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Anisotropic conformal dark gravity
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In this work we investigate the anisotropic conformal structure of the gravitational field incorporating
dark gravity in a generalized Lagrange geometric framework on the Lorentz tangent bundle and we
present two applications: the anisotropic conformal Minkowski spacetime and the anisotropic conformal
Friedmann—Lemaitre—Robertson—Walker cosmology. In the first application, the conformal factor induces
an anisotropic conformal de-Sitter-like space with extra curvature which causes extra gravity and allows for
Sasaki-type Finsler-like structures which could potentially describe certain gravitational phenomena in a
more extended form. The cosmological properties of the model are also studied using a Friedmann—
Lemaitre-Robertson—Walker metric structure for the underlying base manifold in the second application,
where we derive generalized Friedmann-like equations for the horizontal subspace of the Lorentz tangent
bundle spacetime that reduce under certain conditions to those given by Triantafyllopoulos and Stavrinos
[Classical Quantum Gravity 35, 085011 (2018)] as well as those of general relativity.
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I. INTRODUCTION

Over the last decades the topic of dark matter and dark
energy stands at the forefront of scientific research in the
field of gravity and cosmology [1-18]. The significant
interest in this topic stems from observational data that
attribute the vast majority of the mass in the observable
universe to sources other than ordinary luminous matter,
what researchers called dark matter [19]. Examples of
phenomena that would suggest a modified theory of gravity
that would account for the discrepancies in the classical
theory of gravitation due to the presence of dark matter and
dark energy arise from the study of gravitational lensing,
cosmic microwave background radiation (CMB) or the
rotational curves of spiral galaxies [20,21].

The study of such phenomena suggests that dark matter
would contribute significantly in the evolution and accel-
eration of the universe which would mean that the study of
dark matter is essential for cosmology. In particular, dark
matter could possibly be considered as the main reason for
galaxy structure formations and dark energy as the drive
for the measured cosmic acceleration [22—-24]. This would
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suggest the need for a modified theory of gravity that would
incorporate such gravitational effects and potentially
describe the aforementioned phenomena, since extra dark
gravity influences all scales of matter. Particularly, the
A-CDM model is especially efficient in agreeing with
observational data [25-27]. However, it has been argued
[28] that this model is lacking in sufficient mathematical
and theoretical background. This would therefore indicate
that there exists a need to obtain an improved mathematical
structure consistent with such description of the universe
with dark gravity.

There is some evidence that a conformal theory of gravity
can dynamically accommodate for this “extra” gravity by
introducing additional degrees of freedom to the existing
underlying metric structures [29-31]. In addition, a con-
formally invariant theory could possibly be linked to a
bounce evolution of the universe [32,33]. Furthermore, the
purely gravitational dark matter may be produced mainly
by the gravitational particle creation process [34], which is
thought to normally convert anisotropy energy into radiation
energy [35]. It is also worth noting that a conformal
framework of gravity seems to be particularly compatible
with observational data of galactic rotational velocities and
halos among others [36-39].

One geometrical frame for the anisotropic conformal
modification of gravity arises from the extension of the
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underlying geometry of a manifold (M, g(x)); i.e., general-
ized Lagrange metric structures on the tangent bundle
[40—47]. In this framework the gravitational field is extended
in a higher dimensional space with greater volume. A Sasaki-
type Finsler-like structure of this kind not only furnishes the
geometric frame with extra degrees of freedom, but also
endows the structure of the spacetime with local anisotropy
and extra dimensions, which could be associated with dark
gravitational effects [48], while simultaneously preserving
the light cone [49,50]. These extra degrees of freedom are
introduced in 8-dimensions and are linked to the notion
of direction-dependent anisotropy caused by velocity or
momentum coordinates [40]. This dependence of the physi-
cal quantities on the observer 4-velocity provides a natural
geometric extension of the Riemannian frame on the tangent
bundle, which could be reproduced from the generalized
frame by eliminating this direction dependence. Moreover,
such a Sasaki-type consideration could potentially be related
to a generalized anisotropic conformal de-Sitter Minkowski
spacetime structure. We can notice that a Friedmann space-
time is isotropic conformal to a Minkowski flat spacetime.
Analogously, it could be interesting to study an anisotropic
conformal Minkowski as well as Friedmann—Lemaitre—
Robertson—Walker (FLRW) spacetime using the aforemen-
tioned geometry. Finally, due to the strong association of
Finsler and Finsler-like geometries with the effective geom-
etry within anisotropic media [40,51,52], forming a natural
gravitational analogy [40,53], it could be argued that they
could play an important role in quantum gravity consider-
ations [54-57].

This work is organized as follows: in Sec. II, we present
the generalized Lagrange Sasaki-type geometric structure
of the tangent bundle giving the relations for the metric, the
connection, the curvature tensor field as well as the field
equations, among others. In Sec. III, we give the geodesic
equations for this model. In Sec. IV we study the case of the
anisotropic conformal Minkowski spacetime and derive a
couple of special types of conformal factors. Further in
Sec. V we investigate the anisotropic conformal FLRW-
cosmology using the geometric frameworks developed in
this work. Finally, in Sec. VI, we summarize our results and
in the Appendix we present some further geometric results.

