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1 Introduction

Finsler geometry [1-6] is a well-studied generalization of
the Riemann geometry which is constructed from the general
lineelementds = F (x!, x2, ..., x";dx!, dx?, ..., dx") =
F(x,y), where F(x,y) > 0, Vy # 0, is a function on
the tangent bundle 7' (M), and homogeneous of degree 1 in
y. In fact, however, Finsler geometry is not just an exten-
sion of Riemannian geometry, but it is Riemannian geometry
without the quadratic line element restriction [7]. If in Rie-
mannian geometry F? = g”(x)dxldxj [8], in a Finsler
geometry the differential line element ds at x in general
is a function of both x and y, and it is defined accord-
ing to vdx - dx = [gag(x, y)dxAde]l/z, respectively. In
the present paper, capital Latin indices take values in the
range (0, 1, 2, 3), while small Latin letters take values in the
range (1,2, 3). Finsler spaces have a much richer mathe-
matical structure than their Riemannian counterparts. In a
Finsler space, one can define three kinds of curvature ten-

sors (R"jw, Sﬁw, me
shows that Finsler geometry indeed has a higher degree of
complexity than Riemann geometry.

Finsler spaces have a large number of physical appli-
cations. Randers [9] unified theory of gravity and electro-
magnetism, initially constructed in the framework of five-
dimensional general relativity, proved to be an example of
a Finsler geometry, with ds = (¢ + f)du, where ¢ =
[gIK(x)y’yK]]/z, and B = b;(x)y!, where y/ = dx!/du.
Quantum mechanics in its hydrodynamical formulation can
also be interpreted in terms of Finslerian geometry [10-13].

The Einstein gravitational field equations, G, = Ry, —
(1/2)Rg,v = KZTW, where R, is the contraction of the
Riemann curvature tensor, R, = Rl"mu, R is the Ricci scalar
R = R}, T,, is the matter energy—momentum tensor, and
k% = 871G /c* is the gravitational coupling constant, are the
mathematical representation of one of the most beautiful and
successful physical theories ever proposed: general relativ-
ity. However, general relativity has recently begun to face a
number of strong theoretical challenges. The data obtained
from the observations of the type Ia supernovae in [14-20]
suggest that the universe is at present in an accelerated, de
Sitter type expansionary phase. These observations have led
to many observational and theoretical works trying to under-

), and five torsion tensors [5], which
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stand the present-day cosmological dynamics (for a review
of the cosmic acceleration problem see [21]). The Planck
satellite studies of the cosmic microwave background [22],
together with the investigations of baryon acoustic oscilla-
tions [23-25], also confirmed the accelerating expansion of
the universe. But to explain these remarkable discoveries,
we need a fundamental change in our present understand-
ing of the gravitational interaction. The simplest explanation
for the accelerated expansion is obtained by reintroducing in
the gravitational field equations the cosmological constant A
proposed by Einstein in 1917 [26] to obtain a static model
of the cosmos. The Einstein field equations together with the
cosmological constant provide very good fits to all the obser-
vational data, but with the very high price of introducing a
parameter whose physical (or geometric) nature is not (yet)
known (for detailed discussions on the cosmological constant
problem see [27-29]. Hence, in order to solve some of the
theoretical problems of cosmology without resorting to the
cosmological constant, the existence of a new essential com-
ponent of the universe, called dark energy, was postulated.
Many dark energy models have been proposed (for exten-
sive reviews see [30-35]). Perhaps the simplest dark energy
model can be constructed by using a single scalar field, ¢,
in the presence of a self-interaction potential V (¢), with the
gravitational action given by

2

M
S = / [TPR — (3)* — vwn] V—gd*x, (1

where R is the Ricci scalar, and M, denotes the Planck
mass. The dark energy models obtained in this way are called
quintessence models [36—40].

The dark matter problem represents another fundamen-
tal problem in present-day astrophysics and cosmology (see
[41-43] for detailed reviews of the recent results on the
search for dark matter, and for its properties). The pres-
ence of dark matter at galactic and extragalactic scales is
required to obtain an explanation of two basic astrophysi-
cal/astronomical observations, the behavior of the galactic
rotation curves and the virial mass problem in clusters of
galaxies, respectively. The observations of the galactic rota-
tion curves [44—47] convincingly show that neither Newto-
nian gravity nor Einstein’s general relativity can describe
galactic dynamics. To explain the properties of the galactic
rotation curves and to solve the missing mass problem in
clusters of galaxies, it is necessary to postulate the existence
of a dark (invisible) component of the universe that interacts
only gravitationally with baryonic matter, and which resides
in a spherically symmetric halo around the galaxies. Usu-
ally, dark matter is described as a cold, pressureless cosmic
fluid. Many candidates have been proposed for the dark mat-
ter particle, including weakly interacting massive particles
(WIMPs), axions, neutrinos, gravitinos, and neutralinos (for
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extensive reviews of the dark matter particle candidates see
[48-51]). Dark matter particles interact with normal baryonic
matter very weakly; however, their interaction cross sections
are expected to be nonzero. Thus, their direct experimental
detection in laboratory experiments may be possible.

Therefore, in the present-day view of the cosmological
evolution, the local dynamics and the global expansion of
the universe are dominated by two major components, dark
energy and cold dark matter, respectively, with baryonic
matter playing an insignificant role in late-time cosmolog-
ical evolution. The simplest theoretical model which can
fully explain the late-time accelerating de Sitter expansion
is obtained by reintroducing in the Einstein gravitational
field equations the cosmological constant A. The A exten-
sion of the Einstein gravitational field equations represents
the theoretical foundation of the currently dominant standard
cosmological paradigm, the A cold dark matter (ACDM)
model, with cold dark matter also playing a fundamental
role. Despite its theoretical simplicity, the ACDM model fits
the cosmological observations very well [52-55].

However, apart from its theoretical and fundamental
aspects, the ACDM model is also confronted with some inter-
esting (and as yet unsolved) observational problems. The
most important of these problems is the “Hubble tension,”
which originated from the important differences obtained
between the numerical values of the Hubble constant, Hy,
as determined by the Planck satellite from the measurements
of the cosmic microwave background (CMB) [55], and the
values measured directly by using cosmological and astro-
physical observations in the local universe [56—58]. To illus-
trate the differences, the SHOES determinations of Hy give
the value Hy = 74.03 & 1.42 km/s/Mpc [56], while the anal-
ysis of the CMB, originating in the early universe, gives, via
the Planck satellite data, Hy = 67.4 0.5 km/s/Mpc [54], a
value differing from the SHOES result by ~ 5o.

Hence, the search for alternative explanations for the cos-
mological dynamics and the nature of the two mysterious
major components of the universe is a critical task for present-
day theoretical physics. One of the attractive possibilities for
solving the gravitational puzzles is to go beyond the frame-
work of the Riemannian geometry on which general relativ-
ity is constructed, and look for more general geometries that
could describe the intricate nature of the gravitational phe-
nomena. In this direction, one very promising candidate is
Finsler geometry.

Horvath [59] and Horvath and Modr [60] were the first
to attempt to formulate a relativistic theory of gravitation
by using Finsler geometry, with their work later extended
in [61] and [62], respectively. The physical and cosmologi-
cal implications of the Finsler geometry have been investi-
gated from different points of view in [63—100]. In particular,
in [100], the cosmological evolution in an osculating point
Barthel-Randers type geometry was considered. In this type

of geometry, each point of the spacetime manifold is asso-
ciated with an arbitrary point vector field. For the Barthel—
Randers geometry, the connection is given by the Levi—Civita
connection of the associated osculating Riemann metric. This
Finsler type geometry is assumed to describe the physical
properties of the gravitational field via the standard Einstein
equations, as well as the cosmological dynamics. The gener-
alized Friedmann equations in the Barthel-Randers geometry
were obtained by considering that the background Rieman-
nian metric in the Randers line element is of Friedmann—
Lemaitre—Robertson—Walker type. The matter energy bal-
ance equation was obtained, and it was investigated from
the perspective of the thermodynamics of irreversible pro-
cesses in the presence of particle creation. The cosmological
properties of the Barthel-Randers model were investigated
in detail, and it was shown that the model permits a de Sitter
type solution, and that an effective cosmological constant can
also be generated. Several exact cosmological solutions were
also obtained, and a comparison of three specific models with
the observational data and with the standard ACDM model
was performed by fitting the observed values of the Hubble
parameter. It turns out that the Barthel-Randers models give
a satisfactory description of the observations.

Alternative mathematical formulations within a Finsler
geometric framework are also possible. For example, in [91]
the cosmological implications of scalar—tensor theories that
are effectively obtained from the Lorentz fiber bundle of a
Finsler-like geometry were investigated. In this approach, it
is assumed that in the Finsler space one can define a nonlin-
ear connection with local components N (x”, ¢#)), where
(x”, ¢(ﬁ)) are the local coordinates, with x*, v = 0,...3,
the coordinates on the local manifold, and (;5(/3), B =1,2the
coordinates on the fiber. The nonlinear connection uniquely
splits the total space T E into a horizontal distribution H E
and a vertical distribution VE,sothat TE = HE & ®V E.
The metric tensor can then be constructed as

G = guv(0)dx @ dx¥ 4 vy () (180 @ 59, )

where for g,, a Lorentzian signature (—,+,+,+) was
adopted, with the fiber variables ¢® playing the role of inter-
nal variables. The gravitational field equations are obtained
from a variational principle, with the action constructed as
S = (1/167G) [ V/IGILgdx"™V), where dxV) = d*x A
dp™M A dp®. For the Lagrangian density, two forms were
considered, the first being L = R — V(¢)/¢, where
R=R- 200 /0 + 8M¢8“¢/2¢2 is the curvature for the case
of a holonomic basis, and V (¢) is the scalar field potential. A
second possible choice considered in [91]is Lg = R, where
R is the curvature of a non-holonomic basis. Matter can also
be added to the gravitational action, and thus the total action
becomes

@ Springer
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§— 1
T 167G

J\det glpLgdx™) +/\/|detg|¢Lde(N),
(3)

where L)y is the matter Lagrangian. By using both choices
of action, the cosmological implications of the model were
investigated, and it was shown that an effective dark energy
sector does appear from the geometric structure of the Finsler
model. Moreover, an explicit interaction between the matter
and dark energy sectors is generated. As applied to the cos-
mological evolution of the universe, it was shown that one
can obtain a sequence of successive matter- and dark energy-
dominated epochs, with the parameter of the equation of state
of the dark energy being quintessence-like, phantom-like, or
experiencing the phantom-divide crossing. An exponential
de Sitter solution can also be obtained.

