Pre prints.org

Review Not peer-reviewed version

From Barthel-Randers-Kropina
Geometries to the Accelerating
Universe: A Brief Review of Recent
Advances in Finslerian Cosmology

Amine Bouali, Himanshu Chaudhary, Lehel Csillag , Rattanasak Hama , Tiberiu Harko i , Sorin V. Sabau,
Shahab Shahidi

Posted Date: 8 May 2025
doi: 10.20944/preprints202505.0370.v1

Keywords: Barthel connection; (a, B) metrics; Finslerian Cosmology; Posterior Inference; MCMC statistical
analysis

Preprints.org is a free multidisciplinary platform providing preprint service
that is dedicated to making early versions of research outputs permanently
available and citable. Preprints posted at Preprints.org appear in Web of
Science, Crossref, Google Scholar, Scilit, Europe PMC.

Copyright: This open access article is published under a Creative Commons CC BY 4.0
license, which permit the free download, distribution, and reuse, provided that the author
and preprint are cited in any reuse.



https://sciprofiles.com/profile/2791202
https://sciprofiles.com/profile/1318332
https://sciprofiles.com/profile/80851
https://sciprofiles.com/profile/1282184
https://sciprofiles.com/profile/1036858

Preprints.org (www.preprints.org) | NOT PEER-REVIEWED | Posted: 8 May 2025 d0i:10.20944/preprints202505.0370.v1

Disclaimer/Publisher’'s Note: The statements, opinions, and data contained in all publications are solely those of the individual author(s) and

contributor(s) and not of MDPI and/or the editor(s). MDPI and/or the editor(s) disclaim responsibility for any injury to people or property resulting
from any ideas, methods, instructions, or products referred to in the content.

Review

From Barthel-Randers-Kropina Geometries to the
Accelerating Universe: A Brief Review of Recent
Advances in Finslerian Cosmology

Amine Bouali !, Himanshu Chaudhary ?, Lehel Csillag >3, Rattanasak Hama *, Tiberiu Harko %>%*,
Sorin V. Sabau 7 and Shahab Shahidi 8

Laboratory of Physics of Matter and Radiation, Mohammed I University, BP 717, Oujda, Morocco

Department of Physics, Babes-Bolyai University, Kogalniceanu Street 1, Cluj Napoca 400084, Romania

Department of Mathematics and Computer Science, Transilvania University, Iuliu Maniu Street 50, Brasov 500091, Romania
Faculty of Science and Industrial Technology, Prince of Songkla University, Surat Thani Campus, Surat Thani, 84000,
Thailand

Astronomical Observatory, 19 Ciresilor Street, Cluj-Napoca 400487, Romania

School of Biological Sciences, Department of Biology, Tokai University, Sapporo 005-8600, Japan

Graduate School of Science and Technology, Physical and Mathematical Sciences, Tokai University, Sapporo 005-8600, Japan
School of Physics, Damghan University, Damghan, 41167-36716, Iran

*  Correspondence: tiberiu.harko@aira.astro.ro

W N e

® N o Ul

Abstract: We present a review of recent developments in cosmological models based on Finsler
geometry, as well as geometric extensions of general relativity formulated within this framework.
Finsler geometry generalizes Riemannian geometry by allowing the metric tensor to depend not
only on position but also on an additional internal degree of freedom, typically represented by a
vector field at each point of the space-time manifold. We examine in detail the possibility that Finsler-
type geometries can describe the physical properties of the gravitational interaction, as well as the
cosmological dynamics. In particular we will present and review the implications of a particular
implementation of Finsler geometry, based on the Barthel connection, and of the (a, ,B) geometries,
where « is a Riemannian metric, and § is an one-form. For a specific construction of the deviation
part B, in these classes of geometries, the Barthel connection coincides with the Levi-Civita connection
of the associated Riemann metric. We review the properties of the gravitational field, and of the
cosmological evolution in three types of geometries: the Barthel-Randers geometry, in which the
Finsler metric function F is given by F = & + f, in the Barthel-Kropina geometry, with F = a?/8, and
in the conformally transformed Barthel-Kropina geometry, respectively. After a brief presentation of the
mathematical foundations of the Finslerian type modified gravity theories, the generalized Friedmann
equations in these geometries are written down by considering that the background Riemannian
metric in the Randers and Kropina line elements is of Friedmann-Lemaitre-Robertson-Walker type.
The matter energy balance equations are also presented, and they are interpreted from the point of view
of the thermodynamics of irreversible processes in the presence of particle creation. We investigate the
cosmological properties of the Barthel-Randers and Barthel-Kropina cosmological models in detail. In
these scenarios, the additional geometric terms arising from the Finslerian structure can be interpreted
as an effective geometric dark energy component, capable of generating an effective cosmological
constant. Several cosmological solutions—both analytical and numerical—are obtained and compared
against observational data sets, including Cosmic Chronometers, Type la Supernovae, and Baryon
Acoustic Oscillations, using a Markov Chain Monte Carlo (MCMC) analysis. A direct comparison with
the standard ACDM model is also carried out. The results indicate that Finslerian cosmological models
provide a satisfactory fit to the observational data, suggesting they represent a viable alternative to the
standard cosmological model based on general relativity.

Keywords: Barthel connection; («, §) metrics; Finslerian Cosmology; Posterior Inference; MCMC
statistical analysis
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1. Introduction-Early History and Modern Developments

In 1918, the same year in which Herman Weyl proposed his important extension of Riemannian
geometry [1,2], by introducing in mathematics and physics the concept of nonmetricity, another equally
interesting generalization of the Riemannian framework was proposed by Paul Finsler [3]. The work
of Weyl was clearly influenced by the progresses in the physics of his time, and especially by the
development by Einstein [4,5] and Hilbert [6] of general relativity, and has been extensively used in
physics, especially recently [7]. On the other hand, Finsler geometry, which represents, at least from a
physicist’s perspective, a much more drastic extension of Riemannian geometry, was not considered
from the point of view of the applications in fundamental physics for at least 40 years.

Actually, Finslerian geometry was already anticipated by Riemann [8], who has already as-
sumed the existence of metric structures in a general space based on the distance element ds =
F(xl, 2%, .. x%dx!, dx?, ..., dx") = F(x,x%,...,x"%;,y}, y?,...,y"), or simply F(x,y), where the con-
dition that for y = 0, F is a positive definite function defined on the tangent bundle TM must also be
imposed. In order to assure the independence of the length of curves on their parameterization, it is
further required that F is a function which is homogeneous of degree one in y. Riemann geometry is
just a special case of the general distance element ds, obtained under the assumption F2 = gj;(x)dx!dx/.
Thus, Finsler geometry is not a proper generalization of Riemann’s geometry, but it "...is just Rieman-
nian geometry without the quadratic restriction" [9]. However, it is an established practice especially
in the physics literature to describe Finsler geometry as a generalization of Riemann’s geometry, and
in the present work we will also adopt this view, mostly for the simplicity of the presentation.

In a simple description Finsler geometry can be considered as a geometry in which the metric
tensor g;; is a function of both the coordinates x, defined on the base manifold M, and of the tangent
vectors y, so that g7y = g77(x, y). In a physically intuitive sense Finsler geometry can be considered as
a geometry in which the metric tensor, determining the distance between two neighboring points, is
an arbitrary function of both coordinates and velocities. For presentations of Finsler geometry from a
mathematical perspective see [10-14].

The remarkable success of general relativity in the description of gravitational phenomena, and
its many observational confirmations have significantly strengthened the position of the Rieman-
nian geometry as the "true" geometry of nature. General relativity, in its Riemannian formulation,
successfully passes all the Solar System tests, inside which it can explain with a high precision the
gravitational phenomenology. Important confirmations of the validity of general relativity include
such diverse phenomena as the perihelion precession of Mercury, light bending by the Sun, frame
dragging, the Nordtvedt effect in lunar motion, and the Shapiro time delay, respectively [15]. The
experimental detection of gravitational waves represents a brilliant confirmation of the predictions
of general relativity [16], which opened a new window on the Universe, and led to new perspectives
on the black hole properties, their dynamical evolution, and the mass distribution of neutron stars
[17]. Inspired by the immense success of general relativity, the Riemannian geometric framework was
also extended, leading to important developments in mathematics like the introduction of the concept
of torsion [18,19], or of the concept of absolute parallelism [20]. These new geometries have found
important applications in physics, and they have been used to model the gravitational interaction from
new perspectives.

From a mathematical point of view, Ehlers Pirani and Schild aimed to develop a constructive
axiomatization of gravity. In their seminal 1972 paper, they built up the kinematical structure of
general relativity, purely based on axioms, which have a somewhat empirical content [21]. Although
the axiomatization is quite dense and technical, recent pedagogical reviews are present in the literature
[22-24]. We briefly outline the four steps of the axiomatization in the following [25]:

1. In the first step, the basic physical /empirical entities are postulated, such as the timelike world-
lines for freely falling massive particles, the lightlike wordlines of light rays, and radar echoes
between massive particle wordlines. These empirical elements provide enough structure to
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define a system of coordinates and allow for the construction of a differentiable structure on the
spacetime set M, turning it into a smooth manifold.

2. The conformal structure is established by requiring that, at each point in spacetime, the set of
all possible directions (i.e. tangent vectors) splits into two components when the directions
corresponding to massless (lightlike) trajectories are removed. This splitting reflects the causal
distinction between future and past. Additionally, in a sufficiently small neighborhood V' around
the worldline of a massive particle, for any point p € V not lying on the particle’s path, the
function that maps p to the product of the radar emission time f. and reception time ¢, i.e.
p — tot;, must be at least twice differentiable.

3. Imposing that through each point in spacetime, and for each timelike direction, there exists one
unique timelike (massive) trajectory passing through that point, results in a projective structure.
Each of these trajectories must admit a parametrization such that, in local coordinates near the
point, the motion satisfies ¥ = 0. This expresses the fact that particles move along straight lines
in free fall.

4.  In the final step the compatibility between the conformal and projective structures is demanded.
In particular, light rays must be special cases of particle geodesics in the limit of zero mass. This
determines the metric up to a conformal factor, which leads to a Weyl structure. Through some
technical steps (see .), eliminating the second clock effect leads to a Lorentzian structure, i.e. a
pseudo-Riemannian manifold.

It turns out that if one weakens the twice differentiability assumption on the map p — t.t;, there are
Finsler functions, which satisfy all the other EPS axioms. A well known example is given by

F(x,y) = XY g (x)yly!

, @)
where ¢ (x, ) is a non-singular 0-homogeneous function in y satisfying

ou = M) 55 =0 @
with I' ¢ being the Christoffel symbols associated to the Riemannian metric a;;(x). This geometry is
of Berwald type, i.e. it is the closest to a Riemannian geometry, but it is not trivial.

Despite the systematic, rigorous and physically appealing nature of Finsler geometry, the applica-
tions in physics of this geometry appeared relatively late. A first step in this direction was taken in the
work of Randers [26], who tried to formulate a unified theory of electromagnetism and gravity. Initially,
the theory was formulated in a higher dimensional Riemannian geometry. The Finslerian nature of
the Randers geometry was recognized by Ingarden [27]. Essentially, Randers geometry is a specific
example of a Finsler geometry, with the fundamental function F(x,y) = (ajj(x)dx'dx/) 2y b (x)yK,
where bg(x) is an arbitrary vector field. Presently, Randers spaces are considered as Finsler spaces
F" = (M,a + B), equipped with the Cartan nonlinear connection N, i.e. they are denoted with
RF" = (M,a + B, N) [28]. A comprehensive overview of several Finsler metrics and of some of their
physical applications is given in Table 1.
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Table 1. Examples of Finsler metrics with their defining functions and characteristic properties.

Name Finsler Function F(x,y) Properties
L. . Quadratic in y, reversible, i.e. F(x,y) =
Semi-Riemannian F(x,y) = \/|a(x)y'y/]| F(x, —v).
Non-reversible, i.e. F(x,y) # F(x, —y); ap-
Randers F(x,y) = y/ay( x)ylyl +by( x)yi pears in EM analogs and Lorentz-violating
physics.
. ) X ) .
Kropina F(x,y) = ulzg,yyly , byl #0 Singular on hypersurfaces; non-reversible.
Matsumoto Flx,y) Vanylyl Non—.rex./e.rmble; used in irreversible me-
’ anyy bk chanics; singular on hypersurfaces.
Bogoslovsk . L b Breaks full Lorentz invariance; 0 < b < 1;
& y F(x,y) = (—nyy'y’) 7 (nxy®) used in very special relativity.
Funk Flx,y) = NG Defined on unit ball; forward complete;
Y 1031 non-reversible.
Locally B General flat case; depends only on y, inde-
Minkowskian Flxoy) = F(y) pendent of x.
Unifies and generalizes Randers, Kropina,
«-f metrics F=¢(apB), a=jagylyl, p= beK Matsumoto metrics via the scalar function
.
General = . More general case; has some applications
Lagrangian F(x,y) = V/L(x,y), L 2-homogeneous in y in mechanics.
Includes anisotropic effects in optics
Optical / Media F(x,y) =n(x, )|yl through the direction-dependent refractive
index n(x,y).
Non-reversible Includes Funk, Randers, and non-
Finsler General F such that F(x,y) # F(x, ~y) reversible geometries.