II. METRIC STRUCTURE

In this section, we shall introduce some basic notions
from the geometry of generalized Finsler-like metric
structures. Let M be a differentiable manifold of dimension
dim(M) =n and TM be its tangent bundle. Let the
manifold M be endowed with a (pseudo-)Riemannian
metric y(x). Then it is well known [58,59] that its tangent
bundle can be endowed with a Riemann-Sasaki metric
structure as follows:

di* =y,,(x)dx* @ dx* + 7, (x)5y* @ 8y?, (1)

where
8y = dy* + N, (x,y)dx" (2)

with y,v,...=0,1,...,.n—1 and a,b,... =0,...,n— 1.
The components of N,(x,y), which is known as the
nonlinear connection, is produced by the Whitney sum
of the horizontal and vertical subspaces of the tangent
bundle [60,61]. It is then well established that this metric
structure for the tangent bundle can be further generalized
to include Finsler, Lagrange and generalized Lagrange
metrics g(x,y), collectively known as Finsler-like struc-
tures. In this case we have:

de* = g, (x,y)dx* @ dx* + g, (x,y)8y* @ 86y”. (3)

Let us now consider a nonreducible generalized
Lagrange tangent bundle space TM,

GL" = (g, (x.¥). gup(x.)) (4)

with metric G such that
ds* = e/ dl> = 6(x,y)dl?, (5)

where f,6:TM — R are functions which are at least C?
known as the (anisotropic) conformal factors. For con-
venience we shall be using both of these equivalent
definitions for the conformal factor throughout this study.
Physically, the conformal factor is introduced to incor-
porate the dark gravitational effect into the geometric
framework of the gravitational field. The variable y in
particular, is the internal variable that introduces direction
dependence and hence local anisotropy. If the conformal
factor does not depend on y, this is interpreted as isotropic
dark gravity, and if f = O then we get a spacetime without
dark gravity. This metric space is said to be anisotropic
conformal [50,62] to the Riemann-Sasaki metric space
defined by the Riemannian metric y(x). In terms of the
bundle components, the metric tensor can be equivalently
written as,

Gun (% ¥) = {Gu (%, ¥), gap (X, ) }, (6)

where M,N,...=0,1,....,2n—1
Gu(x,y) = /"y, (x) (7)
Gap(X.¥) = &40"p9 (%, ¥) (8)

and y,, (x) is a Riemannian metric that has been extended in
the vertical subspace as y,;, = & ;6”7 .-
The adapted and dual bases of TTM are given by

XM = {dx", 5y} ©)
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respectively, where

8, =0,—Ni(x,y)0,, 0,:==—., 0,:==—. (10)

The connection is then given by the following:

D6, =L",68,,  Dsd, =L,0.
D(—)béﬂ = C‘ﬂbéi, Daba = C°,,0,. (11)
Hence, the coefficients of the d-connection are
FLMN = {Liywi’caw ub> ab} (12)

The d-connection preserves the horizontal and vertical
components of a vector under parallel translation [60].
Throughout this study we shall assume a metrical
d-connection [60,61,63,64]. From this assumption we get
the subsequent relations for the d-connection coefficients:

5’1,,6”0 + 5’1”61,6 - ywy’lf’épo

Ll;w = }/ﬂﬂv + 20 (13)
= . 5,0 =

=0 0N, + 790 e + 8% 22 — 747 * 0N

L4y, = ~ ~ 5 £ (14)
1 - - a5

Cup = % (640,06 + 640,60 = Ypy*“040)  (15)
o= 15’1 0,(1 16
e — E " c( n 6)’ ( )

where y’lﬂ,, are the Christoffel symbols of the Riemannian
metric y.

Using the d-connection coefficients we previously found
in relations (13)—(16), we can now calculate the curvature
of this space. In particular, let R be the curvature tensor
field of the d-connection D, then the nonzero components
of R are given by the following relations:

Rvﬂpa = Rvyﬂm Ry = Rpia (17)
Ruﬂpd = Puﬂpdv Rbaxd = Pbalcd (18)
Rt ap = S aps Ry ca = Sp“cas (19)

where the d-tensor fields are given by:

R}, = 6,L*

v po

_ JZ K TH
vp 5/)L vo +L y/)L Ko

- LKyaLﬂKp + C’ﬂucRCpa (20)
Rbapa = 56Zabp - 5/7Zabr7 =+ ZCbpzaczf (21)

L a c/) +C bcR (22)

Pvﬂpd = 5dLMz/p - Cﬂyd\p + Cﬂubepd (23)

Py ,q = gdiabp = C%qp + Ce Py (24)
Svﬂah = gb Cﬂua - 554 Cwub + C}Lpa Cwﬂb - Cllub Cwla (25)
Speq = 04C%e — 0,C%q + C%.C 1y — C*1yC,.,  (26)

where R¢,; = 6,N¢, —5,N°; = 6/;N°,. N is said to be
integrable if and only if R, = 0 [60,63]. Let the nonlinear
connection be of Cartan-type, i.e., N = y,.y". Then it is
clear that in general N is not integrable. For the anisotropic
conformal metric (5) we have the following curvature
tensor field components [65]:

Rise = Klpa b5 Ltoat Mt (20)
R, 0 = %Zba/)o + iMba[m (28)
Stap =0 (29)
Spea = %(50 €0410pf + Vbja7"“ 00, f)
+ le (8“40p SO f + &y apr* e fOrf
+ yb[c}/aead]f(_)ef>7 (30)
where
K oo = 0167 i + 707" ol (31)
L} e = 81,630, f + 8.61,6,f + 017,78, f
+ 106078, f + 106748 ,)0,f
+ 708 18cf + Vo slo? oV 1S
+ VYo V00 4 8,0 ,NC 0. f (32)
M sy = 8158, f0,f + Vopp?**8a [0, + & 1y V" B B1f

(33)
L)y = 8160yN ) + 0157 ““ 0¥ e + 6“451,6,1f
+ 7%0,¥ paOe N4 o] + 75a0),7 0, Nda]
+ Vba?“81,0.N? 5 + 51,N® ;0) f
+ 81sNC )840 f — 81N 7 by ™0 f (34)
My 5 = 0N, 0N o + 790N 50,07 pg + 7“0, N |, 07 ca
+75a7 0N 150N ) 4+ 7Y 0107 0007 ba
+70a7 70N 150,1Y cf +Vpar“ 0N 16,0 f
+7ear 0N ,0,N° 5+ 70N 10,17
+ bV 04N ol f + 7 pay 0N ,0.N¢ (35)
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K, in particular, is the Riemann curvature tensor corre-
sponding to the (pseudo-)Riemannian metric y of the
underlying manifold structure. The horizontal R-curvature
contains extra terms, in addition to the underlying
Riemannian K-curvature, which allow for any discrepan-
cies to the Riemannian K-curvature that result from the
effect of the “extra” dark gravity and could otherwise be
interpreted as perturbations to the Riemannian framework
to be incorporated in the geometry of the spacetime in the
tangent bundle.