A generalized scalar—tensor theory obtained from vec-
tor bundle constructions was considered in [98], where its
kinematic, dynamical, and cosmological consequences were
studied. The theory is characterized by a mathematical struc-
ture constructed over a pseudo-Riemannian spacetime base
manifold, together with a fiber structure with two scalar
fields. Hence, one obtains a six-dimensional vector bun-
dle endowed with a nonlinear connection as the geomet-
ric arena for the description of the gravitational interaction.
The geodesics and the Raychaudhuri and field equations are
obtained using both the Palatini and the metric approach. For
the cosmological metric, we adopt the expression [98]

G = —dt®dt+a2(t)(dx®dx+dy®dy+dz®dz>

+1) (56 @60V + 002 @ 592)). )
and the corresponding Friedmann equations become [98]
3H? = 87G (pm + pefr) (5)
2H = —87G (pm + peff + Pm + Peff) (6)
where
I é
=—|-Wy—— —-3H|[ - -W. , 7
Peff 87G o)+ 4 <¢ + (7N
and
_ ! _(W Y — Wy —2HW. ¢
peff—gn_G_ + + + 492
1 . .
+%(4H¢—3W+¢+¢)}, (3)

respectively, where W is the contribution coming from the
non-diagonal components of the field equations. Hence, the
Finsler geometric structure generates extra terms in the mod-
ified Friedmann equations corresponding to an effective dark
energy sector, also leading to an interaction of the dark mat-

@ Springer

ter sector with the metric. The parameter of the dark energy
equation of state can take values in either the quintessence
or the phantom regime, or that indicate the phantom-divide
crossing.

It is the goal of the present paper to extend the investiga-
tions of the cosmological properties of the Finsler spaces, as
initiated in [100], by considering a systematic investigation of
another Finsler type geometry which is based on the Kropina
metric [101,102], a particular class of the general («, §) met-
rics with F = «?/B. The Randers metric also belongs to
the class of («, B) metrics. We assume that the true descrip-
tion of the gravitational interaction can be accomplished by
using the mathematical properties of the Kropina spaces in a
mathematical framework introduced by Barthel [103,104], in
which one can consider a Finsler space as an n-dimensional
point space which is locally Minkowskian (a space that is
flat, homogeneous, and anisotropic) but, in general, is not
locally Euclidean. Note that a general Finsler space is both
inhomogeneous and anisotropic.

The starting point of the theory of the gravitational inter-
action based on the point Finsler spaces is the assumption
that the gravitational field can be represented by a Rieman-
nian metric g(x), satisfying the Einstein gravitational field
equations. The next step in the construction of a Finsler type
gravitational theory is the non-localization (anisotropiza-
tion) of the background geometry, by attaching to each point
X = (xl), I = 0,1,2,3, an internal variable y = (yj),
J = 0,1,2,3. Under the assumption that y is a vector,
the nonlocal gravitational field can be described by using
a Finsler type geometry F* or, alternatively, by the geometry
of a general vector bundle. In nonlocal Finslerian geometry,
the metric tensor depends on both the local coordinates x
and the vector y, so that ¢ = g(x, y).

However, for many realistic physical processes, one can
assume that the variable y is a function of the position
y = Y(x). Thus, the Finslerian metric becomes g =
g (x, Y(x))). Hence, in this particular type of physical model,
the Finslerian metric tensor gb is a function only of x.
In this way, we define a manifold called the osculating
Finsler manifold. The geometric properties of the osculat-
ing Finsler space are described by using the Barthel con-
nection [103,104]. In the case of the Kropina geometry (as
well as in all («, B) geometries) we have the remarkable
result that the Barthel connection is the Levi—Civita con-
nection of the Riemannian metric g(x, y(x)). In the present
work we systematically and rigorously investigate the cos-
mological implications of the Barthel-Kropina geometry by
adopting for the background Riemann metric the Friedmann—
Lemaitre—Robertson—Walker (FLRW) form. In the Barthel—
Kropina-FLRW geometry we obtain the generalized Fried-
mann equations of the model. The properties of the cos-
mological equations are investigated in detail, and several
evolutionary scenarios are constructed, describing different
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types of dynamics. The model admits a de Sitter type solu-
tion, describing an accelerating universe but in the pres-
ence of nonzero matter density. Different cosmological solu-
tions corresponding to particular choices of the coefficients
of the one-form B are also considered, and their behavior
is compared with the observational data as well as with
the predictions of the standard ACDM model. An effective
dark energy model can also be generated from the gener-
alized Friedmann equations, and its properties are analyzed
in detail. Decelerating solutions can also be obtained, and
they may provide, for example, alternative descriptions to the
radiation-dominated phase of standard cosmology. The over-
all comparison of the considered models with the observa-
tional data indicates that they provide a satisfactory descrip-
tion of the cosmological dynamics, at least on a qualitative
level.

The present paper is organized as follows. In Sect. 2,
we review the necessary elements and definitions of the
Finsler geometry and point and osculating Finsler spaces.
The Barthel connection is also introduced in an intuitive
way. General definitions of the curvature tensors are also pre-
sented, and the specific form of the Einstein gravitational field
equations is postulated. The cosmological framework involv-
ing the definitions of the Riemann metric, the one-form S,
and the thermodynamic parameters is constructed in Sect. 3.
The Finslerian metric tensor coefficients, the Christoffel sym-
bols, and the curvature tensors are obtained for the considered
geometry. Based on this, geometric results are derived for
the generalized Friedmann equations describing the cosmo-
logical evolution in the Barthel-Kropina-FLRW geometry.
Particular cosmological models are considered in Sect. 4.
It is shown that the model admits a de Sitter type solu-
tion, in the presence of a nonzero matter density. Cosmo-
logical models corresponding to two specific choices of the
function 7, giving the only nonzero coefficient of the one-
form B, are considered in detail. The predictions of the
model with a specific dependence on the Hubble function
of B are compared with observational data and the stan-
dard ACDM model. The possibility of obtaining an effec-
tive dark energy model equivalent to a time-varying cos-
mological constant is analyzed in Sect. 5. We discuss our
results and presents conclusions in Sect. 6. The calculations
of all the geometric quantities are presented in five appen-
dices. In Appendix A, the details of the computation of the
Finsler metric tensor are explicitly shown. The expressions
of the Christoffel symbols in the Barthel-Kropina-FLRW
geometry are derived in Appendix B. The components of the
Ricci tensors are obtained in Appendix C. The Ricci scalar
is computed in Appendix D. Finally, the explicit compu-
tations leading to the Einstein gravitational field equations
and to the generalized Friedmann equations are presented in
Appendix E.

2 A brief review of the Finsler, («, ), and
Barthel-Kropina geometries

In the present section we will briefly introduce the basics of
the Finsler geometry, the (o, 8)-metrics, the Barthel connec-
tion, and the Barthel-Kropina geometry.

It is important to emphasize that Finsler geometry already
appears in classical Newtonian mechanics when dissipative
effects are present. If the equations of motion of a dynamical
system, defined on an n-dimensional differentiable manifold
M, can be obtained from a regular Lagrangian L via the
Euler-Lagrange equations, given by

d oL oL i
Ea_yi_ﬁzF"’le{l’z""’”}’ ©))
where F; are the external forces, the above Euler-Lagrange
equations are equivalent to a system of second-order differ-
ential equations of the form

d2x! Y
—+2G’(xf,y/,t>:O,ie{l,2,...,n}, (10)
dr?
where each function G’ (xf v, t) is C* in Q in the neigh-
borhood of some initial conditions ((x)o, o t()). Equa-
tion (10) can naturally be interpreted as describing geodesic
motion in a Finsler space.

2.1 Finsler geometry and particular Finsler spaces

A basic assumption of the present-day theoretical physics
is that space and time are unified in a single structure (the
spacetime) that can be described mathematically as a four-
dimensional differentiable manifold M, endowed with a
pseudo-Riemannian metric tensor g7, where I, J, K ... =
0, 1,2, 3. On the world line of a standard clock, the space-
time interval between two events x! and x! + dx! is
given, according to the chronological hypothesis, by ds =
(g”dx’dxj)l/2 [105,106]. But from a mathematical point
of view, one can go beyond the Riemannian mathematical
structures of the spacetime manifold. One of the most impor-
tant metric extensions of the Riemann geometry is the geom-
etry introduced by Finsler [1-6].

From a general mathematical point of view, Finsler spaces
are metric spaces in which the interval ds between two nearby
points x = (x!) and x 4+ dx = (x + dx!) is given by

d§ = F (x,dx), (11)

where F, the Finsler metric function, is positively homoge-
neous of degree 1 in dx, and thus has the property

F (x,Adx) = AF (x,dx). (12)

To permit the use of local coordinates in mathematical
computations, the Finsler metric function F is usually written
in terms of the canonical coordinates of the tangent bundle

@ Springer
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0
(x,y) = (xl, yl), where y = yIF is any tangent vector
X

y at x. Then the Finsler metric tensor g;, is defined as

19%2F2 (x,y)

1o7F %, y) 13
2 oaylay’ (13)

g1y (x,y) =

thus allowing us to write Eq. (11) as d§% = g7 (x, y) y'y’.
Riemann spaces are particular cases of Finsler spaces, cor-
responding to g7 (x,y) = g7y (x), y! = dx!, and ds? =
grJ (x)dxTdx”, respectively.

Another important geometric quantity, the Cartan tensor
¢ (x, y), is defined according to

10817 (x,y)

Crix = 14
K =375k (14)

2.1.1 Randers, Kropina and general («, B) metrics

The Randers space, which has many applications in physics,
is a special kind of Finsler space [9], with the Finsler metric
function given by

1/2
F= [g”(x)dx’dxf] + A dx! = a+ B, (15)
where g;7(x) is the fundamental tensor (metric) of a Rie-
mannian space, and A ;(x)dx! is a linear one-form on the
tangent bundle 7M. Kropina [101,102] considered Finsler
spaces with metrics given by

1.,J
Fr,y) = SO0 (16)
1(x)y

These early results were generalized by Matsumoto [107,
108], who introduced the notion of the («, B) metrics. A
Finsler metric function F(x, y) is called an (¢, 8) metric
when F is a positively homogeneous function F (e, ) of the
first degree in two variables « (x, y) = [g”(x)dxldxj]l/2
and B (x, y) = A;(x)y!, respectively.

In the following we will assume that « is a Riemannian
metric; that is, it has the basic properties of being non-
degenerate (regular) and positive-definite. The Randers and
the Kropina metrics belong to the class of («, 8) metrics,
with F = o + B for the case of the Randers metric and

F = < for the case of the Kropina metric. Moreover, we

can introduce general (o, §) metrics having the form
—wo(B) =

Fla,p) =a¢p 5 ) =« OR A7)

where s = B/«, and ¢ = ¢ (s) is a C* positive function on
an open interval (—b,, b,).

@ Springer

Denoting L = F?/2, we obtain for the fundamental met-
ric tensor of the («, B) space the expression

~ L L L
gry(x,y) = Eahu + ﬁy:yj + 70;/3 1Ay +y5ArD)

+LpgArAy, (18)
where

9*a(x, y) YIYi
hiy=a—222 = gy, — 22 19
=0 T T8 T (19)

and the indices «, B of L indicate partial differentiation with
respect to o and S. Alternatively, one can compute the com-
ponents of the Finslerian metric tensor by using the formula
obtained in [109]. Let o = /egrs(x)yly’, B = A;(x)y!,
where € = £1, and F is given by Eq. (17). Then the Hessian
g can be obtained as

8ry =€pgrs + pobrby + p1 (bray + byap) —spragoy,  (20)
where o := oy and

p=¢"— s, 1)
po =" +¢'¢, (22)
p1 = —s(gp¢" +¢'¢) + ¢pg’. (23)

2.2 The Barthel connection and the osculating Finsler
spaces

In the following we will briefly review the fundamental math-
ematical concepts on which the gravitational applications of
the Kropina geometries are based, namely, the Barthel con-
nection and the osculation of Finsler spaces.