Finsler geometry has found applications in several areas of physics, including the geometric
formulation of quantum mechanics [29-32], kinetic theory of gases [33,34], dispersion relations [35]
and optics [36]. A more exotic application is related to an extension of the Standard Model of particle
physics, where a Finsler structure can be given for the nonminimal fermion sector [37]. It is also
interesting to note that Lorentz-violating scalar fields can also be described by Riemann-Finsler
geometry [38]. In the latter cases, the Finsler geometry considered is of Berwald type: the closest one
to the Riemannan geometry, which is still not trivial and compatible with the weakened Ehlers-Pirani-
Schild axioms.

The first attempts at formulating a Finslerian theory of gravitation, but still in the framework of
unified field theories, belonged to Horvath [39], and Horvéth and Moér [40]. Early Finslerian type
gravitational theories were also formulated in [41,42], respectively, where a set of Finslerian type
gravitational field equations were proposed, representing a straightforward extension of the Einstein
field equations, and given by

1 1
Ry = 58uR + Aguw = XTyw, Kyw = 580K+ Agyw = X Ty, )

and 1
SIW - Eglﬂ/s - /\(l)glﬂ/ = 77((1)]—';11// (4)

respectively. In Egs. (3) and (4) x denotes the gravitational constant, A is the cosmological constant,
while A() and x(/) represent the internal cosmological and gravitational constants. The quantities
Ruv, R, Kyy, K and S,y and S denoting the hh-, hv- and vv-Ricci curvature tensors, and the hh-,
hv- and vv-scalar curvatures of the Finsler space (M, F). Moreover, T, is the energy-momentum
tensor of the baryonic matter, and T;W denotes the internal energy-momentum tensor. In [43] another
Finslerian type approach to gravity was introduced and developed. The main focus of this work was
the Finslerian description and interpretation of the particle motion in a gravitational field. For the
Finslerian extensions of general relativity along the line of [43] see [44]. Finslerian type generalized
Schwarzschild metrics have been investigated in [45,46].
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Miron [47] has proposed the vector bundle point of view to formulate a system of Einstein type
gravitational field equations. The starting point of this approach is to interpret the field y as a fibre at
the point x of the base manifold M. The total space of this vector bundle is obtained as a unification
of the fields x and y [48]. A nonlinear connection naturally induces an adapted basis in the fiber
T(x,yyTM of the double tangent bundle TTM and a corresponding dual basis in the fiber T(*x,y) TM of
the cotangent bundle T*TM. These are given by

_ (% _ 9 id 9 A _ K osi_ g i3 A
respectively.
In Eq. (5), the indices A, B run over (x,i) € {0,1,2,3,..,7}, while the Greek indices A, x take
values in {0,1,2,3}. The functions N} define the nonlinear connection. By construction, the basis (5) is
adapted to a Finsler-type metric on TM, given by

G = gax(x, y)dx"dx" + gi(x,y)0y'y/, ©)

where gx(x,y) and g;;(x, y) are the horizontal and vertical metric components, respectively.

On the total space of the vector bundle the Einstein field equations are assumed to have their stan-
dard general relativistic form, R g5 — (1/2)Rgap = Tap, Where T4p is the matter energy-momentum
tensor. The field equations can be decomposed, and can be written down as [47]

1 ! ;
Ry — Q(R +8)gw = T, Pix = Tia, Pai = — i, @
1
;- 2R+ 5)g; = ®

An interesting Finslerian type gravitational theory was proposed in [49]. The basic idea of
this approach is the assumption that the Einstein vacuum field equations can be obtained from the
condition H = Hl’ = 0, where H};, the Finslerian deviation tensor, is obtained from the first and second
derivatives of the quantity G! = ’yj.kxj xK/2 as

i 200 204 i 3
oG 9°G' G o 0G! oG ©)

ok oxoxk T ook C  ox oxk’

HZkZZ

If the metric is Riemannian, we obtain the limiting case of the general relativistic gravitational
field equations. But Finslerian solutions of the gravitational field equations proposed in [49] can also
be obtained.

An important class of Finsler geometries is represented by the Berwald-Finsler spaces. A system
of gravitational field equations defined in a Berwald geometry was proposed and investigated in
[50]. The derivation of the field equations in the Berwald-Finsler geometry is essentially based on
the Bianchi identities satisfied by the Chern curvature tensor. In general the geometric part of the
gravitational field equation is not symmetric, and this indicates that the principle of the local Lorentz
invariance is not satisfied in this theory. The field equations as proposed in [50] are given by

. 1 1
[chw, — 2gWS} + {ZB":XW 4 Bytxm} = 8nGTy, (10)
where F3 3 3
_ 2
=Ty aray o
is the Cartan tensor, and By,up = —A,y ARQA,X Byg / F. The Cartan tensor measures the deviation of the

Finsler geometry from the Riemannian one on a given manifold.
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With the use of a variational principle, Finsler type gravitational field equations have been derived
from a Finsler-Lagrange function L in [51]. The action considered in [51] is given by

S[L] = /Z VIR, (12)

where ¥ = {(x, %) € TM|F(x,%) = 1} denotes the unit tangent bundle, and vol(X), the volume form
on %, is defined by using the Finsler metric. The field equations obtained from the action (12) are given

by
2R — fgL”R i + gLii [(VP) + Py — Pipj] =0, (13)
where P is the Landsberg tensor, and
1 °L 1
L_ 1 — L.
§i1 ™ 29¢i00 2 (14

Moreover, R ;  is the geodesic deviation operator, and R denotes its trace.

When extended to gravitational systems much bigger than the Solar System, which involves
the presence of galactic and cosmological scales, Einstein’s theory of general relativity is facing a
number of very serious challenges, whose possible solutions could be obtained only if we introduce a
fundamental modification in our understanding of the gravitational force.

One of the most intriguing discoveries of the recent times is the observational proof that our
Universe is in fact in a phase of accelerating expansion [52-56]. The transition from deceleration to
acceleration occurred at a small redshift z, given by z ~ 0.5. To explain this observation requires a
profound modification of the theoretical foundations of Einstein’s general relativity.

The simplest explanation for the recent, exponential de Sitter type expansion can be obtained by
reintroducing in the Einstein field equations the cosmological constant A, introduced by Einstein in
1917 [57], and later rejected by him as the biggest blunder of his life. Einstein’s main goal was to use A
to construct a static, general relativistic cosmological model of the Universe.

The cosmological constant has a complicated history [58], but presently it is adopted as one of the
basic physical (geometrical?) parameters to build up the standard cosmological paradigm, the ACDM
model, which is currently used for the interpretation of the observational data. The ACDM model also
includes in its theoretical structure another basic, equally mysterious, component, the dark matter [59].
Intensive searches for the dark matter particle have yielded no results, and thus the only evidence
for the existence of dark matter is gravitational. However, despite these theoretical shortcomings, the
ACDM model fits the observational data very well [60-63].

But on the theoretical level the ACDM model is confronted with the uncertainty of its foundations:
no (convincing) physical theory does exist which could provide it with a solid basis. The first major
problem is related to the geometrical or physical interpretation of the cosmological constant [58,64,65].
If we interpret the cosmological constant as the vacuum energy density po,. at the Planck scale, we are
led to the “worst prediction in physics” [66]. The vacuum energy density can be computed as

mc
Ponc ~ — /k R+ (Yt pm = oy =107 B (15)

and this result differs by a factor of 107120 from the observed value of the energy density associated to
A, pp = A /871G ~ 107 g/cm3 [67].

Presently, the ACDM standard paradigm is faced with several important problems. An important
challenge to the ACDM model is the "Hubble tension", which has its origins in the differences in the
estimations of the values of the Hubble constant Hy (representing the present day value of the Hubble
function H), obtained on one hand from the CMB measurements [68], and on the other hand from
the local observations of the Type Ia supernovae [69-71]. The value of Hy obtained by the SHOES
collaboration for Hy is Hy = 74.03 & 1.42 km/s/Mpc [69]. The early Universe determinations, using
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the Planck satellite data, give for Hy the value Hy = 67.4 £ 0.5 km/s/Mpc [68], which differs by ~ 5¢
from the SHOES estimations.

Several other theoretical problems whose solution cannot be found in the framework of the
ACDM paradigm still exist. Some of these problems are represented by the question of the smallness
of A and its fine tuning. The question of why the transition from the decelerating to the accelerating
phases took place recently is still waiting for a response. And perhaps the most important question,
if the cosmological constant is really required to construct successful cosmological models, does not
have an answer yet.

Hence, considering alternative approaches for the description of the gravitational interaction
may allow us to solve the observational problems of cosmology the consideration of the cosmological
constant. There are three major possibilities that have been proposed for the extension of general
relativity, the dark components approach, the dark gravity approach, and the dark coupling approach
[72]. In the dark gravity approach it is assumed that the geometry of the Universe, as well as the
description of the gravitational interaction requires a significant departure from the formalism of the
Riemann geometry. Geometries that go beyond the Riemannian one, like, for example, Weyl geometry,
geometries with torsion, or teleparallel geometries have been investigated in [73-83]. For reviews of
dark gravity type theories, and of their applications, see [84-88].

As a dark gravity candidate, Finsler geometry has an important scientific potential yet to be
explored, despite the fact that it has already been considered in various contexts as an important
alternative to Riemann geometry, and the standard ACDM paradigm.

Randers geometry was extensively applied in the study of the gravitational phenomena in [89-
109]. In [93], generalized Friedmann equations in a Randers-Finsler geometry of the form

) 3 4nG

F+ H2 4+ $HZ = =22 (0 +3p), (16)
. , 11

H+3H” + ZHZt =4nG(p—p), (17)

have been obtained, where H, p, p are the Hubble function, and the baryonic matter energy density and
pressure, respectively. The quantity Z; = 11y, with 1 denoting the time component of the four-velocity
uy. The generalized Friedmann equations above give the relation 3H> + 3HZ; = 87Gp. The term
HZ;, induced by the Finsler-Randers geometry, leads to the existence of new phases in the cosmic
evolution of the Universe. The system of Friedmann equations (16) and (17) were used in [94] for the
investigation of particle creation processes in the Finsler type geometries.

A scalar-tensor theory that arises effectively from the Lorentz fiber bundle of a Finsler-type
geometry was proposed in [110], where its cosmological implications were also investigated. The
action in the presence of matter considered in this work is

1
- = (N) (N)
3_16HG/,/|detG|£de +/,/|detc|.chx , (18)

where dx(N) = d*x A ¢() A ¢(2), Several Lagrangian densities were adopted, given by

~ 1
Lo=R-— $V(4)), (19)
where V(¢) is the potential for the scalar ¢, and
~ 2 1
R =R— 206+ —50,$3"¢, (20)

¢ 2¢?
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where R denotes the curvature for the particular situation of a holonomic basis [Xs, Xn] = 0. In the
case of a non-holonomic basis the adopted Lagrangian density is given by £g = R. The generalized
Friedmann equations are given by

P 1/V .

3H? = 871Gy — ;%2 + s ((f) - 3H<p), (21)
i2
H = —47G(pm + P) +%¢2 +21¢(H¢g'fi), (22)
i} . . ¢
¢+ 3Hp = —167GPHCy — 6¢ (H + 2H2) + oV () + 25 (23)
and
- .
3H? = 87Gpm — (1 + A)Zj? — BH%, (24)
. p2 1 A

H =—47G(om+Pu) + (1+A)44;ﬂ + E(pr*@ (25)

i2
(1+ A)($ +3H§) = ~167GpCy — 6¢(H +2H?) + ‘2”—4) (1+A+¢A") — pA, (26)

respectively. Here A(¢) denotes a real function of ¢. From the above equations one can reconstruct the
thermal history of the Universe, and obtain a sequence of matter and dark-energy dominated phases.
The effective dark energy equation of state has a parameter that can be either phantom or quintessence
type. A phantom-divide crossing during the cosmological evolution does also appear.

Berwald-Finsler geometries have been investigated as potential candidates for the description of
the gravitational fields [111,112]. Spatially homogeneous and isotropic Berwald spacetimes, obtained
from a Finsler Lagrangian constructed from a zero-homogeneous function defined on the tangent
bundle, and which includes the velocity dependence of the Finsler Lagrangian, were discussed in [112].
Cosmological Berwald geometries can also be used for the description of the dynamics of the Universe.

In a series of recent papers [113-116] a systematic investigation of the applications of Finsler
geometry in cosmology was considered. The basic geometric ingredients used for the construction of
gravitational theories were the («, ) metrics, and the osculating Barthel connection. One of the basic
properties of the Finsler geometry is that to each point of the space-time manifold an arbitrary point
vector field y is associated, with the metric ¢ becoming a function of both x, the coordinates defined on
the base manifold, and y, § = g(x,v). In the osculating approach one assumes the existence of a vector
field Y = Y(x), which allows the construction of a Riemannian metric g(x) = g(x, Y(x)). In the case
of the (&, B) metrics, the connection associated to these metrics, the Barthel connection, is nothing but
the Levi-Civita connection associated to g(x).

The introduction in the (&, B) spaces of the Finsler geometry of the osculating Barthel connection
leads to a significant simplification of the mathematical formalism, and opens the possibility of con-
structing unique and well defined physical models that could be successfully used for the description
of the gravitational interaction. In the present review we briefly introduce, from the perspective of the
cosmological applications, the Barthel-Randers, Barthel-Kropina, and the conformal Barthel-Kropina
models, respectively, and we also present their mathematical and theoretical foundations.

From the generalized Friedmann equations of the osculating Barthel-Randers-Kropina cos-
mological models, obtained by assuming that the background Riemannian metric is of the Fried-
mann-Lemaitre-Robertson-Walker (FLRW) type, an effective geometric dark energy component can
be always generated, which results from the presence of extra terms in the cosmological evolution
equations.