A physical interpretation of the vertical S-curvature (30),
on the other hand, could be tied to an anisotropic behavior
of dark gravity since the S-curvature indicates an aniso-
tropically curved spacetime. This is made evident by the
above-mentioned form of the vertical S-curvature which
depends on the existence of a direction-dependent con-
formal factor, which in turn presupposes an anisotropic
dark matter as mentioned in the beginning. A nontrivial
S-curvature is absent from a Riemannian framework and
would thus introduce extra degrees of freedom not present
in a Riemannian theory of gravity. Consequently, this
geometric structure could allow for a broader study of
gravitational phenomena linked with dark gravity and
anisotropy (e.g., the evolution of universe).

We shall now find the Ricci tensors as follows:

1

1
RUP :Ryﬂpﬂ = Kyp‘i-iﬁyp‘l—zMUp, (36)
where
‘Cz//) = 5[y5/)]f + yy[;ﬂ/ﬂlép} 6/1f + a[/)yy]yyﬂléﬁf
+ VO™ i f + Y oY i ? 62 f
+ yﬂk[pyﬂ]uy’d&lf —+ 5[1/Ncp]5cf (37)
Myp = YD[/)yﬂj(sﬂ]faﬁf (38)

and the Ricci tensor corresponding to the Riemannian
metric y is

Kup = K:uﬂpu = a[/tyﬂp]y + ykv[pyﬂy]x' (39)

From the S-curvature, we get:

Sbc = Sbacu = (2yb[ayad56]5df + Vb[cyadaa]fadf)' (40)

Bl

We therefore have the following scalar curvature:

. 1 1 3.
= = e/
R=R+S=e <K—|—2£—|—4M—|—4S>, (41)

where

X 1 1
R=g¢"R,=¢" (K +§£ +ZM> (42)
with

L= —(n=1)y"8,6,f + 1 0,y,y,r"6,f
— (n=1)0, /"8, f + vV ¥ 100 f
- (I’l - l)yﬂk,uyld(s},f + yypé[yNC/)}écf (43)

-
M = (n = 1)p"s,f5,f (44)

and the Ricci scalar corresponding to the Riemannian
metric y is

K =77k, (45)

For the scalar S-curvature we have
bc 3 —f <
S =g Sbc = Ze S (46)

with

§ =3 (=200 = 1 "0,,f + (n = D73, /3,f). (47
The scalar S-curvature could be interpreted as the degree of
anisotropy of a conformal anisotropically curved spacetime
which includes anisotropic gravitational effects as shown
in the previous relation. It is worth pointing out, however,
that while the S-curvature is dominated by the direction
dependence of the conformal factor, a flat vertical space
does not necessarily lead to (or result from) a direction
independent conformal factor and such a case should be
treated carefully as shall be demonstrated in a later section
of this study.

The field equations are then given by the calculus of
variation on the action given in [47,60,63,66]:

1
Run — ERgMN =T uw, (48)

where 7,y is the energy-momentum tensor field on the
tangent bundle in the adapted basis; namely 7, = T, and
T ap = Wy with T,, =7 ,, = 0. By taking the trace of
relation (48) we get the following:

R=-—T (49)

n—1
where 7 = GMNT v or, equivalently, 7 = T + W, where
T = ¢*T,, is the trace of the horizontal component of the
energy-momentum tensor and W = g*?W, is the trace of
the vertical component of the energy-momentum tensor,
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respectively. We thus arrive at the following equivalent
form of the field equations:

1
2n—2

By virtue of relations (7), (48), and (50) the following
proposition holds: the horizontal and vertical Ricci curva-
tures are equal to each other if and only if the horizontal and
vertical components of the energy-momentum tensors are
also equal to each other [67]; namely:

Run = TMN - TgMN' (50)

Wab = §ﬂa5be/w — Sub = &laéthﬂy. (51)

As can be seen from relation (51), an intrinsically geo-
metric connection of the horizontal and vertical subspaces
results in a physical connection of the energy-momentum
tensors and vice-versa. This is, however, also a conse-
quence of the profound relation between the metric of the
horizontal and vertical subspaces that has been assumed in
relation (8), without which relation (51) would not be true.

III. GEODESICS
We define the absolute energy £ as follows [60]:

&= gupy'y" = o(x,y)ra(x)yy". (52)

Using the absolute energy we define the following tensor:

N = E
Y9ed = Eacadg = %ch + yadyaac + }/acyuo-d + VcdOs

(53)

where ¢, = 0,6. We shall now calculate the inverse tensor
g as follows:

~ab db € o ot r?
3 =9°9"Gea = 750" + Y 5+ 5+—. (54)
20 o o c
We further define:
|
Gl=7 (v0,0E — 9,€), (55)
where y* = §,y?. In our case:
1 7€ 4 b b b
G(x,y) =[50 + 0" +y'o" +7*
4o \ 2

X (%amdy”y"y" + 260, 7YV + 26,7 pey V!