2.2.1 The Barthel connection

Let us now assume that (M, F) is a Finsler space and Y (x) #
0 is a vector field defined on M. We can now introduce a
specific structure (M", F(x, y), Y (x)) representing a Finsler
space (M", F(x, y)) having a tangent vector field Y (x). If
Y is nowhere vanishing, the Finslerian metric g(x, y) gives
rise to the Y -Riemann metric gy (x) = g(x, Y).

An important class of Finsler spaces is the point Finsler
spaces. Based on the definition introduced by Barthel [103,
104], we consider in the following a Finsler space as an n-
dimensional point space, which is locally Minkowskian and,
in general, not locally Euclidean. A general Finsler space
is both inhomogeneous and anisotropic, while a Minkowski
space is flat and homogeneous, but anisotropic. Accordingly,
we shall call the Finsler n-space a Barthel-Finsler space or,
for short, a point Finsler space.

Given a point vector field Y/ (x) and a Finsler metric ten-
sor g(x, y), one can construct the absolute differential of Y
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according to the definition [110]
DY' =dy! + vKpk, (x, v)dx, (24)

where b% y(x,Y) are the Barthel connection coefficients.
The Barthel connection coefficients are constructed with the
help of the generalized Christoffel symbols y 7, defined as

. 1 (08s1 98 98Hy

= - —_ 5 25
YIHH =5 <3xH + dx’ ox! (25)
by writing the expressions in the second term of Eq. (24) as
V¥l =YX (7 — 955 Ch) 26)
and defining the Barthel connection as [110]
bin =Pk — PEsY Chy. (27)

The Barthel connection depends on the field to which it is
applied, leading to a situation that is very different from the
properties of the connection in Riemannian geometry. For
anisotropic metrics, all properties can depend on the direc-
tion, and in the case of the Barthel connection, the depen-
dence is only on the direction of the field, and not on its
magnitude. The Barthel connection is the simplest one that
preserves the metric function by the parallel transport. More-
over, for Finsler vector fields, depending on both x and y, it
allows a natural passage to the standard Cartan geometry of
Finsler spaces. Therefore, we can consider the Barthel con-
nection as the connection of a point Finsler space.

From the general theory of the Finsler connections [5,6] it
follows that these connections, unlike the usual Levi—Civita
connection of a Riemannian metric, or more general affine
connections, do not live on the base manifold M but on the
total space of the tangent bundle. This essential difference
sometimes induces major dissimilarities in the geometric the-
ory of Riemannian and Finsler manifolds.

To fill in this gap, one of the possibilities is to evaluate the
Finsler connections on a nowhere-vanishing tangent vector
field (x, Y (x)), provided the topology of the base manifold
M allows the existence of such vector fields. By evaluat-
ing the fundamental tensor g;;(x, y) of (M, F) at (x, Y (x)),
one obtains a Riemannian metric gy on M, with its own
Levi—Civita connection. Likewise, by evaluating the Cartan
connection of (M, F) at (x, Y (x)) one obtains an affine con-
nection on M, in general different from the Levi—Civita con-
nection of gy, which is the Barthel connection already intro-
duced above. Barthel himself arrived at this connection when
studying the parallel transport on M.

2.2.2 The osculating Riemannian metric
In this subsection we will introduce the osculating Rieman-

nian metric associated with a Finsler metric (M, F). The con-
cept of osculating Riemannian spaces of Finsler spaces was

introduced by Nazim [111], and it was later studied exten-
sively in [112]. In simple terms, the osculation means that a
rather complicated structure (Finsler geometry, Finsler con-
nection) has an associated simpler structure (a Riemannian
metric, an affine, or linear connection), with the simpler struc-
ture assumed to approximate the former in some sense. Based
on this link, one can obtain results on the more complicated
structure.

If we fix such a local section Y of my; : TM — M, all
geometric objects defined on the manifold 7 M can be pulled
back to M. Since g7 o Y is a function on U, we can define

gri(x) :=grs(x, Yly=yx), xe€U. (28)

The pair (U, g;7) is a Riemannian manifold, while g7 7 (x)
is called the Y -osculating Riemannian metric associated with
(M, F).

For the osculating Riemannian metric (28), the Christoffel
symbols of the first kind are defined according to

. 1 a . 0 .
Viik (x) = 3 (87 [8rk (x. Y (x)] + 72K [817(x. Y (x))]

ax!

0
—— &k (x, Y(x))]) .

By using the derivative law of composed functions we
obtain

Virk(x) = Pk (x, )’)|y:Y(x)

(e aYL+é YL ¢ ayL
IJLaxK IKLaxj JKL

y=Y(x)

(29)

In the case of a general (o, 8) metric for the Cartan tensor,
we obtain

. Lag
2Crjk = o (hrypx +hykpr+hkipy)
+Lpppp1PIPK> (30)

respectively, where we have denoted

B
yi =gy, pr=A4r— 200 3D

Hence, if Y is a nonvanishing global section of T M, so
that Y (x) # 0,Vx € M, one can always define the osculating
Riemannian manifold (M, &;;).

In the case of an («, B) metric, let us consider the vector
field Y = A, where Al = g/ A;. Since the vector field A
is globally nonvanishing on M, it follows that § has no zero
points. Hence, we can introduce the A-osculating Rieman-
nian manifold (M, g1), where 815 (x) := g77(x, A).

Let a be the length of A with respect to «. Hence,

a?=A1A  =a® (x, A), Y (x, A) = A;. (32)
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Therefore, the A-osculating Riemannian metric becomes

. Lg
g1y (x) = — 81y
LyzA(X) L L (33)
; (%uz i +Lﬂﬁ—~—g) ArAy.
a @ @ Jly=Aw)
Moreover, we have
B (x,A) =a*, p (x, A) =0, (34)

and consequently from Eq. (30) we obtain the important
result that C;yx (x, A) = 0. On other hand, for ¥ = A,
we obtain

Viik(x) = Pk (x, )’)|y:A(x)- (35)

Hence, for a Finsler space with («, §)-metric the linear
A-connection with A" = (g'7 A ) (the Barthel connection),
is the Levi—Civita connection of the A-Riemannian metric.

2.3 The curvature tensor and its contractions

The curvature tensor of an affine connection with local coef-
ficients ("4 (x)) is given by

ara,

A
RA e
BCD = 3¢

axD

+T5pl5c —T5clEp.  (36)

The Barthel connection with local coefficients (bgc(x))
is an affine connection, and hence its curvature tensor must
be given by the above formula, with (Fgc (x)) = (bgc(x)).
As we have already mentioned, in the case of the Kropina
metric F = o2/, the Barthel connection coincides with the
Levi—Civita connection of the osculating metric g¢4p(x) =
gap (x, A(x)), where Aj(x) are the components of 8, and
gap 1s the fundamental tensor of F. Hence, since bgc =
)?é“c, where )?g‘c are the Levi—Civita coefficients, we obtain
for the curvature tensors the expressions

5A Whp  Vhe | ok ~A  sE sa
Rpep = 9xC  axD +YgpYEC — YBCVED: (37)
and
R aj’/‘A a];A . A . .
Rpp = Z |: afAD N 3XBL? + Z (Vlnyl?A - VlfAVI?D) )
A E
(38)

respectively, where A, B, C, D, E € {0, 1, 2, 3}. For further
details on the definitions of the affine connections and the
curvature tensors, see [100] and references therein.

The contractions of the curvature tensor lead to the gen-

eralized Ricci tensor and Ricci scalar, respectively given by
Rpp = Rgsp. RE =85 Rep. (39

and

@ Springer

R =R, (40)

respectively.

3 Cosmological evolution in Barthel-Kropina geometry

In the present section, we will consider the general frame-
work of the cosmological evolution in a Barthel-Kropina
type geometry. We will begin by formulating a theoretical
framework for the geometric and physical quantities of our
model, in which the geometric and physical quantities are
defined. As a next step, we will consider the computation
of the geometric quantities (metric, Christoffel symbols and
curvatures) in the adopted geometry. Finally, the generalized
Friedmann equations describing the cosmological evolution
are obtained.

3.1 Metric and thermodynamic quantities

In order to systematically construct the cosmology of the
Barthel-Kropina geometry, and to facilitate the physical
interpretation of the results, we adopt the following assump-
tions.

The Riemannian metric grj(x) in o is given by the
Friedmann—Lemaitre—Robertson—Walker (FLRW) metric,

o = o) - () [0 + (0 0]

where we have adopted a coordinate system with (x° = ¢r,
xl = x,x2 = y,x3 = z),and a (xo) is the cosmological
scale factor. The FLRW metric describes a homogeneous
and isotropic universe, in which the cosmological time ¢ is
flowing uniformly.

The Barthel-Kropina metric components are functions of x°
only. We adopt the cosmological principle, which requires
that the global and large-scale physical and geometric prop-
erties of the universe depend on the cosmological time only.
The cosmological principle requires that the components of
the vector A in the one-form g are functions of the cosmo-
logical time only, A; = A (x0).

The space-like components of A vanish. The cosmological
principle, together with the diagonal nature of the FLRW met-
ric, imposes another mathematical condition on the one-form
B. More exactly, we require that the space-like components
of A vanish so that A; = A, = A3 = 0. If this condition
were not satisfied, we could perform a spatial rotation, thus
obtaining a preferred direction, for example, in the x coordi-
nates. But such a cosmological model would contradict the
observationally well-confirmed, large-scale spatial isotropy
of the universe. Therefore, we assume that the vector A has
only one time-like independent component, A (xo). Hence,
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we represent the one-form field g as

(A)) = (a (xo) 7 (xo) 0,0, 0) - (A’) : (42)

where 1 (xo) is an arbitrary function of time to be determined
from the gravitational field equations.

A frame comoving with matter does exist. Similarly to the
standard general relativistic case and its Riemannian geom-
etry, we assume that in the Barthel-Kropina geometry one
can introduce a comoving frame, in which the motion of all
observers take place with the Hubble flow, defined by the
Riemannian metric gjs(x).

Thermodynamic properties. We assume that the thermody-
namic properties of the cosmological matter can be described
by two physical quantities only, the energy density pc* and
the thermodynamic pressure p, respectively, defined in the
standard way. From assumptions ¢ and d it follows that
the only nonvamshlng Components of the matter energy—
momentum tensor TA B are T0 = ,oc Too = 200 To and
Tkk =—p, T,, = g,kTi , respectively.