A central problem for the physical acceptability of the Finslerian type models is how successfully
could they describe the observational data. The cosmological tests, and comparisons with observational
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data of theis dark energy models considered in this work are investigated are considered in detail.
In the present review we perform a detailed analysis of the three cosmological models of Barthel-
Randers type, introduced in [113], we constrain the model parameters. In our investigation we use 15
Hubble data points (Cosmic Chronometers), the Pantheon Supernovae Type la data sample, and the
most recent Baryon Acoustic Oscillation (BAO) measurements from the Dark Energy Spectroscopic
Instrument (DESI) Data Release 2. The statistical analysis is performed by using Markov Chain Monte
Carlo (MCMC) simulations. The results of the statistical analysis of the Barthel-Randers cosmological
models are compared with the similar analysis of the Barthel-Kropina cosmological models, already
performed in [115], and with the standard ACDM model. The Akaike information criterion (AIC),
and the Bayesian information criterion (BIC) are used as the models selection tools. The statefinder
diagnostics, consisting in the study of the jerk and snap parameters, and the Om(z) diagnostics are also
considered for the comparative study of the Barthel-Randers, Barthel-Kropina and ACDM cosmologies.
Our statistical results indicate that the osculating Barthel type (a, ) Finslerian dark energy models
give a good description of the observational data, and thus they can be considered a viable alternative
of the ACDM model, even if not all of them would be favoured compared to ACDM.

The present paper is organized as follows. We review some basic concepts and definitions of
Finsler geometry in Section 2. In Section 3 we introduce the mathematical foundations of the Barthel-
Randers-Kropina gravitational theories, by reviewing the basic concepts of («, ) metrics, osculating
spaces, and Barthel connections. The basic principles of constructing («, ) cosmological models are
also presented. The generalized Friedmann equations of the three basic models considered in the
present work: Barthel-Randers, Barthel-Kropina and conformal Barthel-Kropina are also written down,
together with the corresponding energy balance equations. The thermodynamic interpretation of
the cosmological models with nonvanishing matter energy-momentum tensor is also presented, and
briefly discussed. The cosmological implications of the Barthel-Randers and Barthel-Kropina models
are discussed in Section 4, where constraints on the free parameters of these models are obtained
by using a combination of observational data sets, including Type Ia supernovae, Baryon Acoustic
Oscillations, and Hubble parameter measurements. A detailed comparison of the Barthel-Randers and
Barthel-Kropina cosmological models is performed in Section 5. A discussion of the main results and
of the relevance of the statistical analysis is presented in Section 6. Finally, we discuss and conclude
our results in Section 7.

2. Fundamentals of Finsler Geometry

The assumption that spacetime can be described mathematically as a four dimensional differen-
tiable manifold M, endowed with a pseudo-Riemannian tensor g; Js where I, [,K... =0,1,2,3, is one
of the fundamental assumptions of modern theoretical physics. The next fundamental concept, the
interval between two events located at the points x! and x! + dx! on the world line of a standard clock
is defined by the chronological hypothesis as ds = (g;dxdx/) 12 [117,118]. A very important metrical
generalization of the Riemannian geometry is the geometry anticipated by Riemann [8], but which
was later on systematically developed by Finsler [3].

In a simple interpretation Finsler spaces are metric spaces with the interval ds between two
neighboring points x = (x) and x + dx = (x! + dx) given by

ds = F(x,dx), (27)

where F, the Finsler metric function, must be positively homogeneous of degree one in dx, and thus
satisfy the condition
F(x,Adx) = AF(x,dx) for A > 0. (28)
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The Finsler metric function F can be written in terms of the canonical coordinates of the tangent
bundle (x,y) = (x!,y!), where y = y!(9/9x!), is any tangent vector y at x. Then we can introduce the
Finsler metric tensor g;; defined according to

19%F%(x,y)

Hence Eq. (27) can be written as
ds® = gy (x,y)y'y’. (30)

Riemann spaces are some particular cases of the Finsler spaces, and they correspond to gjj(x,y) =
g17(x) and y! = dx!, respectively.
Given a Finsler function F, one can obtain the geodesic equations in the form [117,118]

d2l

Tz +2GH(x,y) =0, (31)

where the functions G'(x,y) denote the spray coefficients
_ 1 gy 9°F*  OF
—Y — = . 32
Equivalently, more reminiscent to Riemannian geometry, they can be rewritten as

d2x! dx) dxK

vz Ty gy =0 (33)

where

212 2
Pr2 ap) 31

; 1
I ], K _ ~ei — — o —_
Tk y)y'y™ =2G(xy) = 38 (axKay,y |

Here, the quantities I'} JK (x,y) are the local coefficients of the Finsler connection used. We point out that
the theory of Finsler connections is more complex than in the Riemannian case since only metrical,
torsion free connection is the Levi-Civita one, hence the existence of such connection implies that
the Finsler metric is in fact Riemannian. The obvious conditions imposed for the existence of Finsler
connections are then non-metricity and torsion free (this is the case of the Chern connection) or metrical
connection with surviving torsion (this is the case of the Cartan connection). The precise form of
the Finsler connections depends on the concrete form of the non-metricity and surviving torsion,
respectively, but these details are beyond the aim of the present paper (one can consult [13,14,127] or
other textbooks on Finsler geometry). The local coefficients of a Finsler connection D are defined as

) 1) d d
D 5 rl(x/]/)]Kﬁ/ Di}(ﬁ I(x/y)]KW’ (35)

K (5

where 5%, is the adapted basis induced by the Cartan nonlinear connection. We prefer to keep the
. I 1
notation Cjx = 3 W

Finsler space (M, F) is the only Finsler connection on TTM which is metrical and having h(hh) and

for the Cartan tensor of (M, F). For instance, the Cartan connection of a

v(vv)-torsion vanishing (the rest of the torsion survives). The local coefficients of the Cartan connection
are given by

I 1 o8 (xy) | dgik(xy)  Ogk(xy)
r]K(x’y) - 2g (x’y) (sx[( + é‘x] (st

(36)

I 1 ogry(xy) | 9gik(xy)  9gk(x,y)
Vik(xy) = 58 (x,y) S + oy oxL |/
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Likewise, the Chern connection is defined to be the only Finsler connection on TTM which is almost
compatible and torsion free. The local coefficients of the Cartan connection are given by (F}K(x, y),0).
However, despite the quite complicated form of the connection coefficients F}K(x,y), due to the
homogeneity of the geometrical objects involved, the equation (33) gets the simple form

d?x! I dx) dxK
axz K gy gy =0 &)

where

1 dgrr(x, 0 X, dgrk(x, )
')’}K(x/]/) = Egu(x/]/) ga]iK y) + gugi] ]/) - g]ach Y : (38)

are the formal Christoffel coefficients of the Finsler space (M, F).

Berwald spaces are a special class of Finsler geometry, and they can be obtained by assuming that
the Berwald connection coefficients are independent of the fiber coordinate y [10].

With the help of the spray coefficients G!, one can define the vector field S on TM \ 0 according to
;0

S=vy 5l 2G a—yl

S is the spray induced by F. A curve 7y defined on M is a geodesic of F if and only if its canonical
lift 9(t) = (y(t),¥(t)) to TM is an integral curve of S.

The notion of Finsler metrics that we have recalled here belong to the class of classic Finsler metrics,
in other words, at each point x € M, the function Fy : TyM — R is a function defined on the tangent
space TxM of a differentiable manifold M satisfying the following conditions

(i) FyisC®onTeM = T:M\ {0},
(i) Fyis 1-positive homogeneous: Fx(Ay) = AFx(y), forallA > 0and y € TxM,

(iii) for each x € M, the Hessian matrix (29) is positive defined in Ty M.

At each point x € M, the indicatrix {y € TxM : Fx(y) = 1} is a closed, strictly convex, smooth
hypersurface around the origin of T, M.

A more general notion is the notion of conic Finsler metrics, that is, Finsler norms defined only on
a conic domain of Tx M. Let us recall that Ay C TyM is called a conic domain of Tx M if Ay is an open,
non-empty subset of TyM such thatif v € Ay, then Av € Ay, for all A > 0. We remark that the origin
of T,xM does not belong to Ay except for the case Ay = Ty M.

We can now define a Finsler norm defined only on a conic domain Ay C TxM with the properties
(i)-(iii) given above for all y € Ay. At each point x € M, the indicatrix Sy := {y € Ay C TeM : Fx(y) =
1} is a hypersurface embedded in Ay as a closed subset.

Let A C TM be an open subset of the tangent bundle 77 : TM — M such that 7(A) = M, and A
is conic in TM, that is for each x € M, the set Ay := AN TyM is a conic domain in T,yM. A function
F: A — Ris a conic Finsler metric if its restriction Fy : Ay — R satisfies the conditions (i)-(iii) above,
for each x € M. The local and global geometry of conic Finsler spaces can be now developed in a
similar way with the case of classical Finsler metrics (see [119], [120] and references therein).

3. Osculating (&, B) Type Cosmological Models

In the present Section we review the mathematical and theoretical foundations of the Barthel-
Randers-Kropina type cosmological models, which we will discuss in the framework of the general
(a, B) geometries. We also write down the generalized Friedmann equations obtained for the case of
the Friedmann-Lemaitre-Robertson-Walker Riemannian metric. The thermodynamic interpretation of
the models is also discussed.
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3.1. Mathematical Foundations of the («, B) Finslerian Cosmologies

We begin our discussion of the cosmology of the Finslerian type geometries with a brief discussion
of the mathematical properties of the («, f) metrics, of the Barthel connection, and of the osculating
geometries.

3.1.1. Kropina and (&, B) Geometries

As we have already mentioned, a special type of Finsler space is the Randers space [26], with the
metric function given by

F = [ay(x)y'y/] Py (39)

where aj; is the metric tensor of a Riemannian space, and b;(x)y! is a linear 1-form defined on the
tangent bundle TM and we used the parametrization dx! = /.
Another remarkable class of Finsler spaces are the Kropina spaces [121,122], which are Finsler
spaces with metrics of the form
F(x,y) = L(x)ylyj.
br(x)y!

By generalizing these results, Matsumoto [123,124] defined the notion of the («, ) metrics in

(40)

the following way: being given a Finsler metric function F(x,y), it is called an («, B) metric if F is a

]1/2

positively homogeneous function F(a, B) of first degree in two variables a(x,y) = [a;;(x)y'y/]'* and

B(x,y) = by(x)y!, respectively.

In our analysis we suppose that « is a pseudo-Riemannian or Riemannian metric, with the
properties that it is non-degenerate (regular), or positive-definite, respectively. We point out that the
Kropina-type metrics are conic Finsler metrics defined only on some conic domain of the tangent
bundle. By extension, we can regard any («, B) as conic Finsler metrics allowing the Riemannian part
to be pseudo-Riemannian metrc.

In the special cases of the Randers and Kropina metrics the Finsler metric functions are given by
2

F=a+pB,and F = IX—, respectively (see also Table 1). Therefore the Randers and Kropina metrics
belong to the general class of the («, ) metrics.
We can define the general («, B) metrics as metrics having the metric function given by

Fa,p) = ap(B/a) = agp(s), (41)

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

Many examples of («, B) metrics have been considered in the literature, the most studied one
being the Randers metric F = a + § (see [125] and references within). The Kropina metrics are also
classic examples of («, B) metrics (see [126] for physical motivations of introducing this metric). More
recently, the local and global aspects of Kropina metrics have been extensively studied in [120,128-131].

3.1.2. The Barthel Connection

Let (M", F) be a Finsler space, defined on a base manifold M". We can also define on M" a vector
field Y (x) # 0. We introduce now a specific mathematical object (M", F(x,y), Y(x)), which represents
a Finsler space (M", F(x,y)) with a tangent vector field Y(x) also defined. If the vector Y does not
vanish in any point on M, then from the Finslerian metric (x, y) one obtains the Y-Riemann metric
Br(x) = (x,Y).

Obviously, one can evaluate any geometrical object in a Finsler space (M, F) in the specific
direction given by a fixed vector field Y. This remark leads to the natural idea of evaluating the Cartan
connection coefficients F}K(x,y) given in (36) at y = Y(x). This is the so-called Barthel connection
introduced by Barthel himself in [132,133] and developed later by Ingarden and Matsumoto [126].
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The Barthel connection is an affine connection on M, gy metrical with torsion
Tji(x) = VI (x, Y (x))Yg — Vik (x, Y (x)) Y], (42)

where Y]L(x) = % —N IL(x, Y(x)) and N ]L (x,y) is the Cartan nonlinear connection of the Finsler
space (M, F).
The local coefficients of the Barthel connection can be written as

bjk (%) = Flg(x,Y(x)) + V[ (x, Y (x)) Y] (x). (43)
The absolute differential of the vector Y is defined according to [134]
DY! = ay! + YKpL  (x, Y)dxH, (44)

where by bk (x,Y) we have denoted the coefficients of the Barthel connection. By using the homo-
geneity of the geometrical objects involved, it results

DY! = av! + YX (Thyy — FRs Y5 Chy ) ™, (45)

The Barthel connection has a number of interesting properties. It depends on the vector field on
which it acts, a property that does not exist in Riemann geometry. Therefore, the Barthel connection
has very different properties, and so it significantly differs from the connections in Riemann geometry.
Another important property is related to the direction and magnitude dependence of the Barthel
connection. For anisotropic metrics, like most of the Finsler metrics, all geometric properties depend
on the direction. For the Barthel connection, there is no dependence on the magnitude of the vector
field, but only on its direction. The Barthel connection, keeping the metric function unchanged by the
parallel transport, is the simplest connection with this property. For Finsler vector fields, depending on
both x and y, the Barthel connection allows the transition to the Cartan geometry of the Finsler spaces.
Moreover, the Barthel connection can be considered as the connection of a point Finsler space.