E E
+;0',4b)’” _(sﬂbaaﬂ}/cdycyd + ;%)v (56)

where ¢, = d,0 and 6“ = g"’0,6. We can now write the
geodesic equation as follows:

dy* dx“
2 a p— a p— . 7
o P26 xy) =0, Y= (57)

We observe that:

1 1 1
Ga<x’y) :Eyam/yﬂyy'i‘ira‘i‘ilay (58)
where y“,, are the Christoffel symbols of second type of the
Riemannian metric y,

1 E
r¢ = % (26ﬂy“y/‘ - ;y“ﬂaﬂ> (59)

is the conformal part of the geodesics corresponding to the
Riemannian case, and

1/€& ot lo
l”(x,y)==§(%6“b+y“—+y” )

o r3
X <0myy"y" + 60,7 caY V'V 4 26,7 ey Y

a

E £ c
+ =0, + & —6,,) +— 0,7 cay Yy
(o2 (o2 (o2

&

+ p o,y (60)
is the generalized Lagrange conformal part of the geo-
desics, where y,,,, are the Christoffel symbols of first type
of the Riemannian metric y. Therefore we can write the
geodesic equation as follows:

dy* dx*
Y+t 1 =0, “=—— (6l
g T WYy Y= (61)

It is then clear, that the direction dependence introduced by
o contributes through [ in the geodesics. If the conformal
map o is independent of the direction variable y, i.e.,
o = o(x), then [ =0 and the geodesics reduce to their
Riemannian counterpart. The internal y coordinates of the
gravitational field express the anisotropic dark structure
through the function o(x, y). The additional terms r*(x, y)
and [“(x,y) in Eq. (61) provide an anisotropic conformal
type of metric geodesics that incorporate dark gravitational
effects which is imprinted in the structure of this spacetime.
Dark gravity plays an essential role in these perturbed
conformal geodesics.

IV. ANISOTROPIC CONFORMAL
MINKOWSKI SPACETIME

In this section we shall examine a first application of this
geometric framework by using a Minkowski metric struc-
ture for the underlying manifold. This could be especially
interesting for the cosmology of a postinflation universe
which evolves toward flatness, since this metrical model

044048-5
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could be considered connected to an anisotropic generali-
zation of a de-Sitter metric spacetime in which the scale
factor causes a conformal structure for the spatial metric,
e.g., in a Friedmann metric space. In particular, let

Gu(x.y) = /5y, (62)
where
nﬂb:diag(l’_la_l’_l) (63)

for some f:TM — R which is at least C2. Let the nonlinear
connection be of Cartan-type, i.e., N, = y*,,y". Then the
nonlinear connection is obviously zero and the adapted
basis {3,.0,} coincides with the ordinary basis {d,,0d,}.

Since the curvature tensor of the underlying structure,
K =0, it is relatively easy to find the curvature tensor R.
Indeed:

Ry = 5 (5,010.F + 1ign9,0,7)
300,10 + M0, o]
+ & o1 0 f 01 ) (64)
Ry =0, Sty =0 (65)

1 - = _
Spea = 5 (6%c04)0pf + Mp(att*“0¢)0cf)

1 _ _
T (8940pf 0 f + 8 (N 0o fOr f
+ nb[cnaead]féef)' (66)

The Ricci tensors and scalars are then:
1
Rl/p = Z (2%[,/7”/1(%] of + ﬂu&»ﬂ”’laﬂ]faaf) (67)

Spe = <2nb[anudac]5df + nb[cnudga]fgdf) (68)

Bl —

3
R=2¢7 (<200,0,f +19,f0,f) (69)

3 _ _
§ =3¢ (=20"0,9,f + 170, f3).  (70)

It is worth noting that these relations (64)—(70) show
that although the underlying Minkowski tangent bundle
is flat, the transformed spacetime has in general nonzero
curvature. Thus, as is the case with a conformally flat
Riemannian manifold, the anisotropic conformal flat tan-
gent bundle is not flat itself. Nonetheless, each point has
a neighborhood that can be mapped to a flat space by a
conformal transformation, simply for example by the

inverse transformation e~/ of the metric. What distin-
guishes this case from the Riemannian one, however, is
the nonzero S-curvature. This extra curvature, which, as
shall be seen bellow, corresponds to extra gravity, could
allow Finsler and Finsler-like structures to better describe
the intricate nature of certain gravitational phenomena
[54,68—73]. Physically, in this model, the conformal factor
represents the gravitational influence of dark matter. It can
therefore be seen that, in this case, it is dark matter that
curves the space-time even though the underlying base
manifold is flat as is evident for example by relations (67)
and (68). A particularly interesting special case of aniso-
tropic conformal Minkowski spacetime arises if the con-
formal factor is solely direction dependent; namely if the
conformal factor is of the form f(y). Then it can clearly be
seen that R = 0 but in general S # 0, i.e. a flat horizontal
space has nevertheless a nonflat tangent space since the
vertical subspace is curved. This shows that the notion of
“flatness” has been generalized on the tangent bundle since
a seemingly flat space can still be anisotropic.

Let us now consider the field equations (50). Suppose the
energy-momentum tensor field 7 is of the following form:

TW N (p((;) gijl(:(x)> N <f) epr) 7

War = <¢()(C;Y) gijw(()x,y)) N (Z)b ef(l)alﬁ)’ 72)

where I3 = diag(1,1,1) is the 3 x3 identity matrix,
p(x), p(x):M — R are the ordinary density and pressure
functions of a thermodynamic fluid and ¢(x,y), y(x,y):
TM — R. These last two quantities; namely ¢ and y, could
potentially be viewed as generalized thermodynamic var-
iables on the tangent bundle [74]. Since the Ricci tensors
given by (67) and (68) are not diagonal, we get the
following nontrivial differential equations from the non-
diagonal components of (50):

2fu1/:f;4'fw
2fah:fu'fhv

Yu#v (73)
Ya#b (74)

From the diagonal components we get the following set of
8 differential equations:

6(f11 + a2 + f33) = 3((f1)* + (f2)* + (f3)?)

=10p —2¢ + 6¢/ (p + ) (75)
6(foo = f11 = f22) +3(=(fo)* + (f1)* + (f2)?)

=2(p+¢)—6¢/(p—w) (76)
6(foo = f22 = f33) +3(=(fo)* + (f2)* + (f3)?)