The gravitational field equations We postulate that the Ein-
stein gravitational field equations can be formulated in a
Barthel-Kropina geometry as

R 1. . .
Rpp — EgBDR = i>Tpp, 43)

where k2 = 87 G / c* is a constant, and G and c are the New-
tonian gravitational constant and the speed of light, respec-
tively. Tgp is the matter energy—momentum tensor, con-
structed with the help of the usual thermodynamic quanti-
ties as defined in the standard Riemann geometry, and of the
Finslerian metric tensor ggp.

In the present investigation, we have adopted for the Ein-
stein equations (43) the simplest possible mathematical form,
guided by the analogy with standard general relativity. More-
over, the adopted field equations have a well-defined Rie-
mannian limit, corresponding to the case g(x, y) — g(x),
when we directly recover standard general relativity, without
the cosmological constant term. There are many extensions
of general relativity, and other forms of the field equations,
inspired by these extensions, are also possible. For example,
in the f(R) modified gravity theory, introduced in [113],
the gravitational Lagrangian is an arbitrary function of the
Ricci scalar R. One could assume in the framework of a
Finsler variational principle that the field equations follow
from a Finsler type Lagrangian of the form f (ﬁ) Alter-
natively, one could construct the field equations in a less
rigorous approach directly by substituting in the standard
general relativistic equations the Riemannian quantities with
their Finslerian counterparts. Modified gravity theories with
curvature—matter coupling [114-116] could also be extended
to a Finslerian geometric framework. Riemannian geometries

with torsion [117,118] or non-metricity [119-121] can also
represent a source of inspiration for obtaining their Finslerian
analogues.

Hence, based on the above assumptions, the metric prop-
erties of Barthel-Kropina-FLRW model are given by

(i) e=1

(i) (Ap) = (a (x%)n (x°),0,0,0) = (A);
1 0 0 0

0 —a?@x° 0 0

G =g 0" _owy o |
0 0 0 —a?(x9)

(iv) aly=aw) = a(x")n(0);

V) Bly=ac) = la(xO)n ()%

3.2 Geometric quantities in Barthel-Kropina-FLRW
geometry

As a first step in constructing a geometric theory in the
Barthel-Kropina geometry, we need to obtain the compo-
nents of the Finslerian metric tensor (the Hessian), which are
given by (for the full computational details see Appendix A)

AjAy
(26g1] o2 ) . (44)

Next, we need to obtain the Barthel-Kropina-FLRW
Finsler metric, using the geometric properties introduced in
the previous section. We immediately obtain

gry(x, A) =

1 A2 1 (an)?
600 = — | 2200 — 2 ) = — |2 - 22
800 o2 ( 800 a2> 2 [ an)?
1
= a2 (45)
Fori, j € {1, 2,3} we find
. 1 AiA;j 1 A?
8ij =3\ 28— =7 ) = 7 \28i — 7| %
1 2
~ a2 [2( a )] 8ij = _F‘Sij‘ (46)

Hence, we obtain the nonvanishing components of the
Barthel-Kropina-FLRW metric tensor g7 as given by

R 1
800 = 55 o>
A a?(x0)n?(x%)
817 = 2
0;i = ——08;i,0, ] =1,2,3.
gl_} ]72()(,'0) L] i .]
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The inverse components of the Barthel-Kropina-FLRW
metric tensor g;; can be obtained as

a’n? 0 0 0

2
o - o 0
~lJ — 2 2
0 o - 9
2 -
o o o -L
2

For the Christoffel symbols associated with the Barthel—-
Kropina-FLRW metric, we obtain (the detailed calculations
are presented in Appendix B)

2./ ’
~0 (mMH+n) o —2aTn o i
‘}/ :——’)/:——8’)/ .:——8.7
00 n ij n 1> 70j n J

where H = %
The nonvanishing components of the Ricci tensor are
given by (see Appendix C for the calculational details)

. 3

Roo = o) [nn” +nn'H — (n/)z] , (47)
and

A 2a?

Rij = r (3(77’)2 + 0" + nn’H) 8ij, (48)

respectively. For the Ricci scalar R= gl Ry we find (see
Appendix D)

R =6a>(nm" + Hnn' —2(1)). (49)

Finally, we obtain the Einstein tensor components

. . 1A
Grg=Ryj— SR8,

as

- s Lo 30)?

Goo = Roo — 5Rg00 = —5— (50

2 n

and

. A

Gij = Rij — S R8ij
_ 2% 3(1)2 + 200" + 2Hny' | 8 51
—?—n)+nn+ n| dij, (Sh

respectively. For the explicit calculations of these compo-
nents see Appendix E.

3.3 The generalized Friedmann equations

Once the geometric quantities in the Barthel-Kropina-FLRW
geometry are known, we can write the full set of Einstein
gravitational field equations relating geometry and matter. By
taking into account our assumptions about the physical nature
of the cosmological quantities, the Einstein field equations

@ Springer

Goo = (8wG/c*) goop and Gii=— (8wG/c*) giip lead to
the system of the generalized Friedmann equations, given by

3)?  8nG 1

, 52
7 2 a2’ 52)
and

dqnG
@[3 +2mn" +2Hn' | = = p. (53)

respectively. By replacing the term —3 (' )2 with the help of
Eq. (52), Eq. (53) takes the alternative form

d 87G
25 (n'a) = :—4 (p62 n p) . (54)

3.4 General relativistic limit and the energy balance
equation

A first interesting property of the cosmological equations of
the Barthel-Kropina-FLRW model is that in the limit n —
+1/a,8 = (1,0,0,0), the generalized Friedmann Egs. (52)
and (53) do reduce to the standard Friedmann equations of
general relativity,

3@)? 871G

2 - a2 (55)
.. /2 8 G

4l G (56)
a a? 4

aresult whichis easy to check. From the Friedmann equations
of standard general relativistic cosmology, it follows that the
matter energy density p satisfies the conservation equation

,0'+3H(,0+C£2>=0, (57)

where the dot denotes the derivative with respect to the time,
and H = c’H. For p = 0, the conservation equation can be
immediately integrated to give

P
p= a—‘; = po(1 +2)°, (58)

where pg = pop + popm is the present-day matter density
of the universe, with pop and pop s denoting the present-day
density of the baryonic and dark matter, respectively, and we
have introduced the redshift variable, defined as 1/z = 1+a.
We now introduce the generalized matter density parameter
Q. defined as

1

Qm:ﬁ:_3:(1+z)3. (59)
po a

By considering a three-component universe filled with

ordinary matter, dark matter, and dark energy, respectively,

in the standard ACDM model, the Hubble function is given

by

Q(Cr)
H = Ho\| ~5~ + Q= HO\/Q,Si’)(l +234+ Q4. (60)
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where Q4" = @\ + Q' and @ = pp/per, Qo =
ppm/Per and Q25 = A/pq denote the density parameters
of the baryonic matter, dark matter, and dark energy, respec-
tively. Here, p., denotes the critical density of the universe,
defined as p.,, = 3H§ /8w G. An important observational
parameter, the deceleration parameter is defined as

_d

=———1. 61
1= T H (61)

In the ACDM model, the deceleration parameter is
obtained as
3(142)3Qn

= — 1. 62
19 = 3 an+ (4 090] ©

To compare the predictions of the Barthel-Kropina-
FLRW cosmological model with observations and with the
ACDM model, we adopt for the matter and dark energy den-
sity parameters the values Qpjy = 0.2589, @, = 0.0486,
and Q5 = 0.6911, respectively [22]. Then, for the total
matter density parameter 2,, = Qpy + Qp, we obtain
Q= 0.3089. The present-day value of the deceleration
parameter has the value ¢(0) = —0.5381, indicating that at
present the universe is in an accelerating phase.

3.4.1 The Riemannian limit of the Kropina metric

We now consider the limiting case of the Finsler metric. Since
in the case of the considered Kropina metric, F = «? /8, with
o = gry(x)dy’dy/ and B = A;dy’, the standard gen-
eral relativistic Riemann geometry is recovered in the limit
B — «, which gives limg_,o F gr7(x)ylyl. The
condition o = B gives immediately g;; vy’ = A;A vy,
or limy_, g g17 = ArAy. This means that the limiting Rie-
mann metric g7y is actually an inner product, and hence
it becomes a degenerate Riemann metric in the sense that
det |g;s| = 0; that is, rankg;y = n — 1.

Equivalently, by taking the limit 8 — « in Eq. (A1), giv-
ing the metric tensor of the Barthel-Kropina geometry, one
can show that limg_, g1y = g1 = AjAy. The fact that in
the Riemannian limit the Kropina metric leads to a degener-
ate Riemann metric should not come as a surprise. Indeed,
the original Kropina metric is degenerate at the origin of
T, M, and by taking the limit 8 — «, we obtain a degenerate
Riemann metric.

This also means that in this limit, the Kropina indicatrix
degenerates into the Riemannian unit circle of the degener-
ate metric g7;. Since limg_, g(x, y) = gry(x), under the
same limit the Y -osculating metric g (x, Y (x)) = g(x) tends
to g77(x), which is degenerate, as already explained. More-
over, letus observe that the condition g;; — Aj Ay isincom-
patible with the choice g;; = diag (1, —a?, —a?, —a?) and
b; = (by, 0,0, 0), respectively, except for the case az =0,
which is obviously meaningless in the present context.

=0 =

3.4.2 The energy balance equation

We now multiply Eq. (52) by a>, and take the derivative of
the resulting relation with respect to x°. Thus, we obtain
871G d 2

2 a0 (,oa3> = 15a*d’ (n)" +6a’n'n". (63)
After multiplying Eq. (53) by 3a%a’, we obtain

877G d
& Py

a® = —9a*a’ (17/)2 + 6a*a' ny” + 6a*a Hnn' .
(64)

C

By adding Egs. (63) and (64), we obtain the energy balance
equation in the Barthel-Kropina-FLRW cosmological model
as
= [@ (,oc a )~|—p@a = 6a [H(n)

+(n' +Hn)n" + Hznn/]. (65)

The energy balance equation can be reformulated, using
the generalized Friedmann equations, as
8nG [ d 2 3 d ;5
= [@ (o) + pga
81 G (5

H
= 6a’ [F (§,oc2 + p) ot n/n”] . (66)

4 Particular cosmological models

In the present section, we will investigate the cosmological
implications of the generalized Friedmann equations (52) and
(53) obtained within the framework of the Barthel-Kropina-
FLRW geometry.