Finally, we would like to mention that unlike the Levi-Civita connection of the Riemannian
geometry, the Finsler connections (Cartan or Chern connections) are not defined on the base manifold
M, but they live on the total space of the tangent bundle [13,14]. On the other hand, even though
they are completely different, the Barthel and Levi-Civita connections are affine connections on the
base manifold M. This is a very important characteristic of the Barthel type geometries that leads to
significant differences between the geometrical theories of gravity as formulated on Riemann and
Finsler manifolds.

3.1.3. The Y-Osculating Riemann Geometry

In 1936 Nazim [135] introduced and developed the concept of osculating Riemann spaces of Finsler
geometries. This concept was later studied by Varga [136]. In the osculating approach one associates to
a complex geometric object, like a Finsler geometry and connection, a simpler mathematical structure,
like, for example, an affine or a linear connection, or a Riemann metric. Hence in this approach it
is assumed that the osculating geometry, approximates at a certain level the more complicated one.
Thus, with the use of the osculating formalism, one can derive mathematical results that significantly
simplifies the description of the properties of the mathematically complex geometries.

Let a nowhere vanishing local section Y of 7151 : TM — M be given. Geometric objects existing on
TM can be pulled back to M. Since gjj o Y is a function defined on U, a new metric, defined according
to

gy(x) =gy, y)ly=yx, x€U, (46)

can be introduced. The pair (U, gjj) represents a Riemannian manifold, while gj;(x) is the Y- osculat-
ing Riemannian metric, defined on (M, F).
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For the osculating Riemannian metric given by Eq. (46), we define the Christoffel symbols of the
first kind as

i) = 3 { gyl Y (6] + 52 g Y (6] = g L Y (X1 - )

With the use of the rule of the derivative of the composed functions, we explicitly find

, (48)

oYL oYL oYL )
y=Y(x)

Yk (x) = vy (x,y) ’y:y(x) +2 (C”LaxK +Cixia 7 ~ Ok

where Cjjy, denotes the Cartan tensor. Hence, if a global section Y of TM does exist, so that Y (x) # 0,
Vx € M, one can always define the osculating Riemannian manifold (M, g;;).

The Case of the («, ) Metrics

Let’s focus now on the case of the (a, ) metrics. The Hessian matrix of an (&, §)-metric F = F(«, B)

is given by
L oL dL
g1 (e y) = iy + 5 iy + —E (yiby +yyb;) + Lggbiby, (49)
and the Cartan tensor by
Lyg
2Cijx = — = (hypx +hykpi +hipy) + Lggppippx, (50)
where the notation L := %2 is customary. Here p; = by — gyI and hyp = g17 — % is the angular tensor

of (M, F).

We choose the vector field as Y = b, with b! = a!/b;. Since the vector field Y is globally non-
vanishing on M, we obtain the result that  has no zero points on M. Hence, we can define for the
(a, B) metrics the b- osculating Riemannian manifold (M, g7y), with the Riemannian metric given by
§1](x) = gU(x, b), where bI = a”b].

With respect to «, the length b of b is obtained as b?> = b;b! = a2(x,b). Moreover, we have
Yi(x,b) = by, respectively.

The b-osculating Riemannian metric can be explicitly written as

~ Ly Lua Lﬂtﬁ Ly
Sy(x) = = 81 +<~+2~+L —~)‘ biby. 51
J blymvn”  \ B2 b R o

Moreover, we obtain B(x,b) = b2, and pr(x,b) = 0. Hence, by using the expression of the Cartan
tensor for an («, B) metric, we obtain the important result that Cjjx(x,b) = 0. For Y = b, we find

Yk (x) = yyx(x,y) |y:b(x)~ (52)

Thus, we have obtained the fundamental result that in the case of an (&, §)-metric, the Barthel
connection, representing the linear b-connection, where b’ = (a!/b;), is the Levi-Civita connection of
the b-Riemannian metric. Hence, after the evaluation of the fundamental Finsler tensor g;;(x,y) of
(M, F) at the point (x, Y(x)), we obtain a Riemannian metric gy on M, with its Levi-Civita connection.

The Curvature Tensor

The Barthel connection with local coefficients (bg‘c(x)) is an affine connection. We define the
curvature tensor of an affine connection, having local coefficients (l"gC (x)),as

A
orgy, e
0x€ dxD

A E 1A E pA
Rpep = +I'gpl'ec —I'pclED- (53)
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Thus, it follows that the curvature of the Barthel connection can be obtained from Eq. (53) by
taking (I'4-(x)) = (bf-(x)). For the Kropina metric with F = a2/, the Barthel connection is equal
with the Levi-Civita connection of the osculating metric $ap(x) = gap(x, b(x)), with b;(x) denoting
the components of the one-form . Moreover, g 45 is the fundamental tensor of F.

Since bgc = '?gc, where '?gc are the coefficients of the Levi-Civita connection, for the curvature
tensors of the Kropina metric the we find the expressions

5A IMEp  OThC | ~F ~A _ ~E ~A
Rep = 5xC 9y T YBDYEC — VBCVED/ (54)
and B B
5 oy Y o~ E o~
Rpp = Zl axBAD - axBDA + Z(’YED’YéA - ’YgA’YéD)] , (55)
A E

respectively, where the indices A, B, C, D, E take the values {0,1,2,3}, and we have defined R BD =
ﬁﬁ aprand ﬁBD = ¢BCRep, respectively [113-116]. The generalized Ricci scalar is defined according to

~

_ PB
R=RE

3.2. Building Cosmological Models in («, ) Geometries

We proceed now to the investigation of the possibility of using the Finslerian geometric framework,
and the general (&, ) metrics, to build specific cosmological models. Our basic quantities in this
respect are the Riemannian metric a;;, which determines « = aj;dx'dx) = aj;y'y/, and the coefficient
b of the one form B = bjdx! = b;Y!. To construct a cosmological model in the («, 3) type Finsler
geometries we introduce several assumptions, detailed below.

The Universe Is Homogeneous and Isotropic

As a first approximation on the structure and matter distribution in the Universe we assume
the validity of the cosmological principle. The cosmological principle implies the homogeneity of
the Universe. The homogeneity of the Universe imposes the fundamental constraint that on large
cosmological scales all the physical and geometrical properties of the Universe depend globally on the
cosmological time only.

The Riemannian Metric a;; Is the FLRW Metric

In the following we will restrict our study to the case in which the metric a in the definition of
a = ajjdx'dxl is the flat, homogeneous and isotropic -Lemaitre-Robertson-Walker (FLRW) metric.
In a system of coordinates (xo =ct,xl = x,x2 = v, X = z) defined on the base manifold M, the
Riemannian FLRW metric is given by

ds%z = gdeidxj = 2df? — 4? (xo) (dx2 + dy2 + d22>, (56)

where t is the universal cosmological time, ¢ is the speed of light, and a(xo) is the scale factor,
describing the expansionary properties of the Universe. From observational point of view the Hubble
function, defined as H = (1/a(x%)) (da(x?) /dx?) plays an important role, since it allows the in depth
comparison of the astrophysical data with the theoretical predictions.

The Finsler Metric Depends on x° only

The cosmological principle, together with the homogeneity postulates, requires that together
with aj; = ajj(x°), the components of the 1-form B are also functions of the cosmological time only,
b I = b I (XO) .


https://doi.org/10.20944/preprints202505.0370.v1

Preprints.org (www.preprints.org) | NOT PEER-REVIEWED | Posted: 8 May 2025

16 of 45

The 1-Form b Has Vanishing Space-like Components

The cosmological principle, requiring the homogeneity of the Universe, as well as the isotropy
condition that follows from the choice of the Riemann metric as the FLRW metric, having only diagonal
components, leads to a strong mathematical constraint on the components of the coefficients of the
1-form b. The isotropy of the metric imposes the condition that all the space-like components of A
identically vanish, so that by = by = b3 = 0. If this restriction is not satisfied, then after performing a
spatial rotation in the (x, y, z) three-dimensional space, we can construct a preferred direction, oriented,
for example, in the direction of the x coordinate. But the possibility of such a transformation, and
the existence of a preferred direction would contradict the isotropic condition implemented via the
FLRW metric, as well as the observed large scale spatial isotropy of the Universe. Hence, in the present
approach to Finslerian cosmology we assume that the vector b has only one independent component,
so that by (x°). Therefore, in a homogeneous and isotropic cosmology the 1-form field b takes the

(b)) = (a(xo);y(xo),o,o,o) = (bf), (57)

where we have introduced the auxiliary function 7 (x°) to obtain a representation of by in terms of the

simple form

scale factor of the Universe.

Matter Moves Along the Hubble Flow

We assume that similarly to the standard general relativistic cosmology, defined in the Riemannian
geometric setting, in Finslerian cosmology we can also introduce a comoving frame in which the
cosmological observers, as well as ordinary matter, move along with the Hubble flow, defined by
the metric a;;(x). If we introduce the Riemannian four-velocities ul of the matter particles, defined
as ul = dx!/dsg, then the existence of a moving frame implies that the space-like components of
the matter four-velocity do vanish identically, and the four velocity has only a non-zero temporal
component u! = (1,0,0,0), which can be normalized to one.

The Matter Content of the Universe is a Perfect Fluid

We postulate that cosmological matter in the Universe consists of a perfect fluid, whose thermo-
dynamic properties can be described by two basic thermodynamic quantities only, given by the energy
density pc?, and the thermodynamic pressure p, respectively. We also assume that the thermodynamic
quantities can be defined in the usual way, by using the standard definitions of statistical physics and
thermodynamics. From assumptions ¢ and 4 it follows that the matter energy-momentum tensor has

only two non-zero components, Tg = pcz, and TII = —p,i = 1,2,3, respectively, and thus it can be
represented in the form
pc2 0 0 O
7 I] _ 0 —p O 0 ’ (58)
0 0 —-p O
0 0 0 —-p

Geometric Quantities

Once the above conditions and assumption have been adopted, we obtain the expressions of the
Finsler metric, and of « and B in the FLRW cosmological background of the osculating Barthel-(«, 8)
geometry as follows

1 0 0 0
0 —a?(x0 0 0
(111) (ﬂI]) = 0 ? O(x ) _az (XO) 0 ;
0 0 —a?(x9)
(i) al,_p) = a(x%)n(x%);
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O) Bly—s = (1)1 ()]

0 0 0 0
_ |0 —a?(x9) 0 0 .
(Vl) (hU’y:h(x))_ 0 0 _aZ(xO) 0 ’
0 0 0 —a?(x9)

where I, ] € {0,1,2,3}, and hyj(x,y) := ajj — %% is the angular metric of (M, a). From the above
expressions, it turns out that the Finsler metric g is also diagonal. This result follows in a natural way
from the definition of the («, B) metric. Thus, in this Finslerian modification of general relativity we
maintain one of the essential properties of the FLRW metric (56), namely, homogeneity and isotropy of

the Riemannian geometry.

Gravitational Field Equations

We postulate that the Einstein gravitational field equations, describing geometrically the proper-
ties of the gravitational interaction, can be formulated in a general («, §) Finslerian geometry as

~ ~ 1. ~ 8nGa
Gip =Ry — EgUR = 674711], (59)

where G is the gravitational constant. These equations are the natural extension of the Riemannian
Einstein equations in the Finslerian framework. They reduce to the standard general relativistic
Einstein equations in the limiting case of the Riemann geometry.

Flowchart of the Algorithmic Construction of Osculating Barthel Type Finslerian Gravitational
Theories

The steps necessary to construct a specific Barthel-Kropina type cosmological model, and the
underlying gravitational theory, are presented algorithmically in the form of a flowchart in Figure 1.

Although specific examples are restricted to the cases of Barthel-Randers and Barthel-Kropina
geometries, the formalism can be easily extended to any other choices of the Finslerian function
F = a¢(s), and the implementation of the geometrical model into a gravitational theoretical framework
can be done easily. In all these cases some extensions of standard general relativity can be obtained,
leading to gravitational field equations that contain extra Finslerian terms, which in a cosmological
context can be interpreted as describing an effective geometric dark energy, generated by the nonlocal
geometric structure of the spacetime, with the metric tensor nonlocalized due to the presence of the
vector y, representing an internal degree of freedom.

There are a large number of (&, ) metrics, whose physical and gravitational properties is worth
investigating, and which could offer new and important insights into the gravitational and cosmologi-
cal phenomena. The flowchart of the algorithmic approach presented in Figure 1 may simplify and
clarify the necessary steps taken for the investigation of these classes of theories.
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Figure 1. Flowchart of the algorithmic approach for the construction of the («, ) gravitational models with the
Barthel connection.
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3.3. Barthel-Randers Cosmology

For the case of the Randers geometry we have F = & + B. By using the above assumptions it turns
out that the generalized Friedmann equations in this geometry take the form [113]

- .
3H? = 8nG¢p*p — 43122 — 3Hg, (60)
and e 5 542 .
: 2 _ ¢, 5¢ ¢

respectively, where we have denoted

4>(x0) =1+ a(xo)iy (x0>. (62)

Egs. (60) and (61) give the dynamical evolution of H as

{— ancp(pr Py 9 P 4o
H = —4nG¢? (p+ %) 2 gy (63)
Eq. (60) can be rewritten as
N 2
¢ 2
H+ 1) = . 4
3( T3 P 8nGPpp (64)
By introducing the new Hubble function defined as
¢
H=H+ 29’ (65)
we obtain the final form of the generalized Friedmann equations in the Barthel-Randers cosmology as
3H? = 871G¢?p, (66)
and ) )
2ff 1302 = - ¢ = C 2y +4’2+2Hf, (67)
¢ ¢
respectively.