=2(p+¢)—6e/ (p—y) (77)
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6(foo = f11 = f33) +3(=(fo)* + (f1)* + (f3)?)
=2(p+¢)—6¢/(p—w) (78)
6(fss + foo + f77) = 3((f5)* + (f6)* + (f7)%)
=10¢ —2p + 6¢/ (p + ) (79)
6(fas = fs5 = foo) +3(=(f4)* + (f5)* + (f6)?)
=2(p+¢)+6¢/(p—y) (80)
6(fas = feoo = J77) +3(=(f4)* + (f6)* + (f7)?)
=2(p+¢)+6¢/(p—y) (81)
6(fas = fs5 = f77) +3(=(f4)* + (f5)* + (f7)?)
i) L6 o). ()

We shall now try to find a possible form for the
conformal factor f(x,y) using the field equations (73)-
(82). First, let F:TM — R, be some auxiliary function
such that F,, =F, =0V u#v and a#b. Such a
function exists. For example:

F(x,y) = 20() + (") + -+ ,(x" = %) (83)
with 4;: ICR >R, Vi=0,1,...,7 is such a function.
Then f(x,y) = —21n(F(x,y)) satisfies Egs. (73) and (74).
Next, by manipulating relations (76)—(78) and (80)—(82) we
get the following relations:

2(f11 = f2) = (f1)* = (f2)? (84)
2(fui = fx) = (f1)* = (f3)? (85)
2(fn = f33) = (f2)* = (f3)° (86)
2(fss = fes) = (f5)* = (f)? (87)
2(fss = fr) = (f5)* = (f2)? (88)
2(fe6 = f17) = (f6)* = (f7)*. (89)

Substituting f = —2 In(F) in relations (84)—(89) we get the
following pieces of information concerning F(x, y):

Fi1 = Fyn = Fs3 (90)
Fss = Fee = Fy7. (91)

Subsequently, using Egs. (75), (79), (90), and (91) we
arrive at the following equation:

Fu—Fss _

1
2=, 52)

Though it does not represent a general solution, Eq. (92)
demonstrates the dependence of the conformal factor on the
thermodynamic variables of the energy-momentum tensor.
If, in addition, the auxiliary function F(x,y) is of the form
given in (83), then F'{; — F55 is a constant due to Egs. (90)
and (91). Then:

gﬂv = )((P - (b)zrlﬂw (93)

where y is a positive constant. In this special case (93) it can
clearly be seen that the conformal factor is connected with
the distribution of energy and matter in the anisotropic
conformal Minkowski spacetime.

V. ANISOTROPIC CONFORMAL
FLRW-COSMOLOGY

In this section we shall study an application of this
geometric framework in cosmology. In particular, we shall
use a FLRW metric structure for the underlying manifold
M and derive Friedmann-like equations of the horizontal
subspace on the tangent bundle.

Let
-1 0 0 0
0 l—alir2 0 0 (94)
i 0 0 (ra)? 0
0 o0 0 (rasin@)?

In this case we shall consider an integrable nonlinear
connection. The diagonal components of the Ricci tensor
will then be

Ry = —32+—£00+—M00 (95)

1 1
_T“riﬁn—FzMn (96)

1 1
R22 = r2(ad+2(:l2+21€) +§£22 +ZM22 (97)

1 1
Ry3 = r’sin®0(ad + 2a* + 2k) + = L33+~ Ms3,  (98)

2 - 4
where:
2xa’r 1 —«kr?
L = ——>550 —0 o
00 (1 —xr)? oo + - wf+=5 27 nf
1
+T 33f——50f 1f
ra? sin?
cot 4
+W52f (99)

Moy = 2(80f)* = (1 —xr )<51f> <5Lf>2

ra
af \?
B <ra sin@) (100)
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Lo — a*doof _ onf 533f
"7k (1 —1<r2)r2 r?sin? (1 — kr?)
4aa cotd
o f - 101
1 50f 51f r2(1 _ K_r2) 52f ( O )
a*(dof)? (62f)?
M = 1 —«r? 20,0 + (1 —xr?)r?
(65f)°

- 102
r’sin®0(1 — kr?) (102)

33f

Loy = rPa*Syf — r*(1 —kr?)d,, f —
2 = r’a*of — (1 —«kr?)dy f sinZ0

+4rtaadyf — r(3 — 4kr?)8,f — cot 055 f (103)

My = =r?a®(8of)* + r*(1 = k) (8, )* 4 2(6,/)*

(83£)
: 104
T sin%0 (104)
E33 = rzazsinzaéoof - ’,.2 Sin29(1 - Kr2)51 ]f
— §in? 05,5, f + 4r’aa sin®05, f
— (3 —4kr?) sin® 05, f — 2sin @ cos 05,f  (105)

My = —r*a?®sin® (8, f)* + r?sin?> 0(1 — kr?) (6, f)?

+sin? 9(8,f)* + 2(551)>. (106)
It can be seen in Egs. (95)-(98) that the horizontal Ricci
curvature fields of the tangent bundle are the form given
in (36), i.e., they consist of the Ricci curvature K of the
Riemannian base manifold which appears perturbed by the
two terms £ and M added to it. In particular, the Ricci
curvature K of the Riemannian base manifold is naturally
independent of the conformal factor and hence free of the
influence of dark gravity, while £ is a pertubation of first
order that is linear in terms of the conformal factor and M is
a second order pertubation which is nonlinear in terms of
the conformal factor.

In general the horizontal Ricci tensor field R is non-
diagonal and nonsymmetric, i.e., for 4 # v, R, # 0 and
R,, # R,,. Dueto this increased complexity in the geometric
structure, we are going to limit this first order approach to the
study of the diagonal terms (95)—(98). Although limited to
these terms, important results could still be deduced from
their study as a first order generalization of the classical
theory of gravity on the tangent bundle.