4.1 The de Sitter solution

The de Sitter solution corresponds to an exponential expan-
sion in the Riemann geometric framework, with a (xo) =

0
eMox” where Ho = H = constant. The system of the gener-

alized Friedmann equations does not admit an explicit vac-
uum solution, since p = p = Oimpliesn’ = 0,1 = constant,
and the second Friedmann equation (53) is automatically sat-
isfied. Hence, a de Sitter type exponential expansion can take
place only in the presence of matter. Thus, we assume a
nonzero matter energy density, but a vanishing thermody-
namic pressure for the cosmological matter, with p = 0. In
the case H = Ho = constant, Eq. (53) becomes

=3 + 20" + 2Honn' = 0. (67)
By introducing a new variable u, defined as ' = u, we

immediately obtain n” = du/dx° = (du/dn) (dn/dx°) =
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u(du/dn). Hence, Eq, (67) becomes

du 3u
== —H,, 68
dn 27 0 (68)

with the general solution given by
u(n) = Cun*’ +2Hon, (69)

where C is an arbitrary constant of integration. Therefore,
from

dn .
dx0

we obtain the general solution of Eq. (67) as

Cin*? 4+ 2Hon, (70)

47_{%827'(0 (xO+C2)

1 (+°) = (71)

[1+ cleHo(x°+Cz)]27

where C» is an integration constant that can be taken as zero
without any loss of generality by a rescaling of the time coor-
dinate x°. Moreover, in order to obtain a physically consistent
solution, we will adopt the minus sign in the above equation.
Hence, a de Sitter type exponential expansion of the Riemann
metric corresponds to
2 ,2Hox0
n (x0> = Lz. (72)
[1 = Crettor’]

During the de Sitter phase, the matter energy density varies

as

871G 192500 73

0
o (x ) = :
c? (1- Cw”ﬂ)‘o)6

At the initial moment x = 0, the matter energy density
is

87 G 192H8
= o (20)| ,_, = 5 (74)
c =0 " (1-C)
while for x — 0o, we obtain
871G 192H0
lim <X0> - 0. 75
c“ X050 P C16 (75

In order to obtain a monotonically decreasing matter
energy density during the de Sitter phase satisfying the condi-
tion p (x%)| o_y > limyo_, « o (x°), the integration constant
C1 must satisfy the condition C1 > 1/2.

4.2 Conservative cosmological evolution

We will now consider conservative Barthel-Kropina-FLRW
models, that is, models in which the matter conservation
equation

d

d
0 <p62a3) + p—a3 =0, (76)

dx0

@ Springer

is identically satisfied. In this case, the system of general-
ized Friedmann equations reduces to the Friedmann equa-
tions (52) and (53), together with the constraint

H(r')* + (0 +Hn) 0" + Hnn' = 0. 77)
4.2.1 Linear barotropic fluid cosmological models

As a first example of a conservative Barthel-Kropina-FLRW
cosmological model, we consider the case of a barotropic
fluid-dominated universe, with p = (y — 1)pc?, where y =
constant and 1 < y < 2. In this case, Eq. (76) immediately
gives

P (XO) — P (78)

@ (x0)°

where pg is an integration constant. Then, Eq. (52) gives

8w Gpo 1

/

="V T332 v (79)
3y 8t Gpy d

1

! =<7“> 33 G (80)

where we have assumed that 7 is a monotonically decreasing
function of time.

By taking into account the linear barotropic equation of
state, using Eq. (52), the pressure can be obtained as

A

81 G

After substituting the above expression of the pressure in
Eq. (53), we obtain the equation

p=@—p =3 ——d(y). @81)

2" +2Hnn' =3y (n)°, (82)

which can be integrated immediately to obtain the first inte-
gral

|77/| a4 = C73y/2n3y/2’ (83)

where C is an arbitrary integration constant. Using the
expression (79) for n’, we obtain

SNGpo)1/3” 4!

32 (84)

n(a)=C(

By taking the derivative of the above expression of n with
respect to x°, and equating it with 1’ obtained from the first
Friedmann equation as given by Eq. (79), we obtain for a’
the equation

a’ 1 [(87Gpy\7 =2/
__( 302 ) Q32+

a? C

(85)

with the general solution given by a (x°) o (x0)2/ 3 Hence,
conservative Barthel-Kropina-FLRW cosmological models
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exactly mimic their general relativistic counterparts, describ-
ing the decelerating evolution of a matter-dominated uni-
verse satisfying a linear barotropic equation of state. For
a dust universe we obtain a (xo) (x0)2/3, while for
a radiation-dominated universe, the scale factor varies as

a () = ()

4.3 Nonconservative Barthel-Kropina-FLRW
cosmological models

In the following we consider cosmological models in which
the matter density and pressure do not satisfy the conserva-
tion Eq. (76), and thus for a linear barotropic equation of state,
the expression of the energy density is different from the one
given by Eq. (78). However, we will consider that matter
still satisfies a linear barotropic equation of state. Hence, by
eliminating the pressure from the second Friedmann equa-
tion (53) with the help of the equation of state and the first
Friedmann equation (52), we obtain

3
" + Hon = % o). (86)

which can be immediately integrated to give the first integral
n'la=cn’?, (87)

where C is an arbitrary constant of integration, and we have
used the standard mathematical relation [ (f'(x)/f (x)) dx
= In| f (x)|+C. For the matter density we find the expression

—p=da () =" (88)

In order to obtain a monotonically decreasing matter density,
n must also be a decreasing function of time. In terms of 7,
the Hubble function is obtained as

H=————. (89)

Egs. (87) and (88) give the full solution of the Friedmann
equations for the cosmological evolution in the Barthel—
Kropina-FLRW geometry. Once the functional form of n
is specified, the evolution of the scale factor and the other
cosmological parameters can be immediately obtained.

4.3.1 n=n(a)

As a first example of a nonconservative Barthel-Kropina-
FLRW cosmological model, we consider the case in which n
is a function of the scale factor only, = n(a). Then, Eq. (87)
immediately gives the evolution equation

dn(a) ,
a———dad

=Cn¥(a), (90)
da

which can be integrated to give

C (xo —x8> = fa%n_%’/z(a)da, (C2))

where xg is an arbitrary integration constant.

In the following we will consider the case of a dust uni-
verse with y = 1. The simplest possible cosmological model
can be obtained for n(a) = aja™", where a; and n are con-
stants. Then we immediately obtain

. (xo) _ (5\/—%)2/(2—5’1) (xo B xg)z/(2—5n) ’ 92)

where we assume 5n < 2, n < 0.4. For the Hubble function,
we find

()= 5

while for the deceleration parameter we obtain the expression
q = —5n/2. The universe is in an accelerated expansionary
state, and the scale factor has a power law dependence on the
time coordinate.

432 n=1n(H)

As another particular class of Barthel-Kropina-FLRW cos-
mological models, we consider the case in which 7 is a func-
tion of H, the Hubble function, so that n = n(H). Hence,
under this assumption, Eq. (87) takes the form

dn () dH_
dH dx0

At this moment we introduce as the independent variable
the redshift z, defined as 1 + z = 1/a. Hence, we obtain

d . dz d .
dx0 — dx0dz —

In the redshift variable, Eq. (94) becomes

=C P2 (H). (94)

—(1+ Z)H(Z)i. (95)
dz

B »dn (H(z)) dH(z)
9o 9%
=CPp 2 (H(2)). (96)

In the following we adopt for n(7{) the simple form
n(H) = ayH" + by, 97)

where ay, b1, and n are constants. We also rescale the Hubble
function according to H = (1/c)H = (1/c)Hoh, where Hy
is the present-day value of the Hubble function. Moreover,
we rescale the coefficient a; as ay — a1/ Hjj. We consider
the late-time evolution of the universe in its dust phase, with
zero pressure, and therefore we take y = 1. Hence, Eq. (96)
takes the form

1+ D = et (ah +b)", 98)
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0.0 0.5 1.0 1.5 2.0 25 3.0

Fig. 1 Variation in the dimensionless Hubble function % as a function
of the redshift z for n(z) = ajh"(z) + by forn = 2/3, by = —0.21,
c1 = 3.9, and different values of a;: a; = 0.348, (short dashed curve),
a; = 0.350 (dashed curve), a; = 0.352, (long dashed curve), and
a; = 0.354, (ultra-long dashed curve), respectively. The red solid line
represents the prediction of the ACDM model. The observational data
are represented together with their error bars

where we have denoted ¢; = C~3/%/na;. The matter energy
density can be obtained as

81 G

S0 =C (" b))’ (99)

For the matter density parameter, we obtain

Q, = L Ci (arh" -I—b1)3,
00

(100)

where we have denoted C = C2¢?p, /3 HO2 00-

The variation in the normalized Hubble function, the
deceleration parameter, and the matter density parameter
are presented in Figs. 1, 2, and 3 for four values of n
(n = 1,2, 3, 4) and for different values of a, by, and c;. In
the figures we have also included the observational data for
the Hubble function, together with their error bars [124,125],
as well as the predictions of the ACDM model.

As one can see from Fig. 1, for the adopted functional form
of n, the Barthel-Kropina-FLRW model gives an acceptable
description of the observational data for /2(z), up to a redshift
of around z &~ 3, and it can also reproduce, at least qualita-
tively, the predictions of the ACDM model. However, with
increasing z, at redshifts higher than 3, important deviations
from the predictions of the ACDM model do appear, with
the dimensionless Hubble functions of the ACDM model
increasing much faster than in Barthel-Kropina-FLRW cos-
mology.

For the adopted set of the model parameters, the compari-
son of the deceleration parameter curves, presented in Fig. 2,
as predicted by the Barthel-Kropina-FLRW model and by
the ACDM model indicate the existence of significant differ-
ences between the two models, especially at higher redshifts.
Both models predict a late-time accelerating behavior, with
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Fig. 2 Variation in the deceleration parameter ¢ as a function of the
redshift z for n(z) = ajh"(z) + by forn =2/3,b; = —0.21,¢; = 3.9,
and different values of a: a; = 0.348, (short dashed curve), a; = 0.350
(dashed curve), a;j = 0.352, (long dashed curve), and a; = 0.354,
(ultra-long dashed curve), respectively. The red solid line represents
the prediction of the ACDM model
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Fig. 3 Variation in the total matter density parameter €2, as a function
of the redshift z for n(z) = ajh"(z) + by forn = 2/3, by = —0.21,
c1 = 3.9, and different values of aj: a; = 0.348, (short dashed curve),
a; = 0.350 (dashed curve), a; = 0.352, (long dashed curve), and
a; = 0.354, (ultra-long dashed curve), respectively. The red solid line
represents the prediction of the ACDM model

g < 0 at the present time, but the numerical values for ¢ (0)
differ considerably in the two models at redshifts z > 0.5.
However, the present-day values of ¢ in the Barthel-Kropina-
FLRW cosmology are consistent with the predictions of the
ACDM model. At larger redshifts, the behavior of the decel-
eration parameter ¢ in the present Finsler type model strongly
depends on the numerical values of the model parameters,
and at redshifts higher than 3, significant deviations from the
predictions of the ACDM model do occur.

At a qualitative level, the Barthel-Kropina-FLRW cos-
mology can also reproduce the behavior of the total matter
density parameter €2, in the ACDM model. At low redshifts
0 < z < 1, the predictions of the two models basically agree.
However, the quantitative differences, already observed in
the case of the deceleration parameter, do also exist for this
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physical parameter. In the range 1 < z < 3, the behavior of
the matter density parameter strongly depends on the model
parameters, ACDM, and at higher redshifts, both lower and
higher matter density parameters can be obtained, thus lead-
ing to matter densities that are different from the predictions
of the ACDM model.