The Energy Conservation Equation

The energy conservation equation of the matter in the present model of the Barthel-Randers
cosmology can be obtained by assuming that similarly to the standard Riemannian general relativistic
case, the covariant divergence of the energy-momentum tensor vanishes, @FTW = 0, with the
covariant derivative calculated with the help of the Barthel-Randers connection A" ,.. Hence, the
conservation equation in Barthel-Randers cosmology can be written as [113]

¢ PN _
p+3(H+2¢>(p+cz>—0, (68)

or, in an alternative form, as

%(paa) + c%di + ;a (p—l— C%) =0. (69)
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The conservation equation is not independent, and can be also derived directly with the use of the
Friedman equations. By taking the time derivative of Eq. (60), and after substituting H from Eq. (61),

we find
871Gy (p + 3?;”) - 83)3(453 — 2Hp¢?* — 20H*¢*¢7)
+ 471G (3p + 4p) + 9H> = 0. (70)

By substituting the expression of H? from the Friedman equation (60), we recover Eq. (70).

3.4. Barthel-Kropina Cosmology

In the Kropina geometry the Finslerian metric function is given by F = a?/B. The generalized
Friedmann equations, can be obtained directly from the Einstein equations, and are given by [114]

3(7')>  8nG 1

2 2 ap” (71)
and " I (/)2
Ul Ul n)° _8nG p
27—#27{;—3 e T (72)

respectively, where by H we have denoted the generalized Hubble function of the Barthel-Kropina
cosmology, defined according to H = (1/a(x?)) (da(x?) /dx?).

In the above equations, and in the following, a prime denotes the derivative with respect to x%, a
dot denotes the derivative with respect to the cosmological time ¢, and the standard Hubble function is
givenby H = c’H. After eliminating the term —3(7’ )2 with the help of Eq. (71), Eq. (72) becomes [114]

d 471G
an <5 (1'a) = =~ (o + p). (73)

In the Barthel-Kropina geometry the full system of the generalized Friedmann equations is represented
by two ordinary differential equations with four unknowns (4,7, p, p). By considering an equation
of state for the baryonic matter, p = p(p), the number of unknowns in the system of generalized
Friedmann equations becomes three, and the system is still underdetermined. Therefore, to obtain
solvable cosmological models, and to close the system, we must impose a supplementary independent
relation on two of the model parameters.

Energy Balance Equation

One of the basic consequences of the standard Friedmann cosmology is the conservation of
the matter energy-momentum tensor. But as one can easily observe from the Friedmann equations
(71) and (72), this property does not hold anymore in the Barthel-Kropina cosmology. The matter
non-conservation equation matter as well as the energy density balance equation can be obtained after
the multiplication of Eq. (71) with %, and applying the time derivation operator d/dx” on the result. By
using in the obtained relation the second generalized Friedmann equation, the energy nonconservation
equation in the Barthel-Kropina cosmology is obtained as [114]

8nG [ d d
= szo (pc?a®) + deoas} = 60 [H(y')* + (o +Ho)y" + M2y ). (74)

Eq. (74) can be written in a form similar to the standard general relativistic conservation equation as

4nG | d d 8nG (5 H
= [dxo (pc2a3) + pdxoag’] = 3a° {2& <3pc2 + p) ol 17’17”} : (75)
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The General Relativistic Limit

An interesting and important property of the generalized Friedmann equations of the Barthel-
Kropina cosmological model, given by Egs. (71) and (72), respectively, is that they admit a general
relativistic limit, in which they take the form of the standard Friedmann equations of general relativity.
The general relativistic limit is given by [114]

72, (1,0,0,0) 76)

Then from Egs. (71) and (72) we immediately reobtain the Friedmann equations of standard general
relativity
3(a')>  8rnG a’  (a')? 811G

a? 2 P ;+ 2 - Al 77)

From Egs. (77) it follows that the energy density p is conserved, with the conservation equation
givenby p+3H (p + p/c?) = 0.
3.5. Conformal Barthel-Kropina Cosmology

Let’s consider that an (a, )-metric with F = F(a, B) is given. The conformal transformation of
the metric is defined as [116]

F(x,y) :== ¢"MF(x,y) = f('&, E) (78)
The metric (78) is again an (EZ, E) metric, with
n = e‘f(x)oc, E: e”(x),B. (79)
The fundamental tensor of F is calculated with the help of the Hessian [116]
81y = ;;;g;- (80)
The conformal transformation of the Kropina metric is obtained as
Frmew® %
p B
where & = e?Wa, p = ¢”(*) B. The osculating Riemannian metric is obtained as
§1](x) = Mgy (x), (81)
where g7j(x) is given by
Sy b(x)) = Zgzzan(x) + ?;;beb] - "Z‘;(blb] 1 byby) + ';zblb], 82)

where by :=ajjb) = dg;(x,b(x)) (see flowchart 1). For cosmological applications we choose the
conformal factor as o'(x) = ¢(x°). Hence in the study of the dynamical evolution of the Universe we
will restrict our investigations to conformal transformations of the Kropina metric that depend only on
time.

The Generalized Friedmann Equations

In the conformal Barthel-Kropina geometry the generalized Friedmann equations take the form
[116]

3(y")> 8nG 1 _ 2
" T2 azﬂzp+3(4’/)

n
—6—¢, 83
” ¢ (83)
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and

2 2 16nG 1 _

230D 2 H 2] = ==y gp

1 /

o) (-
respectively. We eliminate now the term —3(7’ )2 /1% between Egs. (83) and (84), and thus we find the
relation

1 d N 4nG 1 /5, " N2 1y , 1,
2@@(“’7) = CTW(PC +P)—(¢ - (¢) )—174’—14)%- (85)

The general relativistic limit of the system (83)-(84) is obtained by taking # — 1/a, and
(bi(x)) = (1,0,0,0), respectively. Consequently, B = y°. Thus, in this limit, the generalized Friedmann
cosmological evolution equations of the conformal Barthel-Kropina model become [116]

312 = 8%(;5(:2 +3(¢')% + 6H¢, (86)
and 870G .
2H 4+ 3H? = —7;—4 p+2 [gb" +5 (<p’)1 +Hy', (87)

respectively. For ¢ = 0 we fully recover the standard Friedmann equations of general relativity.

3.6. Thermodynamic Interpretation of the (x, B) Cosmologies

It is a general property of several Finslerian type cosmological models that the matter energy-
momentum is not conserved. For example, Eq. (68) illustrate this situation for the case of the Barthel-
Randers cosmological models. Hence, contrary to the general relativistic case, in the Barthel-Randers
type cosmological model, as well as in the Barthel-Kropina and conformally transformed Barthel-
Kropina cosmologies, the baryonic matter content of the Universe is not conserved anymore. This
intriguing property of the models raises the problem of the physical interpretation of the nonconserva-
tion of the matter energy-momentum tensor, and the problem of the cosmological significance of this
effect.

A possible physical understanding of the energy-momentum nonconservation can be obtained by
interpreting this effect by using the thermodynamics of irreversible processes, and assuming that it
describes particle creation and annihilation in a cosmological environment. In the following we briefly
introduce first the foundations of the thermodynamic of irreversible processes, and then we illustrate
the general formalism by considering the specific case of the Barthel-Randers type cosmological model.
The nonconservation of the energy-momentum tensor is a specific feature of several modified gravity
theories, and specifically in approaches to gravity involving the presence of geometry-matter coupling
[137]. Example of such theories are the f(R, Ly,) [138] and the f(R, T) [139] theories.

The non-conservation of the matter energy-momentum tensor, as shown, for example, for the
Barthel-Randers case by Eq. (68), can thus be interpreted as showing that due to the existence of
the Finslerian geometric effects, during the cosmological evolution matter creation processes may
take place during the cosmological evolution. This indicates the possibility of creating matter from
geometry. Quantum field theories in curved space-time also predict the same particle creation effect,
as initially proposed and investigated in [140-145]. In quantum field theory particle creation is due to
the time variation of the gravitational field. In an anisotropic Bianchi type I metric quantum particle
creation was considered in [142], and for a quantum scalar field with a non-zero mass the renormalized
expression of the energy-momentum tensor was determined. Hence, the osculating Finsler-Barthel
type gravity theories, in which the creation of matter is also allowed by the general formalism, could
also be interpreted as providing an effective, semiclassical description of the quantum effects in the
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gravitational field. It is important to note, however, that the nature of the particles is not necessarily
known, unless quantum theoretical effects are taken into account.

3.6.1. Irreversible Thermodynamics and Matter Creation

Eq. (68), obtained within the framework of the Barthel-Randers cosmology, shows that the
covariant divergence of the energy-momentum tensor, which is a function of the equilibrium quantities
of the thermodynamic system represented by the baryonic matter, is different from zero. Similar
effects do appear for the case of other thermodynamical quantities, like, for example, the particle and
entropy fluxes. Hence, in the presence of matter creation all the balance equilibrium equations must be
modified to account for this effect [146-148]. We will present first the general formalism of irreversible
thermodynamics in the presence of matter creation, by adopting a cosmological perspective. We will
consider all the results in the Riemann space, with metric a 45 (x). Moreover, we interpret the Finslerian
effects as generating a set of specific physical events in the background Riemann geometry. Hence,
in the following all the physical and geometrical quantities will be expressed with the help of the
FLRW metric (56). Consequently, all considered physical and geometrical quantities are functions of
the cosmological time ¢ only.

Particle Balance Equations

To describe particle dynamics we introduce the particle number density 1, and the four-velocity u!
of matter. From these quantities we construct the particle flux N = nul. All these physical parameters
are defined in Riemannian geometry. The particle balance equation in the presence of matter creation
is given by

ViN! =7 +3Hn = nT, (88)

where V7 is the covariant derivative defined in the Riemann space with the help of the Levi-Civita
connection associated to the FLRW metric (56), while I denotes the matter creation rate. For I' < 3H,
the source term in the particle balance equation is negligible, and we reobtain the standard particle
conservation law of general relativity.

The Entropy Flux

We introduce now the entropy density 5, and the entropy per particle ¢ = §/n. From these

I'= nou!. The divergence of the

quantities we construct the entropy flux vector defined as S’ = su
entropy flux gives the relation

V8! = no 4+ nol >0, (89)

where the positivity condition is a direct consequence of the second law of thermodynamics. The case
o = constant gives the relation
VS = nol = 3T > 0. (90)

Eq. (90) shows that if the entropy per particle can be taken as a constant, then the variation of the
entropy is only due to the matter generated via the transfer of the energy of the gravitational field to
matter. Since § > 0, the particle production rate I' must satisfy the basic thermodynamic condition
I' > 0. From a physical point of view this condition can be interpreted as permitting the creation of
matter from the gravitational field, but suppressing the opposit process.

The Creation Pressure

If particle creation takes place, the matter energy-momentum tensor must also be modified to
take into account the presence of the irreversible processes and the second law of thermodynamics.
Generally, in the thermodynamical description of open systems, the energy-momentum tensor can be
represented as [149]

T = T2} + ATY, 91)
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where Telé is the equilibrium thermodynamic component [149], and ATY describes the supplementary
terms induced by particle creation. For a homogeneous and isotropic space-time geometry, AT/,
giving the particle creation contribution to T!/, can be generally represented in the form

AT =0, AT, =-PJ, (92)

where P, denotes the creation pressure, an effective thermodynamic quantity, which in a macro-
scopic physical system describes phenomenologically particle creation. Moreover, in a fully covariant
representation the tensor AT!/ is given by [149]

AT = —Phl = —P, (a” - ufuf), (93)

where h!/ = al/ — uluJ is the projection operator defined in the FLRW geometry. Thus, we obtain
straightforwardly the relation u;V;AT! = 3HP,.

In the presence of particle production by the gravitational field, from the scalar component of
the energy balance equation u;V;T!/ = 0, obtained from Eq. (91), we obtain the time variation of the
energy density p of the cosmological fluid as

1
p+3H[p+ Cz(p+Pc)} = 0. (94)
The thermodynamic quantities describing baryonic matter must also satisfy the Gibbs law [147]
5 2
an(Z) =nTdo =dp — %dm, (95)

where by T is the temperature of the cosmological matter.

3.6.2. Application: Particle Creation in Barthel-Randers Cosmology

As an example of the application of the irreversible thermodynamic of open systems we consider
now the interpretation of the Barthel-Randers cosmology as a cosmological theory also describing
particle creation during the evolution of the Universe.