The vertical Ricci curvature shall be

e 22f a33f
So0 =3 ( a”f Pl P sin? 9)
1/1—=«r? 0:f)°
4 < a;cr ( lf) ( ; 2 + rz(a23£126> (107)

¢ 1 ( a’duf  Onf 033 )
2 \1 =« (1 —xr?)  rsin0(1 — xr?)
1 ((aéof)2 (e (0:f)° )
A4\1—xr? r*(1—xr*) r*sin?0(1 —«r?)
(108)
1 - - 0
S22 = E (rzazaoof - r2(1 - Krz)allf — Slfzfé)
1/ - - %f)?
~1 ((radof)2 - (1 - Kr2><ra1f)2 - <Sliljg)9 ) (109)
S33 = %((ra sin 6’)2000f
( r sin 9)2(1 — Krz)él ]f — Sin29522f)
%((ra sin 00, f)* — (1 — kr?)(r sin 60, f)?
— (sin 60,f)?) (110)
Spe :%(chbf_gcfabf)7 Vb#c. (111)

As is the case with the horizontal Ricci curvature, the
vertical Ricci is not diagonal but it is symmetric as is
evident by relation (111) if the conformal factor f is at
least C2.

The scalar curvature will then be

1 3
R = R+S—e—f<K+ L+— M+ S) (112)

where
R= e‘f<K+l£+1M> (113)
2 4
3 .
a (a\* «
K:6Lz+<a) +az} (115)
1 — w2 5 1)
L=3 |:500f_az,<r511f_ (}’2621{2 B (ra ;:I{Q)z
+3- 6of 2= jfr if = (CrOt)g 52f] (o)
(52f) (53f>2
[(50]‘) (51f) (ra)>  (rasin 9)2}
(117)
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«_ 022f 533f
S =-2{0pf - (311f (ra)®>  (ra sin 0)?
i 1 —x? (0:0)* | (9sf)°
— (00f)* + (01/)* + (ra)>  (rasin )%

(118)

A. Extended anisotropic conformal
Friedmann-like equations

Let us now consider the field equations (48). Suppose, as
in Sec. IV, that the energy-momentum tensor field 7 is of
the following form:

5= ("5 oo o
W = (‘15()(‘)#) guw(()x,y))’ (120)

where p(x), p(x): M — R are the ordinary density and
pressure functions of a thermodynamic fluid and ¢(x, y),
w(x,y): TM — R could potentially be viewed as general-
ized thermodynamic variables on the tangent bundle. Then,
the horizontal Friedmann-like equations shall be of the
following form:

a\? x 1. 1 1 p
- — X b =— 121
(a) +a2+85+12 R 3 (121)
a 1. 1 1 p+3elp
S X ®i= R (122)
where i = 1, 2, 3 and
3 + dka’r — 6xr? + 324
X = o]
(1 —kr?)? o0f
1—«r? onf 033f
>—onf 3= —
(ra)*> (rasin 0)
a 2 — Tkr? cotd
3—60f — 1) 123
+ of >—01f (ra)? 2 f (123)
1 —kr? (5.1)*  (8f)°
= (8f)> +——5—(8,f) +-— :
(3of)" + a? (81f)" + (ra)> = (ra sin@)?
(124)
2xa’r o f
X = el + IV LL P (”)
53';f 2 4Kr cotd
. 1) 1) 125
(ra sin@) 2 f (ra)? 2f (125)

= Sl (5o (85f)?
=2(80f)* +2 (8:1) - (ra)? - (ra sindy?
(126)
2 P
533f 1- 2K'r cot@
(rasin 02  rd® ouf + (ra)? oo f (127)
= L= L Baf) (33
D, = 2(50f)2 —— (6 lf) (ra)2 - (ra sin6)2
(128)
2 - 5
X3:%500f+ af 511f—|—(22{
033 f 1 — 2kr? cotd
(ra sin 0)? ra? orf = 2( ) 50f  (129)
. 1 —xr? (8:1)? (6:1)?
@3 =2(85f)* - 3 (8:f)* - (ra) + (rasin 0"
(130)

By virtue of the three equations (121) we get the following
pair of generalized anisotropic conformal Friedmann-like
equations for the horizontal subspace on the tangent bundle:

a\? 1

— X d>—— 131
(a) Tz +8S+12 +24 3 (131)
a 1. 1 1 p+3ep
p gS—g‘P—ES c (132)

where X and @ are given in relations (123) and (124) and

__ Kkd’r Onf | Onf
¥ el o + (ra? " (rasin 07
(133)
= (80f)* (134

In view of relations (131) and (132), itis worth noting that the
generalized anisotropic conformal Friedmann-like equations
for the horizontal subspace on the tangent bundle include
extra terms denoted by X, ¥, @, D which introduce a higher
order structure derived by the gravitational influence of dark
matter and dark energy, which enrich the cosmological study
of the evolution of the universe with further information. Itis
also clear that if these terms are equal to zero then Eqgs. (131)
and (132) reduce to the ordinary Friedmann equations of
general relativity. In particular, it can be seen that the scalar
Ricci curvature S of the vertical subspace and especially S,
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could be related to a dynamical anisotropic cosmological
“constant” as is shown in [47], which emerges from the
additional degrees of freedom of the anisotropic conformal
geometric structure instead of being added ad hoc as in the
classical case. Therefore, Eqs. (131) and (132) reduce to the
Friedmann equations of general relativity with dynamical
cosmological parameter equal to S = —%A, where in this
case A denotes the varying cosmological constant [75]. By
means of relation (114) the cosmological parameter is related
to the scalar vertical curvature S in precisely the same way as
in [47]. With respect to the classical case, the presence of a
varying cosmological constant in the form of § indicates a
different dynamical evolution of the universe which could be
compared to the A — CDM cosmological model [75] in a
further study, possibly viewed through the lens of a mimetic
dark gravity model. In general, if f = 0, i.e., in the absence
of dark gravity, then (131) and (132) reduce exactly to the
classical Friedmann equations (without cosmological con-
stant), as well as to the geometric frame as described in [47]
for a flat vertical subspace.