5 Dark energy in the Barthel-Kropina-FLRW
cosmology

We will now consider that the function 5 can be represented
in a general form as

!

where f is an arbitrary function to be determined from the
field equations. In the limit f — 0, n — 1/a, and as we
have already seen, we recover the standard Friedmann equa-
tions of general relativity. With this representation of 7, the
generalized Friedmann equations take the form

(101)

(a/)z 8nG / n2 2
30 = —5p+6(+ NHHS =3(f) =3HC+ Nf
a C
871G
= 0+ poe, (102)
C
and
" n2 , N2
2a (az =__8ﬁf Pyt 5 )
a a At (14 f)? 1+f ~(A+/)?
f//
2 103
+1+f’ (103)
where
ppE = 6(L+ YRS =3 (f) =3H>Q+ )f.  (104)
and
/ / 2 "
ppE = 4H f () s (105)

1+f_3(1+f)2+21+f’

respectively. An effective dark energy term, satisfying the
condition ppr = wppg, w = constant can be obtained if
the function f satisfies the equation

21" +2H[—3 (1+f)+—2 }f/
1+ v I+ f

. 1 n2 2
+3|:w —(H_f)z}(f) +3wf2+ fYH" =0.

(106)

The dynamical cosmological dark energy is thus depen-
dent on the scale factor and on the properties of 1. In the
following we will consider only the late-time evolution of
the universe, and hence we take p = 0. To simplify the
mathematical formalism, we introduce the dimensional time

parameter 7 = Hox” and the normalized Hubble function
h, defined as H = Hoh, where Ho = Hoy/c, and Hy is
the present-day value of the Hubble function. Moreover, we
denote u = d f/dt. Then the equations describing the cos-
mological dynamics of the Barthel-Kropina-FLRW cosmo-
logical model take the form

%:m (107)

z%+3h2=4hl+f—3(lff)2+lifj—‘t‘, (108)
e [

+3Pu—zrf?ﬁ]u2+3wf04aﬂh2=0. (109)

By introducing the critical density p. = 3HO2 /87 G, and
by defining the matter density parameter as 2,, = p/pc,
from the first Friedmann equation we obtain

2
Qn = h>+ <ﬂ> +Q+ NHfh? =201+ f)hﬂ.
dr dr
(110)

In terms of the redshift variable 1 + z = 1/a, the system
of equations (107)—(109) become

RV S (111)
dz
dh u u?
—2(1 + 2)h— + 3h*> = 4h -3
ol YR
21 4+ —du (112)
B +Zl+fdz’
214Dt [—2 ~ 3wl + )]
Z 1T /dz 1/ w flu
1 2 2 _
+3 |:w——(1+f)2i|u F3wf@+ HkE=0. (113)

For the redshift dependence of the matter density param-
eter, we find

df

2
Qi = hz[l + (14 2)? (d—z> +Q+Nf

d
+2(1+z)(1+f)d—];}- (114)
For the deceleration parameter, we obtain
8tG _ p
1 34 7 — PDE
g=3+2-50H) . (115)
2.2 2 P+ PDE

The variation in the Hubble function, obtained by numeri-
cally solving the system of differential equations Eqs. (111)-
(113), is represented for different values of the parameter w
of the dark energy equation of state in Fig. 4.
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Fig. 4 Variation in the normalized function / as a function of the red-
shift z in the Barthel-Kropina-FLRW dark energy model for differ-
ent values of the parameter w of the dark energy equation of state:
w = 1.45 (short dashed curve), w = 1.85 (dashed curve), w = 2.05
(long dashed curve), w = 2.55 (ultra-long dashed curve), and w = 3.05
(ultra-ultra-long dashed curve), respectively. The red solid line repre-
sents the prediction of the ACDM model. The observational data are
represented together with their error bars. The initial conditions used to
numerically integrate the system of cosmological evolution equations
are f(0) = 0.33, u(0) = 0.51, and ~(0) = 1, respectively

Asone can see from Fig. 4, the model gives a good descrip-
tion of the observational data, as well as of the ACDM model
up to a redshift of at least z = 5. For higher redshifts, some
differences with respect to the standard cosmology do appear.
The numerical results do not show a significant influence of
the variation in the parameter of the dark energy equation of
state w, with w = 1.85 predicting almost the same evolution
as w = 3.05, but depend strongly on the initial conditions for
f and u = d f/dr. The variation in the deceleration param-
eter as a function of redshift as predicted by the Barthel-
Kropina-FLRW dark energy model is presented in Fig. 5.

Even though on a qualitative level the behavior of
the deceleration parameter of the Barthel-Kropina-FLRW
model can reproduce the predictions of the ACDM model,
significant quantitative differences still appear. In the Fins-
lerian approach, the evolution of the deceleration parameter
is strongly dependent on the parameter w of the dark energy
equation of state. At higher redshifts, the numerical values
of the Barthel-Kropina-FLRW are slightly lower than those
obtained from ACDM, and almost independent of w, while
at low redshifts the behavior of g essentially depends on
the numerical value of w. The critical redshift z., indicat-
ing the transition from deceleration to acceleration, given
by ¢q (z¢r) = 0, also takes numerical values that are differ-
ent from the ACDM predictions. The critical redshift is also
strongly dependent on the initial conditions at the present
time for f and its derivative.

The density parameter of the total energy matter content
of the universe is represented as a function of the redshift in
Fig. 6. In this case there are significant differences, especially
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Fig. 5 Variation in the deceleration parameter ¢ as a function of the
redshift z in the Barthel-Kropina-FLRW dark energy model for dif-
ferent values of the parameter w of the dark energy equation of state:
w = 1.45 (short dashed curve), w = 1.85 (dashed curve), w = 2.05
(long dashed curve), w = 2.55 (ultra-long dashed curve), and w = 3.05
(ultra-ultra-long dashed curve), respectively. The red solid line repre-
sents the prediction of the ACDM model. The initial conditions used to
numerically integrate the system of cosmological evolution equations
are f(0) = 0.33, u(0) = 0.51, and £(0) = 1, respectively

Fig. 6 Variation in the density parameter of the matter €2,,, as a function
of the redshift z in the Barthel-Kropina-FLRW dark energy model for
different values of the parameter w of the dark energy equation of state:
w = 1.45 (short dashed curve), w = 1.85 (dashed curve), w = 2.05
(long dashed curve), w = 2.55 (ultra-long dashed curve), and w = 3.05
(ultra-ultra-long dashed curve), respectively. The red solid line repre-
sents the prediction of the ACDM model. The initial conditions used to
numerically integrate the system of cosmological evolution equations
are f(0) = 0.33, u(0) = 0.51, and ~(0) = 1, respectively

at high redshifts, between the predictions of the Barthel—
Kropina-FLRW and the ACDM model, with the Finsler type
cosmological model predicting much higher matter densities
at higher redshifts. In the present model, the matter energy
density not only depends on the Hubble function, as in stan-
dard general relativity, but also includes the contribution from
the one-form field 8. Since there is no independent conser-
vation of the matter energy—momentum tensor, the increase
in the total matter density at high redshifts can also be inter-
preted as describing a particle creation process via transfer
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Fig. 7 Variation in the function n(z) = (142z)(1+ f(z)) as a function
of the redshift z in the Barthel-Kropina-FLRW dark energy model for
different values of the parameter w of the dark energy equation of state:
w = 1.45 (short dashed curve), w = 1.85 (dashed curve), w = 2.05
(long dashed curve), w = 2.55 (ultra-long dashed curve), and w = 3.05
(ultra-ultra-long dashed curve), respectively. The initial conditions used
to numerically integrate the system of cosmological evolution equations
are f(0) = 0.33, u(0) = 0.51, and £(0) = 1, respectively

of energy from the 7 field to ordinary matter, or equivalently,
to the increase in the contribution of the dark energy. On
the other hand, in the present model we cannot distinguish
between baryonic matter, dark matter, and dark energy, and
our definition of the density contains all three components.
Hence, €2, includes the contributions of all matter and energy
forms of the universe.

The variation as a function of the redshift of the function
n is represented in Fig. 7. The coefficient of the one-form S
of the Finsler metric is a monotonically increasing function
of z (a monotonically decreasing function of time), and it
is a linear function of the redshift. At small redshifts, the
evolution of 7 is almost independent of the numerical values
of w, but some small differences do appear at higher redshifts.

6 Discussion and final remarks

In this paper we have investigated the cosmological implica-
tions of a particular Finsler type geometry in which the funda-
mental function is obtained as the ratio of a Riemannian met-
ric o and a one-form B, so that F = o> /. The corresponding
geometry is called Kropina geometry, and its properties have
been intensively investigated from a mathematical point of
view. We have assumed that the physical cosmological met-
ric of the universe is the FLRW metric, from which the metric
o? is constructed. From a geometric point of view, we have
adopted the mathematical formalism of the osculating Finsler
spaces, in which the Finsler metric g (x, y) islocalized via the
functional relation y = y(x), and thus a Riemann type metric
g(x, y(x)) is generated. In our study we have considered A-
osculating Riemannian manifolds g(x, A), where A; are the

components of the one-form 8. Moreover, we assume that the
Finsler space is an n-dimensional point Finsler space (locally
Minkowskian but generally non-Euclidean). The connection
of a point Finsler space is the Barthel connection, a connec-
tion that depends on the field to which it is applied. For an
(o, B) metric, the Barthel connection is the Levi—Civita con-
nection of the A-Riemannian metric g (x, A). Froma physical
point of view, we have postulated that the gravitational phe-
nomena can be described by the A-Riemannian metric via the
standard Einstein gravitational field equations, in which the
Riemannian metric g (x) is substituted by g (x, A). Hence, the
present approach is based on an extended (but still Rieman-
nian) metric, with the connection and curvature constructed
in the standard way.

By adopting as the o metric the standard FLRW form,
the generalized Friedmann equations can be obtained by a
number of straightforward calculations. Despite the appar-
ent complexity of the mathematical model, the generalized
Friedmann equations have a very simple mathematical form,
and they are obtained in terms of two geometric quantities, the
scale factor a and the component Ayg = an of the one-form
B. The generalized Friedmann equations have the remark-
able property of giving, in the limit  — 1/a, the standard
Friedmann equations of general relativity. Thus, the Barthel—
Kropina-FLRW model represents a nontrivial deformation
of the standard general relativistic cosmology. In the present
work we have performed a systematic study of the cosmolog-
ical properties of the Finslerian type model, which, despite its
close relation to standard general relativistic cosmology, also
has some very different properties. The generalized Fried-
mann equations of the Barthel-Kropina-FLRW model do
not admit a vacuum solution for p = p = 0, since the first
Friedmann equation gives ' = 0, n = constant, with the
second field equation identically satisfied. This situation has
some similarities with standard general relativity, in which
the vacuum Friedmann equations 3H? = (SnG/cz) p and
2H+3H? = — (87 G/c*) p givefor p = p = Othe solution
H = 0, a = constant. Thus, the cosmological background
solution of the vacuum gives the Minkowski geometry. On
the other hand, in the Brathel-Kropina-FLRW model, the
vacuum solution requires " = 0, n = constant, a condition
that does not fix any background spacetime geometry, which
remains of the FLRW type, but with arbitrary scale factor a.