Creation Pressure in Barthel-Randers Cosmology

After some simple algebraic transformations, the particle energy balance equation (68) of the
Barthel-Randers cosmology can be rewritten as

p+3H{(p+Cp2> (1 ;Ing)} —0. (96)

By comparing Egs. (94) and (96) we find the expression of the Barthel-Randers creation pressure
as

¢ 2 cpg
Po=—— =—(1 7

e 2H¢(pc +p) 2H4>( +w), (97)
where w = p/pc?. The energy density balance Eq. (68) can now be derived equivalently from the
divergence of the total energy momentum tensor T!/, given by

T = (o 4 po+ B Julul = (p+ 2)all (98)

where all the mathematical operations must be performed in the Riemann space with the FLRW metric
(56).
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The Particle Creation Rate

By assuming adiabatic particle production, which requires that ¢ = 0, the Gibbs relation (95) gives

y — PR _ Pyr—

p—(P+C2)n—(P+C2>(F 3H). &
By combining this relation with the energy balance equation (96) we obtain the particle creation rate as
a function of the creation pressure, the Hubble function and the equilibrium thermodynamic quantities

as _3HP,

Tty

(100)
By using Eq. (97) we find for the Barthel-Randers cosmological particle creation rate the expression

_ 3¢ _ 34
I= 24 2ar e =

_3an+aq

2 14ay (101)

If 1 +an > 0, the condition I' > 0, which is equivalent with the existence of particle creation,
leads to the constraint
¢ =an+an =a(y+ Hy) <0, (102)

on the scale factor 4, and the temporal component of the one-form #. The condition does not depend
explicitly on the equation of state of the baryonic matter, but an indirect dependence via the Hubble
function does exist. The condition ¢ < 0 implies the existence of a negative creation pressure, as it
follows from Eq. (97). Therefore particle production is thermodynamically allowed only if the creation
pressure is negative, P, < 0.

The Barthel-Randers particle balance equation can thus be reformulated to take the form

3
n+3Hn = —Eng =1TIn, (103)
and it can be integrated to give for the particle number density the expression
__M
n= P72 (104)

where ng is a constant of integration.
For an Universe consisting of pressureless dust with p = 0, the creation pressure is given by

H 2
po= b 2Py, (105)

~ 2H¢ 2H dt
and it depends linearly on the baryonic matter density.
The divergence of the entropy flux vector S’ takes the form
| —3ncHP, 3 ¢

V]S = W = *57’10’5 =noTl. (106)

The Matter Temperature

The temperature T of the baryonic matter represents an important characteristic of physical
systems. To obtain the temperature evolution in the presence of particle creation, we consider the
general thermodynamic case in which the density and the pressure are functions of the particle number
density, and of the temperature. Hence p and p can be generally represented in parametric form
p=p(nT)and p = p(n, T), respectively. Then we obtain

. (90 . I\
= (o) Gr), 1

n
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By using the energy and particle balance equations we find first the relation
—3H(p62 +p+ PC) — (%) wor—smy+ (%) 1. (108)
on ) oT / ,

As a second step we use of the thermodynamic relation [149]

op 2 dp
T(== ) = o 1
<8T>n pc+p n(an s (109)
which together with Eq. (108) gives the temperature evolution of the matter in the Barthel-Randers
cosmology in the presence of particle production as

T 1(op\ n_n
r=alap) = o

From the particle balance equation we obtain the ratio 71/n as

o ¢ a
o= <¢+a>. (111)

By assuming that ¢ < 0, we obtain for the temperature evolution of the particles in the Barthel-Randers

Universe the relation
4)3(4.) / 2

T="T,

e (112)

Generally, w is an arbitrary scale factor dependent parameter w = w(a) [150]. In a thermodynam-

ically consistent cosmological model all geometrical and physical quantities must be well-defined and
regular for all w(a).

3.6.3. Creation of Exotic Matter

In our discussion of the thermodynamic of open systems, as presented in the previous Section,
we have assumed that matter is created in the form of baryonic matter, satisfying the energy condition
pc? +p > 0, and the restriction on the parameter of the matter equation of state w > 0. But we
cannot a priori exclude the possibility case in which an exotic fluid with w < 0 is created during the
cosmological evolution of the Barthel-Randers Universe. The open system thermodynamic approach
to particle creation considered previously is also applicable if w < 0. For this case the creation pressure
becomes negative for ¢ > 0, with the particle creation rate I' becoming positive. Therefore, matter
creation processes generating exotic particles can also be included in the Barthel-Randers cosmological
model.

A particular and important case is represented by an exotic fluid satisfying the equation of state
p(ex)CZ + P(ex) = 0, with w = —1, which is equivalent to the presence of a cosmological constant. Then
from Eq. (94) we obtain

P(ex) = —3HP. (113)

If the exotic particle creation process is adiabatic, with ¢ = 0, from the Gibbs relation we find

M (ex)
M (ex)

O(ex) = (p(ex)cz + P(ex)>

=0. (114)

The above two equations give independently

Plex) = Pe =0, (115)
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which describe an Universe with constant exotic matter density, and vanishing creation pressure. On
the other hand if w = —2, and p,y) > 0, then P. = —(c2¢/2H@)p(,y), T = (3/2)¢/¢, and matter
production can take place if the conditions ¢ > 0 and ¢ > 0 are satisfied.

Thus in a Barthel-Randers Universe the creation of exotic matter or possibly of scalar fields is
allowed in a way consistent with the laws of thermodynamics. The creation processes take place in the
Riemannian geometry characterized by the FLRW metric.

4. Cosmological Implications of Barthel Randers and Barthel-Kropina Models

In this Section, we investigate the cosmological implications of the Barthel-Randers and Barthel-
Kropina models by exploring three distinct variants of the Barthel-Randers framework alongside the
Barthel-Kropina cosmological model. To constrain the free parameters of these models, we employ a
combination of observational datasets, including Type Ia supernovae, baryon acoustic oscillations, and
Hubble parameter measurements. By extracting the posterior distributions of the model parameters
through Bayesian inference, we are able to assess the observational viability of the Barthel-Randers
and Barthel-Kropina models. This comparison with the standard ACDM cosmology enables us to
explore possible deviations from the conventional expansion history and to evaluate whether these
geometrically extended models offer a competitive or improved description of the Universe’s evolution.

4.1. Specific Cosmological Models

In this subsection, we present the normalized Hubble functions associated with both the Barthel-
Randers [113] and Barthel-Kropina [114] cosmological models. Our starting point is the family of
cosmological scenarios proposed in [113], where three distinct variants of the Barthel-Randers model
were introduced. Each of these variants is characterized by a specific choice of the function ¢(z). The
normalized Hubble function for all three models can be expressed in a unified form as

29(2)y/ (1 +2)*V/9(2) Qo + 9(2)?Qng + (1 +2)* g
(1+2) %2 —2¢(z2) ’

h(z) = (116)

where z is the redshift, (2,0, (250, and (), are the present-day matter, dark energy, and radiation
density parameters, respectively. The dark energy density parameter ()5 is obtained through the
constraint

1 2
Qpp = (1 - zgo'(O)) — Qo — Oy, (117)

where ¢’(0) is the derivative of the function ¢(z) evaluated at z = 0. The form of ¢(z) determines
the behavior of each specific model and encodes the influence of the underlying Finslerian geometry.
In the following, we present the explicit forms of ¢(z) corresponding to each of the three models
proposed in [113]:
e Linear model: ¢(z) =1+ Bz,
e Logarithmic model: ¢(z) =1+ In(1 + Bz),
e Exponential model: ¢(z) = 2%,

We can obtain the corresponding normalized Hubble function by plugging the corresponding
form of ¢(z) into Eq. (116).

In the case of the Barthel-Kropina geometry, we adopt the model proposed by [114]. The corre-
sponding normalized Hubble function is expressed as a system of differential equations in the redshift
representation as follows

df(z) _ u(z)
iz~ (U+2h) (118)
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du(z) 14 f(z) 2 B
iz 21+ 2)h(2) [Zh(z)<1 @) 3“’(1”(2)))”(2) a9
+3<w - M)u(z)z +3wf(2)@+ fERE?],
dh(z) 1 4h(z)u(z) 3u(z)? 2(1 4 z)h(z) du(z)
iz " 20+ 2 [3;1(2)2— T+ ) TO1f@R T 1+fe) iz ] (120)

The system of equations has to be solved with initial conditions f(0) = fy, #(0) = 1o, and h(0) = 1.

4.2. Methodology and Datasets

In this subsection, we provide a detailed explanation of the methodology used to estimate the
posterior distributions of the model parameters, employing the Markov Chain Monte Carlo (MCMC)
approach. This approach allows us to constrain model parameters by analyzing various observational
datasets. The MCMC technique efficiently samples from the likelihood function while incorporating
prior information, leading to a robust estimation of the posterior probability distribution [151]. It is
important to note, that once the maximum posterior distribution is obtained, supposing the MCMC
converged, one also has the maximum likelihood, which is a prior independent quantity, even if the
posterior depends on the prior. Through this method, the model’s parameter space is thoroughly
explored.

The MCMC algorithm works by taking samples from the posterior distribution, which is deter-
mined using Bayes’ theorem as
L(D|0)P(6)

P(eID) = Z5 5

(121)
where P(6|D) represents the probability of the parameters 6 given the observational data D. The term
L(D]|0) is the likelihood function, which measures how well the model fits the data. P(0) is the prior
distribution, incorporating any existing knowledge about the parameters, while P(D) is the evidence,
acting as a normalization factor [152].

One of the key advantages of the MCMC method is that it not only finds the most likely values
for the parameters but also accounts for uncertainties in both the model and the observational data.
We define the likelihood function in such a way that it compares the theoretical predictions of the
Hubble parameter (H(z)), luminosity distance (y(z)), transverse distance (Dy(z)), comoving angular
diameter distance (Dps(z)), and comoving volume distance (Dy (z)) with observational data, taking
into account uncertainties through covariance matrices. The MCMC sampling is carried out using the
emcee library [153], which has built in it an affine invariant ensemble sampler. This sampler is used to
efficiently explore the parameter space. After running the MCMC chains with multiple walkers, we
discard the initial burn-in steps to remove biases from the starting positions.

To visualize and analyze the posterior distributions, we utilize the GetDist package [154], which
provides an extensive set of tools for generating 1D and 2D posterior distribution. In this work, we
use three different observational datasets: Cosmic Chronometers, Type la supernovae, and Baryon
Acoustic Oscillations.

Below, we provide a detailed description of each dataset and how the likelihood has been formed
based on them.

¢  Cosmic Chronometers : In this study, we utilize the Hubble measurements extracted based on
the differential age approach, as described in [155]. This technique leverages passively evolving
massive galaxies, which formed at redshifts around z ~ 2 — 3, enabling a direct and model-
independent determination of the Hubble parameter using the relationship Az/At. This method
significantly reduces the reliance on astrophysical assumptions [156,157].
For our analysis, we use 15 Hubble measurements selected from the 31 Hubble measurements
used in [158], which cover a redshift range from 0.179 < z < 1.965. We define the likelihood
function for the CC dataset using the following expression: Lcc = ez (MHT()CTIAH() | with
AH(z) = Hpodel(0) — Hops. Here, Hyjoge1(6) is the theoretical Hubble parameter, calculated at
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each redshift value z; using the model parameters 6, while H,s represents the corresponding
observed value of the Hubble parameter at the ih redshift. Following [159], we use the full
covariance matrix C, which takes into account both statistical and systematic uncertainties in
the observations. The inverse of this covariance matrix, C~!, is employed to incorporate these
uncertainties into the likelihood function.

¢ Type la supernova : We also use the Pantheon™ dataset without the SHOES calibration, which
consists of light curves from 1701 Type Ia Supernovae (SNe Ia) covering a redshift range of
0 <z <23][160]. To analyze this data, we adopt the likelihood function described in [161],
which incorporates the total covariance matrix, Ciytq), that includes both statistical (Cstat) and
systematic (Csys) uncertainties [162]. The likelihood function is given by: Lone1a = e(= 277 Clgiat )
where r represents the residual vector, defined as the difference between the observed and
theoretical distance moduli: 7; = pops(2zi) — Hin(zi, 0), where 6 Here, Ct_ozal is the inverse of the
total covariance matrix. The model-predicted distance modulus is calculated as: pyodel(2zi) =
5log; ( M;c) ) + M + 25, where the luminosity distance dy (z) in a flat FLRW Universe is given

by: d(z) = c(1+2z) [y Ij(zz ~. Here, c is the speed of light, and H(z) is the Hubble parameter.
This formulation highlights the degeneracy between the nuisance parameter M and the Hubble
constant H.

e Baryon Acoustic Oscillation : In our analysis, we also incorporate the most recent Baryon
Acoustic Oscillation (BAO) measurements from the Dark Energy Spectroscopic Instrument (DESI)
Data Release 2 (DR2) [163]. The BAO scale is determined by the sound horizon at the drag
epoch, z; ~ 1060, given by: rj; = |, Zj ggzg dz, where c;(z) is a function of the baryon to photon

densities ratio, and H(z) is the Hubble parameter. In a flat ACDM model, r; = 147.09 + 0.26

Mpc [63]. However, in this study, we treat r; as a free parameter, allowing late-time obser-

vations to constrain the corresponding model parameters [164-168]. For our analysis, we

compute the following cosmological distance measures: the Hubble distance, Dy (z), the co-

moving angular diameter distance, Dj(z), and the volume-averaged distance, Dy (z), given
/ 1/3

by: Du(z) = g5, Dm(z) = ¢ OZ%, Dy(z) = [zD3,(z)Du(z)] '". Here, ¢ denotes the

speed of light in vacuum. To constrain each model parameter, we analyze the following ra-

o Dm(2) Du(z)  Dy(2)
tios: e Ty T

tional constraint independent of the sound horizon scale r;. The likelihood function for the

. We also use the ratio Dy;(z)/Dpg(z), which serves as an addi-

BAO data is given by: Lpao = exp(—%r}T, . C*1 -ry), where the residuals are defined as:
Dy Dm Dy DM
rg’ org’ org’ DH
trix has been considered generally to be diagonal, with elements corresponding to the squared

ry = Dy Model — Dy Data With Y = In our case, the statistical covariance ma-

-1
observational uncertainties and defined as : Cp, = diag((flz)y), CBi = (diag(alz)y) . The
overall BAO likelihood function is then constructed as the product of the individual likelihoods:
EBAO = *CDH/rd X ‘ch/I’d X ‘CDM/I’d X EDM/DH‘

The posterior distribution of model parameters is obtained by maximizing the likelihood function. The
total likelihood function is given by

Liot = Lcoc X LoNeTa X LBAO- (122)

First, we discuss how to extract the posterior distribution of the model parameters in the Barthel-
Randers framework. To achieve these, we apply the standard approach outlined above. In these
models, we treat the parameters Hy, ()0, B, M, and 1, as free parameters with the following priors:
Hy (kms~!Mpc™!) € [50,100], Quo € [0,1], M € [-20,—18], r4 (Mpc) € [100,200], and B as
Gaussian distribution, as the model is sensitive to this parameter. The (), is extracted using the
following relation: Q9 = (4.183699 X 10_5)h_2, where h = 1%—%. In the case of the Linear and

2
Logarithmic Models, ()¢ is extracted using the relation Qp g =1 — B + ’% — Qo — OQy0, while in the
case of the Exponential Model, ()5 is extracted using the relation: Qg =1 -2+ /32 — 0o — Oyo-
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This makes the explicit variation of (2,9 and ()5 redundant, as both are fully determined by the other
parameters.