A special case of conformal factors that are of the form
f(x,y°) is of noteworthy interest since, this family of con-
formal transformations leave the vertical subspace isotropic
in the sense presented in [76], i.e., the vertical S-curvature
tensor is diagonal and S;; = $7;;(2000f — (3f)?). In par-
ticular Sgo = 0. The vertical field equation (50) for (a =
b = 0) then yields:

— 50 — 3ef itpty 0y — ﬂ)
p =56 =3¢/ (p + 1) T Flx ) 1“(3<p+w>‘

(135)

As is the case in (93) it can be seen that the conformal factor
of relation (135) is connected with the distribution of
energy and matter in the anisotropic conformal spacetime.
This is another indication that the conformal factor may be
related to the thermodynamic properties of the spacetime.

Figure 1 summarizes the relations between the physical
and geometrical concepts that arise from this section. In
particular, the internal properties (possibly of thermody-
namical nature) of DM and DE are mathematically
expressed through the conformal factor f which in turn
induces a vertical S-curvature. This curvature produces then

DM

? flx,y) — S A

| _~

DE

FIG. 1. Brief diagram illustrating the relations between the
physical and geometrical concepts.

a varying dynamical cosmological constant A which is
related to DE. A relation between DE and DM could
possibly be studied as discussed in the next Sec. VL.

In light of the generalized anisotropic conformal
Friedmann-like equations for the horizontal subspace
on the tangent bundle (131) and (132), we can obtain
the following pair of equations for the Hubble parameter
H(t) := a/a, as follows

3H2+%:p+pmg (136)
2H + 3H? +% = —(e/p + ppE). (137)

where
PDE ::—%S‘—%X—%d) (138)
pDE:=§§+%X+%Cb—§—éfb (139)

could be interpreted as the density and pressure of DE,
respectively. Let us now consider the following special case
of a simplified linear conformal factor, i.e., let f be of the
form:

fx,y) = pr+puy° + vy, (140)
Additionally, let us focus on a spatially flat universe and
assume dust matter; namely let k = 0 and p = 0. For the
simplicity, let the coefficients of the nonlinear vanish
identically. In this case, we obtain X = —38H, ® = 2,
S=—u? —&—Z—i, ¥ =0 and D = p?, where H(t) = a/a is
the Hubble function. Then from the Friedmann-like equa-
tions (136) and (137) we get:

3H* = p + poe (141)
where
_1(3 2_ ) §£+§ﬂH (143)
pDE*8 H S22 4
L 2h -t
Poe = =g K ga2 47"

Hence, as described above, the richer structure of Finsler
geometry produces an effective dark energy sector of
geometric origin. The first term in (143) is constant and
accounts for the usual cosmological constant, the second
term is an effective spatial curvature term that will have a
negligible role at late-time universe, and the last term is a
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FIG. 2. Upper graph: the evolution of the effective dark energy
density parameter Qpg and of the matter density parameter Q,,, as
a function of the redshift z, for u =1, f=0.1, and v =0.1.
Lower graph: the evolution of the corresponding dark-energy
equation-of-state parameter wpg. We have imposed Q,,o = 0.3 at
present time.

novel friction term. Additionally, since p = 0 the evolution
of p reads simply p = p(0)a=3, while we can define
the effective dark-energy equation-of-state parameter as
wpe = ppe/ppe- Finally, we introduce the density param-
eters Q,, = 377 and Qpg = {25, while we use the redshift z
as the independent variable, defined through 1+ z =%
(and setting the present scale factor as ay = 1).

We evolve Egs. (141) and (142) numerically and in Fig. 2
we depict the evolution of the effective dark energy density
parameter Qpg and of the matter density parameter €2,,, as

FIG. 3. The theoretically predicted apparent minus absolute
magnitude for u = 1, # = 0.1, and v = 0.1 (red-dashed) and for
u=1, #=0.2, and v = 0.3 (green-dotted). The observational
points correspond to the 580 SN Ia data points from [77], and for
completeness and comparison we depict the prediction of ACDM
cosmology with the black-solid curve.

well as the evolution of the effective dark-energy equation-
of-state.

Finally, we perform a confrontation of the obtained
H(z) behavior with Supernovae type Ia (SN Ia) data. In
particular, one measures the apparent magnitude m(z) which
is related to the luminosity distance as m(z) — M =

5log[*J] + 25, with M and L the absolute magnitude

and luminosity. Moreover, the predicted luminosity distance
z_dZ

dp(2)y is given as dp (2)y = (1 +2) [§ 7y In Fig. 3 we
present the theoretically predicted apparent minus absolute
magnitude as well as the prediction of ACDM cosmology,
on top of the 580 SN Ia observational data points from [77].
As we observe, the agreement is excellent.

VI. CONCLUDING REMARKS AND SOME
FUTURE PROSPECTS

Motivated by the apparent need for a mathematical and
in particular geometrical framework for a theory of gravity
that includes the significant contributions of dark matter
and dark energy, whose study currently constitutes the
greatest problem of modern cosmology [28] we developed
a theoretical model based on an anisotropic conformal
spacetime on the tangent bundle that allows for extra
degrees of freedom due to the higher-dimensionality of
the underlying geometry which intrisically incorporates the
concept of an anisotropic direction dependent dark gravity
in the metric structure. This higher order internal geometric
structure is interpreted as the contributions of dark matter
and dark energy. In particular, in this framework we
examined two cases of significant interest; namely the
conformal anisotropic Minkowski spacetime and the con-
formal anisotropic FLRW-cosmology.

