological evolution in scalar-tensor f(R,T') gravity, we
consider a Universe described by the flat Friedmann—Lemaitre-Robertson—
Walker (FLRW) metric, which in spherical coordinates (¢,7, 6, ¢) takes the
following form:

ds? = —dt? + a*(t) [dr? + r? (A6 + sin® 0d¢?)] . (4.1)

Moreover, we assume that the matter energy-momentum tensor is described
by that of a perfect fluid, i.e.

T;w = (P + p)uuuu + P9uv (4'2)

where ut is the 4-velocity, which satisfies the condition w,u* = —1. By
assuming the matter Lagrangian density to be L, = p [9] and recalling
Eq. (2.6), we obtain the form of ©,,,

@MV = —2Tp1/ +pgm/ = - [Q(p +p)uﬂul’ +pgl“’] . (43)

In addition, the Universe being homogeneous implies that p = p(t), p = p(t),
v = ¢(t), and ¥ = (t). With these assumptions taken into account, one
obtains two independent field equations from Eq. (2.5), in particular, the
modified Friedmann equation

3 1 1V '
3H2=87rp+:ﬁ<pp>+3H¢, (4.4)

and the modified Raychaudhuri equation

_ 1V G .
of 302 = —se2 + L (p—sm+ LY 2P og® . (s
e 20 e P ®
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Furthermore, by considering the FRLW metric, Eq. (4.1), and by taking the
trace of Eq. (4.2), Egs. (2.7) become

V¢=6<H+2H2>, Vy=3p—np. (4.6)

The conservation equation can be easily obtained by multiplying Eq. (2.8)
by u” and taking into account the normalization condition for the 4-velocity,
giving

p3H (o) = {—i’ (r=5+%) —v|HG+n 45 (- ;p)]} .

(4.7)
By comparing Eq. (3.5) with Eq. (4.7) and introducing Eqgs. (4.6), we find the
particle creation rate in the scalar-tensor representation of f(R,T) gravity

_ ¥ (4 1p—p
= 8w+w<dtln7’[’+2p+p>' (4.8)

Thus, by substituting Eq. (4.8) into Eq. (3.7), we obtain the general expres-
sion for the creation pressure

p+p ¢ d Lp—p
=PTP Sy 2P
Pe=3H 8w+¢<dt AR Py

(4.9)

From Eq. (4.9), we notice that p. has a strong dependence on the scalar
field . Since ¥ mediates the gravitational interaction, as it is one of the
three fundamental fields of scalar-tensor f(R,T') gravity, but also plays an
active role in the particle production through p., we conclude that it is
indeed gravitationally-induced particle production.

4.2. De Sitter solution

To explain the late-time cosmic acceleration, an essential criterion that
scalar-tensor f(R,T) gravity must satisfy is to admit the existence of
de Sitter type solutions, which correspond to a constant Hubble function,
H = Hy = constant. We explore such solutions by firstly considering a
constant matter energy density, and then having it varying with time.
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4.2.1. Constant matter density

In order to investigate the de Sitter solution, we consider a constant
matter energy density, p = po = constant, and that matter consists of
pressureless dust, p = 0. To find the expression for the interaction potential
V(p, 1), we use the set of Egs. (4.6), which gives

V() = 12Hgp — potp + Ao, (4.10)

where Ap is a constant. Furthermore, from Eq. (4.7) it is possible to obtain
an equation for the evolution of the scalar v

Y+ 3Hoy = 247 Hy (4.11)
whose general solution is given by
P(t) = e 30t [y — 87 (1 — 01| | (4.12)

where 19 = 1(0). Following that, the modified Friedmann equation,
Eq. (4.4), serves as an evolution equation for the scalar ¢

. Ag 167pg e 3Hot

— Hop = + - , 4.13
I 0% 6Hy  3Ho  po (8™ — o) (4.13)

whose solution is
1
o(t) = o {[e"o! (12HGpo + 240 + potbo + 567po)
0
—2(Ag + 327 po) — poe 2ot (87 — o) } (4.14)

where @9 = ¢(0). Recalling that both creation rate and creation pressure
only depend on 1, we just need to plug Eq. (4.12) into their general expres-
sions, Eq. (4.8) and Eq. (4.9), respectively, in order to obtain the creation
rate that keeps the matter energy density constant

_ 3Ho(1po — 87)
8 (263H0t — 1) 1 gy

(4.15)

with matter creation being macroscopically described by the corresponding
creation pressure