To constrain the Barthel-Kropina model, we begin by numerically solving the system of differential
equations given in equations (118)—-(120). These equations are integrated using the solve_ivp function
from SciPy, employing the Radau method a fifth order implicit Runge-Kutta scheme particularly
effective for handling the stiff differential equations. For numerical stability and accuracy over the
redshift range z € [O, 3], we set the relative and absolute tolerances to 10~3 and 1079, respectively.
After obtaining the numerical solutions, we use a MCMC approach to constrain the model parameters.
For more information on how to handle these kind of Hubble like functions that appear within
differential equations, please refer to [169]. In the case of the Barthel-Kropina model, we take the
Hy (kms~!Mpc™1) € [50,100], u, € [0.0,3.0], M € [-20,-18], r4 (Mpc) € [100,200],andf as
Gaussian distribution. It is important to note that in both cases, we work with the normalized Hubble
function. The final Hubble parameter H(z) can be obtained by multiplying the normalized function
h(z) with the Hubble constant Hy, i.e., H(z) = Hy - h(z).
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Figure 2. The constraints on the parameters of the Barthel-Randers and Barthel-Kropina cosmological models,
showing both 10 and 20 confidence intervals. The contours show the correlations between these parameters, with
marginalized probability distributions along the diagonal.
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Table 2. Summary of the mean values and 95% credible intervals (20) for the parameters of the ACDM, Barthel-

Randers, and Barthel-Kropina cosmological models.

Cosmological Models Parameter JOINT
Hy 68.1 +4.1
Qo 0.3040 + 0.0064
ACDM Model M —19.42 +£0.12
14 148.8+7.6
Qo 0.6960 + 0.0064
Hy 68.1£3.9
Qo 0.3010 + 0.0063
B 0.00211 + 0.00061
BR (Linear Case) M —19.42 £0.12
4 148.8 +7.5
Qo 0.6968 + 0.0063
Q0 (9.10+£1.20) x 10~°
Hy 68.1+£3.9
Qo 0.2978 £ 0.0063
B 0.00450 + 0.00055
BR (Logarithmic Case) M —19.42 +0.13
T4 148.6 +7.4
Qo 0.6976 + 0.0062
Q0 (9.08 £1.20) x 10~°
Hy 68.3+£4.0
Qo 0.2809 + 0.0059
B 0.00819 + 0.00016
BR (Exponential Case) M —19.42+0.14
7] 148.8+7.4
Qo 0.7108 +£ 0.0059
Q0 (9.06 +£1.20) x 10°
Hy 66.4+4.0
fo 0.0420 £ 0.0015
Barthel-Kropina Model Ho 0-36300.0050
w 1.082 +0.033
M —19.45+0.13
4 149.0+7.9

5. Comparing Barthel-Randers, Barthel-Kropina and ACDM Cosmological Models

After obtaining the mean parameter values from the MCMC simulations, we proceed to compare

the predictions of the Barthel-Randers and Barthel-Kropina cosmological models with standard ACDM

model. This comparison is essential to assess how well the Barthel-Randers and Barthel-Kropina

framework replicates the observed cosmic expansion history.

5.1. Evolution of the Hubble Parameter H(z) and Hubble Residual AH (z)

The Hubble parameter H(z) characterizes the rate of cosmic expansion as a function of redshift z.

Using the mean parameter values for each of the three Barthel-Randers models and Barthel-Kropina

model, we compute H(z) over a relevant redshift range and compare the results with those predicted
by the ACDM model. We adopt the following form of the ACDM model for this comparison

Hacom (z, Ho, Qmo, Qao) = Ho \/Qmo(l +2)3 + Qno,
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where Q,,0 = 0.304, Qg = 0.695, and Hy = 68.1kms~! Mpc~!. To quantify the deviation between
the Barthel-Randers models and ACDM, we define the Hubble residual as

AH (Z) = HBarthel-Randers Models (Z ) - HACDM (Z )/

where Hp,ythel-Randers Models (2) denotes the Hubble parameter predicted by the respective Barthel-
Randers model. Similarly, for the Barthel-Kropina model, we define

AH(z) = HBarthel-Kropina Model (2) — Hacpm(2),

where Hparthel Kropina Model (2) denotes the Hubble parameter predicted by the respective Barthel-
Kropina model. Plotting both H(z) and AH(z) for the Barthel-Randers models and Barthel-Kropina
model allows us to visualize the distinct behaviors introduced by each model and assess their con-
sistency with the standard cosmological framework. A small or nearly constant residual would
indicate close agreement with ACDM, while significant deviations may point to possible extensions or
alternatives to the standard model.
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Figure 3. Comparison of the Barthel-Randers (Linear, Logarithmic, Exponential), Barthel-Kropina, with ACDM
model. The left panel shows the evolution of the Hubble parameter H(z) using mean MCMC values. The right
panel shows the Hubble residuals AH(z), indicating deviations from the standard model.

5.2. Cosmographic Analysis of Barthel-Randers and Barthel-Kropina Models

Cosmography provides a model-independent framework to describe the kinematic behavior of
the Universe by expanding cosmological quantities in terms of redshift [170-173]. In this work, we
apply this approach to analyze the deceleration and jerk parameters within the Barthel-Randers and
Barthel-Kropina cosmological models, which modify standard cosmic dynamics through different
geometrical correction terms.

5.2.1. Deceleration Parameter q(z) and Jerk Parameter j(z)

The deceleration parameter g(z) describes the acceleration or deceleration of the cosmic expansion

and is defined as:
1 dH(z)

12) = ey

A negative value of 4(z) indicates that the Universe is undergoing accelerated expansion. Two

-1,

important phase derived from q(z) are the present-day deceleration parameter, g9 = q(z = 0), which
describes the current rate of acceleration, and the transition redshift, zi,, defined by the condition
g(zer) = 0, marking the point at which the Universe transitioned from decelerated to accelerated
expansion. The jerk parameter j(z) is a third-order cosmographic quantity defined as [174]:

) 1 d*H(z
iz) = H3(z) dzg )
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which characterizes the rate of change of the acceleration. Importantly, in the standard ACDM
model, the jerk parameter remains constant at j(z) = 1. Any deviation from this value can signal
dynamics beyond the standard cosmological model. For the three Barthel-Randers models and the
Barthel-Kropina model, we evaluate both the deceleration parameter q(z) and the jerk parameter j(z)
numerically and assess their behavior across the redshift range.

1.50F
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— . 1.00 ham—— e
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Figure 4. Evolution of the deceleration parameter g(z) and jerk parameter j(z) for the Barthel-Randers (Linear,
Logarithmic, Exponential), Barthel-Kropina, with ACDM model. The left panel shows the evolution of 4(z) as a
function of redshift, while the right panel presents j(z), showing deviations from the ACDM value j = 1.

5.3. Statistical Assessment of Barthel-Randers and Barthel-Kropina Models

In this subsection, we apply a set of model selection criteria to evaluate the goodness-of-fit and
model complexity of three variants of the Barthel-Randers cosmological models (Linear, Logarithmic,
and Exponential) and Barthel-Kropina model. It is crucial to assess how well each models aligns with
the data when compared to the ACDM model.

5.4. Goodness of Fit: x* and x2,,

The primary measure of model fit is the chi-squared statistic, x?, which quantifies the discrepancy
between theoretical predictions and observational data. For a more normalized comparison, especially
when models have different numbers of parameters, we compute the reduced chi-squared:

2
2 X
Xred = DOF’

(123)

where xZ., is the total chi-squared value and DOF denotes the degrees of freedom, calculated as the
number of data points minus the number of fitted parameters. A value of x%; ~ 1 indicates a good
statistical fit [175]. Lower values can suggest overfitting, while significantly higher values may reflect
poor model performance.

5.4.1. Model Comparison Using AIC and BIC

In addition to chi-squared statistics, we apply information-theoretic criteria that account for both
fit quality and model complexity. These include the Akaike Information Criterion (AIC) and the
Bayesian Information Criterion (BIC), defined respectively as [176-180]:

AIC - _2 log Ltotrmux + 27)/
BIC = —2 log ;Ctot,max + P ln(N)r

(124)
(125)

where P is the number of free parameters, A is the total number of data points used in the analysis
and Liot,mayx is the total maximum likelihood. In our analysis, the total number of data points used
is the sum of three different observational datasets: N = 1749. For the model comparison, we note
that the ACDM model has 4 free parameters, whereas the Barthel-Randers cosmological model has 5
free parameters, and the Barthel-Kropina model has 6 free parameters. These criteria penalize overly
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complex models to prevent overfitting. BIC generally applies a stricter penalty than AIC, especially in
large datasets.

5.4.2. Relative Comparison: AAIC and ABIC
To directly compare the Barthel-Randers models with the ACDM model, we compute

AAIC = AICBarthel—Randers Models — AICACDM Model~ (126)
ABIC = BICBarthel—Randers Models — BICACDM Model- (127)

Similarly, for the comparison between the Barthel-Kropina model and the ACDM model, we compute

AAIC = AICBarthel-Kropina Model — AICACDM Model/ (128)

ABIC = BICBarthel—Kropina Model — BICACDM Model- (129)

According to the calibrated Jeffreys’ scales [181], these differences offer insight into model prefer-
ence:

e |AAIC| < 2: Comparable support.

e 4 < |AAIC| < 10: Considerably less support.

e |AAIC| > 10: Strongly disfavored.

e |ABIC| < 2: Weak evidence against the model.

e 2 < |ABIC| < 6: Moderate evidence against the model.
*  |ABIC| > 6: Strong evidence against the model.

A negative value of AAIC or ABIC indicates that the Barthel-Randers and Barthel-Kropina models
are preferred over ACDM, whereas positive values suggest that the Barthel-Randers and Barthel-
Kropina models are less favored.

5.4.3. p-Value Statistics

In our analysis, we also computed the p-value to assess the statistical significance of the fit for the
Barthel-Randers cosmological models, calculated as follows:

p=1-Fo (x|v)

where F o (x | v) is the cumulative distribution function (CDF) of the chi-squared distribution with v
degrees of freedom, and v represents the number of data points minus the number of free parameters
[182].

The p-value quantifies the likelihood of observing results as extreme as those seen in the data,
assuming the null hypothesis holds true. A p-value smaller than 0.05 (p < 0.05) indicates statistical
significance, providing strong evidence against the null hypothesis and suggesting that the model
is a good fit for the data. These corresponding statistical metrics (anin/ X%e 4 AIC, BIC, AAIC, ABIC,
and p-value) are computed and compared against the ACDM model. These statistical metrics ensure
that both the goodness of fit and the complexity of each model are thoroughly evaluated, enabling a
comprehensive statistical assessment of the Barthel-Randers model and Barthel-Kropina models in the
context of cosmology.
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Table 3. Summary of X%ot,min' )(fe 4 AIC, AAIC, BIC, ABIC, and p-value for the ACDM model and Barthel-Randers
models (Linear, Logarithmic, Exponential), as well as the Barthel-Kropina model.

p-
Model e Xood AIC AAIC BIC ABIC | & .
ACDM Model 1802.34 | 1.032 | 181034 | 0.00 | 183220 | 0.00 0.165
BR (Linear Case) 180254 | 1.033 | 181254 | 220 | 1839.87 | 7.76 0.160

BR (Logarithmic Case) 1802.89 1.033 1812.89 2.55 1840.22 8.01 0.159
BR (Exponential Case) 1805.15 1.035 1815.15 4.81 1842.48 10.27 0.150
Barthel-Kropina Model | 1782.19 1.022 179419 | —16.14 | 182699 | —-5.21 0.251

6. Synthesis of the Results, and Their Discussion

In the present Section we will discuss the main results obtained from the comparison of the
present cosmological models with observations, and with the standard ACDM paradigm.

6.1. MCMC Results

Figure 2 presents the corner plot comparing the Barthel-Randers and Barthel-Kropina cosmo-
logical models. Figure 2a—c shows the corner plots for the Linear, Logarithmic, and Exponential
cases of the Barthel-Randers model, respectively. Figure 2d shows the corner plot for the Osculating
Barthel-Kropina dark energy model. The diagonal panels illustrate the one-dimensional marginalized
posterior distributions for each parameter, highlighting their most probable values. The off-diagonal
panels depict the two-dimensional marginalized contour plots, showing the 68% and 95% confidence
intervals.