However, the model admits a de Sitter type solution for
the case of a pressureless cosmological fluid in the presence
of a nonzero matter density. The behavior of p in this case
depends, as one can see from Eq. (73), on an arbitrary inte-
gration constant Cj. If this constant is taken as C; = 1,
lim,o_, 5 p = o0, and therefore the de Sitter evolution begins
from a singular state. Finite initial density states are also pos-
sible, and in the large time limit, both the matter density and
n tend towards some constant values.
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In the Barthel-Kropina-FLRW model, the matter energy
density is generally not conserved, and the energy density
and pressure satisfy the balance equation (65). Conservative
cosmological models, obtained by imposing the condition
of the energy conservation p’ + 3H (,oc2 + p) =0, lead to
the standard general relativistic evolution for the scale fac-
tor in the presence of matter satisfying a linear barotropic
equation of state, a = (x0)2/ 3 Thus, the cosmology of
the conservative Barthel-Kropina-FLRW model is identical
to the standard general relativistic one. Hence, accelerated
expansion is not possible in the presence of matter satisfy-
ing the ordinary matter conservation equations. On the other
hand, a large number of accelerating cosmological models
can be obtained using the general energy balance equation
(65), once the functional form of 7 is fixed. For the sake of
the illustration of the qualitative properties of the model, we
have considered two particular cosmological scenarios, with
n(a) o« a "™ and n = n(H). The first choice of 5 leads to
an eternally accelerating universe, with ¢ = constant < 0,
while the second choice leads to a plethora of cosmological
models whose properties depend on the choice of the function
n(h). We have considered and analyzed in detail a particular
class of models obtained by choosing n(H) = a; H" + b;.
The cosmological parameters of this model have been com-
pared with both the observational data and the predictions
of the ACDM model. Even without the use of a proper fit-
ting procedure for the analysis of the observational data, the
Barthel-Kropina-FLRW model can give at least an accept-
able qualitative description of the observations of the Hubble
function and reproduce the standard ACDM model predic-
tions for H. However, significant differences between the
Barthel-Kropina-FLRW and the ACDM model do appear in
the evolution of the deceleration and matter density param-
eters. In order to test the validity of the present model, a
detailed statistical analysis of its predictions with several
classes of observational data is necessary.

An effective dark energy model can also be constructed
within the framework of the Barthel-Kropina-FLRW geo-
metric theory. Since in the limit 7 — 1/a one fully recov-
ers the standard Friedmann equations, one can consider
small deviations from the standard Friedmann cosmology by
adding a correction term f to 1/a in the expression of . This
procedure allows the reformulation of the generalized Fried-
mann equations as the standard ones plus some new terms,
which are essentially geometric. They can be interpreted as a
geometric dark energy, and they contribute effective energy
density pp g and pressure p p g terms to the standard baryonic
thermodynamic quantities. By imposing a linear equation of
state for the dark energy terms, ppg = wppg, the system
of the cosmological equations can be closed and reformu-
lated as a first-order dynamical system in the redshift space.
The solutions of the system can be obtained numerically for
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different numerical values of the parameter w of the dark
energy equation of state and for different initial conditions
of the function f and its derivative f’. We have performed a
detailed comparison of the solutions of the system with the
observational data, and the predictions of the ACDM model.
The Barthel-Kropina-FLRW model gives a good description
of the observational data, and of the ACDM model up to at
least a redshift of z = 5. From the numerical simulations it
follows that the numerical values of w have a relatively small
influence on the cosmological behavior, which is strongly
influenced by the present-day values of f and f’.
Bouncing cosmological models represent an attractive
alternative view of the early universe, and many such types of
models have been proposed to explain the origin of the uni-
verse (see [126] for a review). Bouncing cosmologies have
the attractive feature of providing a solution of the singular-
ity problem that generally appears in the standard cosmo-
logical models. In the framework of the Finsler and Finsler-
like geometries, the problem of the bouncing cosmologies
was investigated in [127]. As a first general result, it was
shown that in general very special relativity and in Finsler-
like gravity on the tangent bundle, the bounce cannot be easily
obtained. But in the Finsler—Randers geometry, by adopting

for the scale factor the expression a(t) = ap (1 + Btz)1 ,
the scalar anisotropy induced by the geometry can satisfy the
bounce conditions. Thus, bouncing solutions can be obtained
in this class of gravitational theory. In theories constructed
by using a nonlinear connection in which a scalar field does
appear with an induced scalar—tensor structure, bouncing
solutions can also be obtained. Interestingly enough, in the
case of the non-holonomic basis, if one imposes to the quan-
tity No(t), where N,y = 9y N, @ specific expression in
terms of the scalar field and the Hubble function, then this
Ny can generate the bouncing scale factor.

Bouncing solutions can also be obtained, at least in prin-
ciple, in the Barthel-Kropina cosmological model. By fix-
ing in advance the form of the scale factor so that it has
the required bouncing properties, the generalized Friedmann
equations (52) and (53) can be reduced to a (strongly non-
linear) system of differential equations for 7, in which the
matter energy density and pressure terms are also present.
The investigation of this system can be done only by using
numerical (or perturbative) methods. However, in order to
obtain bouncing solutions, a nonzero matter energy density
must be present in the very early universe.

There are at least three possibilities for a possible theoret-
ical understanding of the vast amount of cosmological data
that have radically changed our view of the universe. The first
approach is called the dark components model, and it gen-
eralizes the Einstein gravitational field equations by adding
two new terms in the total cosmological energy momentum
tensor which correspond to dark energy and dark matter,
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respectively. In this pathway, the gravitational dynamics are
described by the generalized Einstein equation [128]

Gy = KT + k> TOM(p Ve . ) + K2 TOR (B, Y.,

(116)
where TIE’SI, TEVM(qb, Yy, ...), and TB)E((p, Yy, ...) repre-
sent the energy—momentum tensors of baryonic matter, dark
matter, and dark energy, respectively. Hence, in this exten-
sion of general relativity, dark energy is a form of matter,
an interpretation suggested by the equivalence principle of
the theory of relativity that states the equivalence of mass
and energy. The energy—momentum tensors of dark energy
and dark matter can be realized by using scalar or vector
fields. The simplest dark constituent model can be obtained
by assuming that dark energy is a scalar field ¢ with a self-
interaction potential V (¢). For reviews and extensive discus-
sions of the dark component models see [30-35]).

A second approach to the geometric description of the
gravitational interaction is the dark gravity approach. The
dark gravity formalism assumes a purely geometric descrip-
tion of the gravitational phenomena, and it is based on a
modification of the geometric structure of the Einstein field
equations, still formulated in a Riemannian geometry. In the
dark gravity approach, one can formulate the Einstein grav-
itational field equations generally as

Guv = 2T 4+ 2T E™ (g0, R.OR,...) . (117)
where T,E%eom) (glw, R,OR, .. ) is a term generating a geo-
metrically effective energy—momentum tensor, constructed
from the Riemannian metric. The geometric term T,E%eom)
(g,w, R,OIR, .. ) can describe dark matter, dark energy, or
even both. An interesting example of dark gravity is the f(R)
theory [113], in which the standard Hilbert-Einstein action
S = [(R/k*+ Ly) /—gd*x is generalized to an action
givenby S = [[f(R)/k* + Ly | v/—gd*x, where f(R) is
an arbitrary analytical function of the Ricci scalar R. For
reviews of dark gravity theories and their applications, see
[117,129-132].

There is a third avenue for the understanding of the
present-day cosmological data, called the dark coupling
theory. In this approach, the standard Hilbert—Einstein
Lagrangian density, having a simple additive structure in
the geometric and matter Lagrangian, is replaced by a
Lagrangian with a more general algebraic system. In the dark
coupling theory, one looks for the maximal extension of the
standard Hilbert—Einstein gravitational Lagrangian, and this
extension can be obtained by assuming that the gravitational
Lagrangian density is an arbitrary analytical function of the
curvature scalar R describing the geometric properties of the
spacetime and the matter Lagrangian L,,. Other thermody-
namic or geometric parameters can also be naturally included
in specific models. The dark coupling approach leads natu-

rally to the existence of a non-minimal coupling between
curvature and matter.

In the dark coupling approach, the Einstein gravitational
field equations can be formulated as

Guv = T + 2T (g0, R, Ly, T,OR, 0T, ..) ,
(118)

with the effective energy—momentum tensor of the the-
ory Tlff,oup) (8uv: R, Ly, T,OR, 0T, ...) obtained by con-
sidering the maximal extension of the Hilbert-Einstein
Lagrangian. Moreover, a non-additive curvature—matter
algebraic structure is introduced, describing the couplings
between matter and spacetime geometry. The dark coupling
theories were considered in [133], where a gravitational
action of the form S= [ [f1(R)+(1+Af2(R)) Ly ]/—gd*x
was proposed. This action was generalized in [134] and
[134], leading finally to the f (R, L,,) gravity theory [135],
in which the gravitational Lagrangian density is given by
an arbitrary function of the Ricci scalar and of the matter
Lagrangian, S = [ f (R, L,,) /—gd*x. One can also cou-
ple curvature and matter via the trace of the matter energy—
momentum tensor, asinthe f (R, T) theory, with action given
by S = [[f (R, T)+ Lyl J/—gd*x [136]. For a detailed
presentation of the theories with curvature—matter coupling
see [114].

However, a fourth possibility for the description of the
gravitational dynamics and evolution, including the acceler-
ating expansion, is also possibly in the framework of the dark
geometry approach, in which one assumes that the true geom-
etry of the nature is beyond the Riemann one and that the extra
terms generated by the non-Riemannian mathematical struc-
tures may be responsible for the existence of dark matter and
dark energy. One possible dark geometry candidate is Weyl
geometry, with conformally invariant gravitational models
explaining the present and early dynamics of the universe
[137]. In the present work, we have presented another exam-
ple of a dark geometry, the Finsler type Barthel-Kropina-
FLRW geometry, in which an effective dark energy can be
generated from the mathematical structures underlying the
geometry. The gravitational field equations are postulated as
having a similar form as the Einstein equations in Riemann
geometry, but with the curvature tensors replaced by their
Finslerian counterparts. There is a close relation between the
Riemannian cosmological evolution equations and the Fins-
lerian ones, and this relation allows the natural introduction
of a geometric dark energy term in the gravitational formal-
ism.

Hence, the Barthel-Kropina-FLRW model not only may
represent an attractive alternative to the standard ACDM
model, but could also open new avenues for the understand-
ing of the complex relation between mathematics and phys-
ical reality.

@ Springer



385 Page 20 of 25

Eur. Phys. J. C (2022) 82:385

Acknowledgements We would like to thank the anonymous reviewer
for comments and suggestions that helped us to significantly improve
our manuscript. R. H. was financially supported by Office of the Perma-
nent Secretary, Ministry of Higher Education, Science, Research and
Innovation. Grant No. RGNS 63-241. The work of TH is supported by
a grant of the Romanian Ministry of Education and Research, CNCS-
UEFISCDI, project number PN-III-P4-ID-PCE-2020-2255 (PNCDI
1I0).

Data Availability Statement This manuscript has no associated data
or the data will not be deposited. [Authors’ comment: There are no data
associated with this article because of its theoretical and formal nature.]