A first application of this geometric framework is given
by using a Minkowski metric structure for the underlying
manifold. The interest of this case lies in its potential
cosmological application for the study of a postinflation
universe which evolves toward flatness, because this
metrical model might be connected to an anisotropic
generalization of a de-Sitter metric spacetime in which a
conformal structure for the spacelike metric, (e.g., in a
Friedmann metric space) is caused by the scale factor. The
study of the anisotropic conformal Minkowski space,
especially Egs. (67) and (68), reveals that even though
the underlying base manifold is flat, dark matter, repre-
sented by the conformal factor, curves the space-time. A
further study of special types of conformal factors that
constitute solutions to the field equations for this spacetime,
reveal a first indication in Eq. (93) that the conformal factor,
which we nevertheless consider given a priori (e.g.,
determined by observational or experimental data), is
potentially connected to the thermodynamic variables of
energy and matter. A future dynamical analysis of this
model, similar to that studied in [68,75], could provide
critical points which are vital regions of the evolution of the

044048-11



C. SAVVOPOULOS and P. C. STAVRINOS

PHYS. REV. D 108, 044048 (2023)

universe. Relating these results with current observational
data could lead to a more complete understanding of this
anisotropic geometric framework of gravity and cosmol-
ogy, as well as of the contribution of dark matter and dark
energy to the evolution of the universe. In particular, a
deeper study of the conformal factor could be performed by
imposing certain extra physical conditions on this model
which are consistent with observational data. For instance,
one could assume that the horizontal space tends toward
flatness for large time, i.e., that the R-curvature tensor given
in Eq. (64) tends toward zero as the time parameter tends
to infinity. Furthermore, assuming that the anisotropy of
the universe reduces for large time, i.e., that the universe
tends toward isotropy, one could argue that the vertical
S-curvature given in Eq. (66) should diminish in the limit
as time tends to infinity. Due to the afore-mentioned
connection of the conformal factor to the thermodynamic
structure of energy and matter, the thermodynamic impli-
cations of such a future study could potentially be linked to
the notion of a cosmological entropy [78,79].

A second application studied in this work, is an
anisotropic conformal FLRW space which is, naturally,
of significant cosmological interest. According to the
generalized anisotropic conformal Friedmann-like equa-
tions for the horizontal subspace on the tangent bundle that
we derived, Eqs. (131) and (132), we find that the classical
Riemannian structure appears perturbed by the inclusion of
extra terms which arise naturally by the geometry of the
tangent bundle, are linked to the higher order structure
of this framework and are interpreted as the additional
gravitational influence of dark matter and dark energy in
the cosmological evolution of the universe. We find, in
particular, that the classical Friedmann equations of general
relativity, as well as the generalized Friedmann equations in
[47] with dynamical cosmological parameter can be recov-
ered if we interpret the vertical scalar curvature S as the
varying cosmological constant in much the same way as in
[47]. This cosmological parameter is produced internally
through the geometry of the tangent bundle instead of being
added ad hoc as in the classical case and could potentially
be quantitatively studied for a given conformal factor. One
such first approach at a more concrete example of a simple
conformal factor is provided and connected with observa-
tional constraints on both dark energy and dark matter. We
find that this special case is very consistent with observa-
tional results as well as with A-CDM, which could suggest
that this model is promising and that further work on
combining recent observational data and constraints, as in
[80], with our theoretical model could potentially yield ever
more accurate conformal factors to fit the observational
results. In addition, a future study of the bounce conditions
applied to this model could prove fruitful, as they could
endow the conformal factor, and hence the contribution of
dark matter and dark energy, with essential cosmological
information related to the dynamic anisotropic evolution of

the universe. For this purpose, a careful investigation of the
equation of state of the anisotropic generalized thermody-
namic variables of the cosmological fluid, and of the energy
conditions that may ensue from the generalized anisotropic
conformal Friedmann-like equations (131) and (132) might
prove invaluable for a deeper understanding of the con-
nection between dark gravity, cosmology and anisotropy.

In conclusion, this geometric framework of conformal
gravity on the tangent bundle that incorporates the gravita-
tional influence of dark matter and dark energy could allow
for both a qualitative and a quantitative analysis of the
cosmological aspects of the evolution of the universe, for
instance in a future study that includes an application of this
model using observational data. In particular, a quantitative
study of the deflection angle using this model may provide
for a correction due to dark gravity of the already known
results given for an anisotropic Finsler-Randers model in
[68]. Moreover, potential links between dark energy and dark
matter on galactic scales could be studied, since the behavior
of the dark matter cosmological fluid on a large scale could
reveal arelation with dark energy [81-83]. Connected to such
a future endeavor could possibly be the model of the
Chaplygin gas [84] whose study as a dark cosmological
fluid instead of the perfect fluid model, in conjunction with
the present geometric model could potentially yield interest-
ing results. Finally, an especially interesting future prospect
of this mathematical framework would be the application of
the present work in the development of a galactic model
combining the already existing dark matter halo theory [85]
and related observational data in order to study structure
formations due to anisotropy.
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APPENDIX: APPENDIX SECTION

Let
-1 0 0 0
0 l—aljrz 0 0 (Al)
=10 0 (rap 0
0 0 0 (rasin®)?

Let the nonlinear connection be of Cartan-type; namely we
take N¢, = y%,.y". Then the components of the nonlinear
connection are as follows:
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N% =0 (A2)

aa
NO =24y A3
1 1— K'I"zy ( )
N°, = aar’y? (A4)
N3 = aar*sin’gy? (A5)
N'y=—y! (A6)
Nt =2y By AT
e A B P (A7)
Ny = —r(1 —kr?)y? (A8)
N'3 = —r(1 — kr?)y? sin?0y? (A9)
N2y =2y (A10)

1
N? =—)? (A11)
r
] 1
N2 =230 4yt (A12)
a r
N?; = —sin 6 cos 0y? (A13)
3 4.5
N’y = E}’ (A14)
3 1
Ny =—y (A15)
r
N3, = cot Oy’ (A16)
] 1
N353 :gyo—l—;yl + coty?. (A17)

Indeed we can clearly see that such a nonlinear connection
is not integrable.
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