These contour plots also reveal correlations or degeneracies between parameters. One can
observe that the predicted values of Hy in the case of ACDM and the Barthel-Randers models (Linear,
Logarithmic, and Exponential cases) are close to those predicted by the DESI results: HYFSIPR! —
(68.52 £ 0.62) kms~! Mpc~! and HPESIPRZ = (68.17 £ 0.28) kms~! Mpc~!. On the other hand, the
predicted value of Hy in the case of the Osculating Barthel-Kropina dark energy model aligns more
closely with the Planck estimation: HY'#"% = (67.4 £ 0.5) kms~! Mpc L.

The predicted values of r; in all the models are consistent with the Planck estimation, rglamk =
(147.09 £ 0.26) Mpc. Although the central value of our predicted Hy aligns well with the estimations
from Planck, DESI DR1, and DESI DR2, the associated uncertainty is noticeably larger. This increased
uncertainty primarily stems from the inclusion of the full SNe Ia dataset, which, while providing a
more comprehensive observational foundation, also introduces larger statistical and systematic errors.
A similar trend is observed in the inferred value of the sound horizon at the drag epoch, r;, where our
model yields a larger uncertainty compared to the Planck determination. Additionally, we adopt the
full covariance matrix for the CC analysis as provided by [159]. For comparison, the current constraints
on the fACDM model using the CC data from Moresco et al. yield: Hy = 66.21“2:3 km s "Mpc~! when
systematics due to SPS models are not included, and Hy = 66.01?2 km s_lMpc*1 when the full set of
systematic uncertainties is taken into account.

The predicted value of the present-day matter density parameter in the case of the ACDM
model, as well as the Linear case of the Barthel-Randers model, is lower than the Planck estimation,
QPlanck — 0,315 4 0.007, and is closer to the values predicted by DESI DR1 and DESI DR2, QDESIDRL —
0.295+£0.015 and QPESIDRZ — 02975 4 0.0086.

Similarly, the predicted value of (), in the Logarithmic case of the Barthel-Randers model is
also in good agreement with the DESI DR1 and DR2 estimations. In contrast, the Exponential case
of the Barthel-Randers model predicts a matter density parameter that is lower than the values re-
ported by both DESI DR1 and DR2. It is interesting to observe that the ACDM model, as well as
the Linear, Logarithmic, and Exponential cases of the Barthel-Randers model, predict a present-day
dark energy density parameter, (20, that is greater than the value predicted by the Planck estimation:
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ORlanck — 0,685 + 0.007.

6.2. Hubble parameter and Hubble residual results

Figure 3 shows the evolution of the Hubble function and the Hubble residuals for the Linear,
Logarithmic, and Exponential cases of the Barthel-Randers model, as well as the Barthel-Kropina
model. These are compared with the predictions from the ACDM model and CC measurements. The
left panel shows that at high redshift (z > 0.7), all the considered models deviate noticeably from the
ACDM model. However, these deviations are not significant. At low redshift (z < 0.7), each model
aligns closely with the ACDM predictions.

On the right plane we can also observe similar behavior in the Hubble residual plots, where each
model shows a slight deviation from the ACDM model at high redshift. However, at low redshift,
all models exhibit behavior that closely matches the ACDM predictions. All considered models
(Barthel-Randers variants and Barthel-Kropina) closely follow ACDM at low redshifts, indicating
consistency with current observations. Their mild deviations at higher redshifts (z > 0.7) suggest
a potentially different early Universe expansion history, offering alternative insights that may help
address cosmological tensions such as the Hubble tension.

6.3. Cosmographic Results

Figure 4 shows the evolution of the cosmography parameters for the Linear, Logarithmic, and
Exponential cases of the Barthel-Randers model, along with the Barthel-Kropina model, compared to
the ACDM model. The left panel shows the evolution of the deceleration parameter, g(z).

Notably, the Barthel-Kropina model exhibits a distinct evolution compared to both the standard
ACDM model and the Barthel-Randers variants. At present time (z = 0), all Barthel-Randers variants
and ACDM predict a deceleration parameter of approximately qp ~ —0.511, while the Barthel-Kropina
model predicts a less negative value of o ~ —0.366. We also analyze an important cosmological
feature: the transition redshift zi;.

For the ACDM model, the transition from decelerated to accelerated expansion occurs at
ZAPM ~ 0.623. The Barthel-Randers variants exhibit slightly later transitions: zBRLinear o~
0.610, ZﬁR Logarithmic ~ 0607, and ZER Exponential ~ 0.606.

In contrast, the Barthel-Kropina model shows a significantly earlier transition at zﬁarthel'Kmpim ~
0.723. While at high redshift all models show deviations from the ACDM model in their evolution,
these deviations are not significant. The right panel shows the evolution of the jerk parameter for each
model. At the present time (z = 0), all variants of the Barthel-Randers models exhibit good agreement
with the ACDM model. Although each variant predicts a slightly different value for the jerk parameter,
these deviations are not significant. Moreover, the Barthel-Kropina model shows a substantial deviation
from the other models, predicting a present-day jerk value of jg arthel-Kropina . 0.448.

At high redshift, all variants of the Barthel-Randers models, as well as the Barthel-Kropina model,

deviate from the predictions of the ACDM model.

6.4. Statistical Results

Table 3 presents a comparative analysis of the Linear Case, Logarithmic Case, and Exponential
Case of the Barthel-Randers model, as well as the Barthel-Kropina model, against the ACDM model,
using several statistical metrics. The thot,min value, a measure of the goodness of fit, for the ACDM
model is 1802.34. The Barthel-Randers models (Linear, Logarithmic, and Exponential cases) show
similar total thot,min values ranging from 1802.54 to 1805.15, which are slightly higher than that of the
ACDM model. The Barthel Kropina model shows the lowest X%ot,min value of 1782.19. This indicates
that, in terms of overall goodness of fit, the Barthel Kropina model provides the best fit, while the
Barthel-Randers models perform slightly worse than the ACDM model.

The x2,4 value provides insight into the goodness of fit adjusted for the number of data points
and parameters in the model. The ACDM model has a )(fe 4 of 1.032, which is very close to the Barthel-
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Randers models, all of which have values slightly above 1.033. The lowest x2,, value is from the
Barthel Kropina model (1.022), indicating that it is marginally the best in terms of adjusting for the
complexity of the model and fitting the data well.

The AIC is a measure of the relative quality of a model, accounting for both the goodness of fit
and the number of parameters. The ACDM model has an AIC of 1810.34. The Barthel-Randers models
(Linear, Logarithmic, and Exponential) have AIC values around 1812.54, 1812.89, and 1815.15, which
are higher by 2.20, 2.55, and 4.81, respectively, compared to the ACDM model, indicating a slightly
worse balance between fit and model complexity. The Barthel Kropina model has the lowest AIC
value of 1794.19, which is 16.14 lower than the ACDM model. According to the AIC criterion, the
Barthel Kropina model provides the best balance between fit and complexity, while the Barthel-Randers
models perform slightly worse than the ACDM model.

The BIC is another metric for model selection, similar to AIC but with a stronger penalty for
the number of parameters. The ACDM model has a BIC of 1832.20, which is lower than the Barthel-
Randers models but slightly higher than the Barthel Kropina model. The Barthel-Randers models show
BIC values between 1839.87 and 1842.48, with an increase of approximately 7.76 to 10.27 compared
to the ACDM model. The Barthel Kropina model has the lowest BIC of 1826.99, a decrease of 5.21
compared to the ACDM model. This suggests that the Barthel Kropina model is the best according to
the BIC criterion, while the Barthel-Randers models perform worse than the ACDM model.

The p-value indicates the statistical significance of the model in terms of explaining the data.
The ACDM model has a p-value of 0.165, indicating that the model is statistically significant at a
conventional level (i.e., it cannot be rejected at the 5% significance level). All the other models (Barthel-
Randers Linear, Logarithmic, Exponential, and Barthel Kropina) have p-values ranging from 0.160 to
0.251, which are slightly higher or comparable, suggesting that none of the models can be rejected at
the 5% significance level. The p-values imply that all models, including the base ACDM model, are
statistically significant in explaining the data.

The Barthel Kropina model outperforms the ACDM model in terms of goodness of fit, AIC, and
BIC, offering a better balance between fit and model complexity. The Barthel-Randers models (Linear,
Logarithmic, Exponential), however, perform slightly worse than the ACDM model in this updated
comparison.

Despite these improvements, all models, including the ACDM model, are statistically significant,
with p-values indicating that none of them should be rejected. In terms of simplicity, however, the
ACDM model remains the most straightforward and easiest to interpret. Therefore, while the Barthel
Kropina model appears to be the most favorable overall, the differences between the models are
relatively small, and all offer comparable statistical significance.

7. Discussions and Final Remarks

One of the fundamental assumptions, and results, of present day physics is that the gravitational
interaction can be successfully described only in geometric terms. However, which geometry can best
described gravity is still a matter of debate. The initial Riemannian framework of general relativity
was extended to include geometries with nonmetricity, torsion, or both. Teleparallel geometries have
also been considered as potential candidates for the description of gravity.

In the present work we have briefly reviewed some recent advances in the application of another
geometric framework that could provide some insight into the understanding of the gravitational
force, namely, Finsler geometry, and its various particular cases. In Finsler geometry, instead of the
point x of Riemann geometry, the metric depends also on an internal degree of freedom y, which
is often physically interpreted as velocity. Hence, the y dependence is the essential characteristic of
Finsler spaces, and the presence of this internal degrees of freedom opens some new perspective on
the physical interpretation of the Finsler geometric theories. Thus, Finsler geometries are generally
anisotropic and nonlocal, and these properties significantly enlarge the possibilities of the physical
applications.
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On the other hand, from a physical point of view it is natural to assume that in some specific
physical processes the internal vector y becomes a function of x. Such specific situations may occur if we
interpret y as describing space-time fluctuations, and we perform an averaging over it, according to the
rule (¢(x)) = [ ¢(x,y)f(y)d*y, where f(y) is a specific distribution function of y [48]. Hence, Finsler
geometry with g(x) = g(x,y) |y:Y(x) has a deep physical origin, which points towards interesting
physical consequences. The averaging, or the osculating process leads to a reduction of a Finsler
geometry F to a corresponding Riemann geometry. The interpretation of the vector y as related to
some quantum effects, like the vacuum fluctuation, is also supported by the fact that generally in
(a, B) type gravitational theories the matter energy-momentum tensor is not conserved. The most
natural physical interpretation of this result is related to the possibility of particle production from the
Finslerian vacuum in an expanding Universe, an effect that is also specific to quantum field theories in
curved spacetimes [140-144]. Hence, Finslerian type gravitational theories can offer a glimpse on the
structure and classical limit of quantum field theories in Riemann geometries.

In our presentation we have concentrated on a specific class of osculating geometries, the os-
culating («, ) geometries, which have the remarkable property that their Barthel connection is the
Levi-Civita connection. This property allows a significant simplification of the mathematical formal-
ism, which becomes easily tractable by using the standard methods of Riemannian geometry. The
osculating («, B) type theories can be interpreted as two metric theories. First, we have the Finsler
metric function F(a, §), which generates its own metric, while « is a Riemannian metric given a priori.
For cosmological applications the FLRW metric can be adopted as the Riemann metric «, and we
assume that this is the physical metric in which the real, observable gravitational processes take place.
However, the Finsler metric g(x) = g(x, Y(x)) has also an important imprint on gravitation, since its
presence induces new terms in the gravitational field equations. We have investigated the effects of
these new terms from a cosmological perspective only, by interpreting them as describing an effective
dark energy that is responsible for the late acceleration of the Universe.

An important test of a cosmological model is represented by its consistency with the observations.
We have used three observational datasets (Cosmic Chronometers, Type la Supernovae, Baryon
Acoustic Oscillations) to perform a detailed analysis, and comparison of the Barthel-Randers, Barthel-
Kropina and ACDM models. Generally, one can appreciate that all the considered models give a
good description of the observational data, but important differences still do appear between the
various Finslerian approaches, and the ACDM model. The differences do appear, for example, in the
prediction of the critical redshift z.,;; at which the transition from deceleration to acceleration occurs,
with the Barthel-Randers models predicting a value of z.,; of the order of z.,;; ~ 0.60, while in the
Barthel-Kropina cosmology z.;; = 0.72. Significant differences do appear in the present values of the
deceleration parameter g(0), which in the Barthel-Kropina cosmology takes the value g(0) ~ —0.37,
while in ACDM and Barthel-Randers models it has the value q(0) ~ —0.50. Moreover, at redshifts
z > 3, the predictions of all considered models show significant differences with respect to each other.
Hence, cosmological observations at high redshift will give the possibility of discriminating between
the various cosmological models based on modified gravity theory constructed with the help of Finsler
(and other) geometries.

The main goal of the present review is to draw attention to the possibilities offered by Finsler
geometry in the explanation of the cosmological phenomena, and to give a brief introduction to the
existing results in a very specific, and simple class, of this very complex geometry. We have presented in
some detail the generalized Friedmann cosmological equations, and the general theoretical framework
in which cosmological models can be constructed. We would like to point out that from the point
of view of calculations, the derivation of the field equations and of the evolution equations in these
particular geometries are no more complicated than those in standard general relativity. This is
related especially to the important fact that the connection in osculating point Finsler geometries is,
for the («, B) metrics, the Barthel connection, which has the same mathematical form as the Levi-
Civita connection. In our review we have presented some basic theoretical tools that can be used
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for the further exploration of the applications of Finsler geometry in the description of gravitational
phenomena.
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