Open Access This article is licensed under a Creative Commons Attri-
bution 4.0 International License, which permits use, sharing, adaptation,
distribution and reproduction in any medium or format, as long as you
give appropriate credit to the original author(s) and the source, pro-
vide a link to the Creative Commons licence, and indicate if changes
were made. The images or other third party material in this article
are included in the article’s Creative Commons licence, unless indi-
cated otherwise in a credit line to the material. If material is not
included in the article’s Creative Commons licence and your intended
use is not permitted by statutory regulation or exceeds the permit-
ted use, you will need to obtain permission directly from the copy-
right holder. To view a copy of this licence, visit http://creativecomm
ons.org/licenses/by/4.0/.

Funded by SCOAP?.

Appendix A: Computation of the Barthel-Kropina met-
ric

1 Method 1

We recall the formula for the fundamental tensor of this
Kropina metric in [138]

a2 ot

52 —5€8ry(x) + 5 —abiby

gri(x,y) =

o2

4
s (8orby + gosbr) + ﬁzgmgw, (AD)

where go; = eg”yJ (see [138]). Note that the index zero
in the g terms means contraction by y'.
Using the above formula, we will compute the components
of the metric tensor under the conditions specified below.
Step 1. Assume

(i) e=1
1 0 0 0
5 0 —a?&Y) 0 0 .
@ @ue=1g "¢ _p2ny o |
0 0 0 —a?(x9)
Ao a(x")n(x°)
G e =|o 1= o
0 0

@ Springer

Under these assumptions, formula (A1) gives

(8rs(x. ) = (‘%00()" ) Goix, y)) ’

goi(x,y) gij(x,y) (A2)

with the components

20% 3t 5, 8d

boo(x,y) = g+ Za’n’ = —zany’ + o OO,
4a?vi
Bor( ) = =5 (P00 = ")

. 2a2 A
gij(x,y) = — 57 [&;a 2a2y’y’]~

Observe that on the right-hand side, the indices do not
strictly obey the covariant writing form. However, this is not
a problem now, since they are more indicative of the position
than the summation.

Step 2. We evaluate this matrix for arbitrary x and the
specific direction

Ao a(x*)n(x")
0 0
y=0h=4a=| = 0 (A3)
0 0
Then the Kropina fundamental tensor reads
(817 (x. y)ly=4)
1
5 0 0
a?(x0)n?(x0) 5
0 —— 0 0
2(x0)
- 0 0 2
2(x0)
0 0 0 2
2(x0)
(A4)
2 Method 2
Leta = /egry(x)yly/ and B = A;(x)y’, and
_ _B
F=a¢(s), s =—, (A5)
o

The Hessian ¢

g1y = €pgry + pobiby + p1 (bray +bjay) — sprajay,
(A6)

where a; := «, and

p=¢*—spd', po=¢¢" +¢'¢,
| = —s(@¢" +¢'d) + p¢.
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‘We obtain first
Jo Jd /
odr = o = —_——= — € My N

1 1
= —egunyMsY + Zégzvuvy]%fW

200
1 Mo 1 N
= —c¢ —€
2o EMIY oy 8INY
1 1 Vi
= —c¢ —ey; = €—.
20 it 2a I o

‘We now consider yi = A’, then

o« = \Jegrs(ATAT = VeA AT = VeA?

B=AA = A% = ea?,

ﬂ 60(2 A[
§=— = — —€a, 0] —€—.
o o o
Therefore,
R Ay Ap
817(x, A) = €pgry + poAjAy + p1 AIET + AJ€7
A Ay
—€aple—e—
o o
AfAy AjAy
=€pgry + PoATA + 2e€py Pl
ArAy

=epgry + (apo + €p1) P

1
For the Kropina metric, we let ¢ (s) = —. It follows that
s

() = —x.9"(s) = =
-2 -3
Therefore,

2 3

P = 5_2"00:5_4"01 =—s—3~

Substituting s = €o, we obtain

2 3 =4 e
p_azv po_a4a pl—ea?’ - (X3 .

Next, we substitute to g(x, A), thus obtaining
R AjAy
g(x, A) = epgrj + (apo + €p1) ”

2e 3 4 A]AJ
T2t G T e
2e 1 A]AJ

= Se——
a? o o«

1 AA;
= 2egry — 2 )

a Computation of g(x, A)

o

(A7)

Let us now consider the formula (A7) of g(x, A) together
with the assumptions

i e=1;
(i) (Ap) = (a (x%)n(x0),0,0,0) = (AT);
1 0 0 0
10 —a?(xY) 0 0 ‘
(iii) (gry) = 0 0 _az(xo) 0 5
0 0 0 —a?(x%)

(iv) aly=ac) = a(xn();
V) Bly=aw) = [a(x")n(x"12.

Then we immediately obtain

1 A2 1 (an)?
g — (2800 — =2 ) = 2 -
800 Ol2 < 800 062> 027)2 ( (‘177)2>

Hence, the nonvanishing components of g;; are

. 1

. 800 = 3 0y,2(x0)

817 = a_()é =)
8ij = ———0ij.
™

Appendix B: Computation of the Christoffel symbols

Recall the formula of Christoffel symbols

. 1 dggp  08cp  9gmC
A AD
_ ! _ Bl
Vec = 38 (8xc dxB axb )’ ®D
where
a’n? 0 0 0
)
0 T" 0 0
~lJ — 2
§ o o I o
)
2

We begin by computing the derivatives of g;, that is

dgo 0 1
9x0  9x0 a?(x%n2(x9)
-1

= (@*@2nn') + n*(ad’))
_ 2(an'+ad'n)
- ap

3§,’j 0 -2 4n’

30 = T e T
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Next, we compute the Christoffel symbols

50 1 00 (9800 | 9800  9goo
00 = 58 ax0  9x0 9x0
_ l 00 [ 9800 1 2772 . 2(an’ +a'n)
28 o0 ) 72 a’n?
_ (an +am _ HA+)
77 9
50 _ l 0D agzD 8ng . 8gij
Yij =38 ax/ ox! axD
_ lgoo 38:0 3810 _ 38_1]
2 Bxl ox? 9x0
1 00 8g,] l 2 2 477/ —2(1277/
—— 5= —2 s
28 < axo a-n ’73 ij " ij
i1 p gOD 38/D _980;
Yj =38 8x0 axD
_ l 8g/z
a 2g 9x0 ) 9x0
= ! _’7 _n/gi,
2\ 2 n 7

where H = %

Appendix C: Computation of the Ricci tensor

We start by computing the derivatives of the nonvanishing
Christoffel symbols,

9 o 0 (' +an
9x0 Yoo = 9x0 an

an(an” +a'n' +a'n' +a"n) —
(an' +a'n)
2772
a’nn” + 2ad'ny’ + aa"n? — a*(n)?
—2aa'ny’ — (a")*n?

a2n?

_ @)+ @)’n’ —a’ny” — aa"n’?

‘12772

d o 0 —2a2n/8i
8x0ylj T 940 n J

277(02 //_|_2aa/)7 ) _

(an’ +a'n)

a2(n/)2 8[’
J
2a2nn// _

9 . (—n’a,-_):_nn”—(n’)za;
n

_28°(n)? -

9x0 Yoj =

_ @y

@ Springer

Next, we compute the Ricci tensor. Recall the formula for
the Ricci tensor, that is,

5 Whp  0Vha “E sA _ AE ~A
RBD_Z axA  xD +Z YBDVEA — VBAYED) |-
A £
(C1)

Thus we obtain

5 076 _ 9Vin SESA _ SE SA
Roo =3 axA  9x0 T > (VooVEA - VOAVEO)
A E
aVoo en | 0.4 A0 A
= Z [ IxA 8+ 70074 — PoaPio
X
+ 300k - %Am]

300 3VOA N A0 AA a5 AA
= Z |:3xA T ox0 + Po075h — Poavo0 — 304750
A

83900 a7’00
=50 910 5+ 700760 — 760700 — 375070
300 8VOk A0 Ak A0 sk a5 Ak
3 |:3xk ~ 9x0 T Yo0Yok = YoxYoo | — 3VokVs0

=3

I—l

aVOk 50 A5 ~k
x0 + o070k | — 3750

_ =", ((an/+a’n)> (1) ~ (—n’)z]
n? an n ]

[ "+ + ) + (n)]

Il
w
—

‘wzm‘“’

5 [ann” +a'my —a(n/)z]

[nn” +nn'H — ()?*].

ol S

5 o7 ap
R J iA
Rij = ; dxA axJ +

87/1

ij | 504 £0 5 A (s sA a5 sA

=> Bz + 7576s — avdy +3 (%59 —VfAVs,-)}
A

Byl

J A0~ A A0 ~AA As AA

= Z axA T VijYoa = Yia¥oj — ViSAVsj:|
A

-0
3Vij A0A0 s A0
= 350 + y,/J/()o YioYoj — YioVsj
apk
J o 505k _ 505k _ ns sk
+3 |:8xk + VijYox — VikVoj — VikVsj
ap
_ J ~0.~0 ~s ~0
= 350 ijY00 + VioVsj
B 232(’7,)2 _ 2a2nn// _ 4(1(1/7]77/
= 2



Eur. Phys. J. C (2022) 82:385

Page 23 of 25 385

—2(12 / _ / / o ) 2.7
() ) GO )
n an n n
2a
=5 (3a(n)? —ann” —a'nn’) 8;
242
2

= (B =" — n'H) 8;.

Appendix D: Ricci scalar

In this appendix, we will compute the Ricci scalar,
R=3"Ryy. (D1)
We obtain
R =2%Roo +38" Ri;
3
=a’y’ (—2 [an” +a'm — a(n’)z])
an
_772 —2a N2 " /o
+3(— —2<—3a(77) +ann +a1777)
2 n
— 35’27777// + 36161/7717/ _ 3a2(n/)2
_ 9(12(77/)2 + 3‘127777// + Saa’rm/
= 6a’nn” + 6aa'ny’ — 124>(')?
= 6alany” +a'ny’ —2a(n)?)
= 6a’ [rm” + Hny' — 2(71/)2] .

Appendix E: The generalized Friedmann equations

Recall the formula of the Einstein tensor,

R . 1A
Gry =Ry — SR8 (ED)
It follows that
A b L. _ 3 " ro ) N2
Goo = Roo — §Rg00 = — [am" +d'nn’ —a)?]
an
1 1
— 5 (6atany” +a"m’ — 2a(n)?)) o
3
= [ann” +d'nn’ —a)? —any” — a'ny’ + 2a(y')?]
_3m)?
n*
and
N A 1 A 2a
Gii = Rij — ERgii =7 (361(77/)2 —any” —a'ny)

1 7 ;o N2 -2
=5 (6atann” +a'm" =2a(n')")) (7)

2a
= [3a(n)? — any” — a'nn’ + 3ann” + 3d'ny’ — 6a(n)?]

2a / / /
= ?[— 3a(n )2 + 2ann” +2a'nn ]

2&2 N2 " /
=7 [=3")* +2nn” + 2Hnn'].

The rest of the components of the Einstein tensor vanish.
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