B po(o — 8)
pc__87T(263H0t—1)+¢0' (4.16)
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4.2.2. Time-varying matter density

We continue exploring the de Sitter solution considering matter as pres-
sureless dust, but now for a non-constant matter energy density. We assume
the interaction potential has a form that satisfies the first of Eqs. (4.6)

Vg, ) = 12H2p ;BW , (4.17)

where [ is a constant. Using this expression for V(p,1), the second of
Egs. (4.6) yields

% =6p. (4.18)
Therefore, by substituting Eq. (4.18) into Eq. (4.17), the potential becomes
Vg, ) = 12H3p - Zp*. (4.19)

Then, it is possible to write Eq. (4.7) as a first-order non-linear differential
equation for the matter energy density p,

5 . 36H,
1+i,0 p+3Hop = — o o2, (4.20)
167 8w

whose general solution is
p(Bp + 8m)3/? = ¢ 3Ho(t—to) (4.21)

with tp being a constant of integration. By introducing Eq. (4.19) into
Eq. (4.4), and by using the result
dp _dpdp _ 3Hop[l+ (8/8)p] dp

= = — 4.22
dt  dpdt 1+ (58/16m)p dp’ (422)

Eq. (4.4) becomes

p (14 (8/8m) p] dp 5 56 ,
9H? —~ +3H 8 L2 =0. 4.23
0T T (38/16m) p dp | 0¥ TETPE P (4.23)

The general solution of Eq. (4.23) has the following form:

1 550 73 204ci Hf
= 220 (978 - 20
20 = {15053 [\3/5 < 0 Byt sw

276487/2 114
Slh L UN— 7,7;7;——5” + 1382472 4+ 64007 8p| , (4.24)
/8o 372’3 8r
74‘47‘(’
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where ¢; is a constant and 9Fi(a,b;c;z) is the hypergeometric function,

deﬁned as
& : b n n
251((1, b; C; Z) = E 7( )n( ) 72 s (4.25)

n=0
with |z| < 1. Finally, the particle creation rate can be obtained as

36 Bp _ 9HoB p[L+ (B/87) p
2p 81 + fp 2 (Bp+8m)[L+(58/16m)p]

(4.26)

Thus, the general solution of the modified Friedmann equations describing a
de Sitter-type expansion can be obtained in an exact parametric form, with
p taken as a parameter. Thus, it is possible to derive the general solution for
the generalized Friedmann equations that describe a de Sitter-type expansion
in an exact parametric form, with the matter energy density p being taken as
the parameter. Furthermore, we can study the evolution of p by considering
the limits Bp < 8 and Bp > 8r. In the first, we obtain p(t) ~ e=3Ho(t=t0),
and in the second, we obtain p(t) ~ e~ (6/5)Ho(t=t0) = Additionally, in the limit
Bp > 8, the particle creation rate becomes a constant I" ~ (9/5)Hy, while
in the limit Bp > 8, it decreases asymptotically as an exponential function
I' ~ (9H /167 )e3Ho(t=t0)

5. Summary and conclusions

In this work, we have explored gravitationally-induced particle produc-
tion in the equivalent scalar-tensor representation of f(R,T) gravity under
the formalism of irreversible thermodynamics of open systems. We have
considered a flat, homogeneous, and isotropic Universe, with matter being
described by a perfect fluid and with scalar-tensor f(R,T') gravity describ-
ing the gravitational interaction. We have obtained the principal set of
cosmological equations, in particular the modified Friedmann equation, the
modified Raychaudhuri equation, the equations of the scalar interaction po-
tential, and the conservation equation. The latter was combined with the
thermodynamic conservation equation to obtain expressions for the creation
rate and pressure. We have seen that both depend on the matter energy
density, the “normal” pressure, the Hubble function, and the scalar field .
Furthermore, we explored a particular cosmological model, the de Sitter solu-
tion, assuming matter in the form of dust, with a constant and time-varying
matter energy density. We have seen that scalar-tensor f(R,T') gravity ad-
mits a de Sitter-type solution in these two situations, indicating that it can
describe the late-time cosmic acceleration without dark energy under our
assumptions. In addition, the de Sitter solution can either describe a con-
stant matter density Universe or a Universe in which the matter density
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decreases asymptotically as an exponential function. More general partic-
ular cosmological models were explored in detail in [5]. Work concerning
the cosmological tests of f(R,T) gravity in this representation is currently
underway.
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