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Abstract Using a joint statistical analysis, we test a four-
dimensional FLWR model embedded in a five-dimensional
bulk based on the Nash-Greene embedding theorem. Per-
forming a Markov Chain Monte Carlo (MCMC) modelling,
we combine observational data sets as those of the recent
“Gold 2018” growth data, the best-fit Planck2018/ACDM
parameters on the Cosmic Microwave Background (CMB),
the Baryon Acoustic Oscillations (BAO) measurements, the
Pantheon Supernovae type Ia and the Hubble parameter data
with redshift ranging from 0.01 < z < 2.3 to impose restric-
tions on the model. From linear Nash-Green fluctuations of
the metric, we obtain the related perturbed equations in lon-
gitudinal Newtonian gauge to obtain the evolution of growth
matter. We show that a mild alleviation is obtained from
the o tension between the growth amplitude factor and the
matter content (0g-£2,) of the observations from CMB and
Large Scale Structure (LSS) probes with degeneracies on
the parameters. We also apply the Om(z) diagnosis to dis-
tinguish the model from ACDM. The Akaike Information
Criterion (AIC) is used and we find a relative statistical con-
sistence of the present model with both ACDM and wCDM
models up to 1% of percentage difference at early times.

1 Introduction

The true mechanism behind the accelerated phase of the uni-
verse still remains an open question. After more than 20
years since the very first evidences of the cosmic acceler-
ated expansion, one of the pivotal directions of investiga-
tions is about to unravel whether the dark energy equation
of state (EoS), with the main fluid parameter w(z), is re-
stricted to the value wy = —1, as suggested by observations
[1, 2], in conformity with the very popular ACDM model,
or if there exists any deviations from that value leading to
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dynamical dark energy models. Even though its success, the
ACDM model lacks of an underlying physical understand-
ing, since the Cosmological constant A and the Cold dark
matter (CDM) are problems of their own nature [3-9].

The theoretical background of this paper relies on the
possibility that the universe may be embedded in a larger
space and the dark energy problem may be explained as a
geometric outcome from the extrinsic curvature to amplify
the gravitational strength of Einstein’s gravity. Most of these
extra dimensional models have been Kaluza-Klein or/and
string inspired, such as, for instance, the Arkani-Hamed,
Dvali and Dimopolous (ADD) model [10], the Randall-Sun-
drum model [11, 12] and the Dvali-Gabadadze-Porrati model
(DPG) [13] commonly referred as braneworld models. Dif-
ferently form these models and variants, we investigate how
the embedding regarded as a prior mathematical structure
can be suited for construction of a physical theory, keeping
no relation with brane or string proposals. Several authors
have been explored this possibility in many contexts [14—
30]. Moreover, a cosmological model is proposed based on
previous works at background level [16, 20, 23, 24] and we
proceed further to obtain the cosmological perturbed equa-
tions to be discussed in section 3.

This paper aims at investigating the og tension revealed
by the notorious cryptic discrepancy of the data inferred
from Planck CMB radiation and the Large Scale Structure
(LSS) observations with the ACDM model as a background,
and possibly explanations may come from modified gravity
[31-37]. The og denotes the r.m.s amplitude of matter den-
sity at a scale of a radius R ~ 8h.Mpc~! within a enclosed
mass of a sphere. We perform the Markov Chain Monte
Carlo (MCMC) sample technique with a modified code from
[38, 39] using the joint likelihood of kinematical probes as
of the Cosmic Microwave Background (CMB) Planck2015
[1] and Planck2018 [2] datasets, the largest dataset Pantheon
Snla [40] with redshift ranging from 0.01 < z < 2.3 that
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guarantees a low and intermediate redshift data, the Hubble
parameter as a function of redshift H(z) [41-46] and Bary-
onic Acoustic Oscillations (BAO) from points of the joint
surveys 6dFGS [47], SDDS [48], BOSS CMASS [49], Wig-
gleZ [50], MSG [51] and BOSS DR12 [52]. A comparison
with the ACDM and general relativity (GR) quintessense
(wCDM) [53, 54] is presented with analysis on the growth
density evolution and Om(z) diagnosis [55]. In addition, we
apply the Akaike Information Criterion [56] on the resulting
contours confidence regions. In the final section, we con-
clude with our final remarks and prospects.

2 The theoretical framework
2.1 The D-dimensional equations

We start with a summary of main elements of a gravitational
model based on the mathematical background of the theory
of dynamical embeddings [15-17]. The first mechanism is
the defined by the gravitational action functional. Thus, in
the presence of confined matter fields on a four-dimensional
space with thickness / embedded in a D-dimensional ambi-
ent space (bulk), we define

S=-5o [VIFIROx [ VL0, M
D

where Kl% is the fundamental energy scale on the embedded
space, Z denotes the Ricci scalar of the bulk and .Z;, is the
confined matter lagrangian. The normal radii / is the smallest
value of the curvature radii obtained from the relation

det(guy —"kuva) =0. 2)

In a geometrical sense, the term [ represents a displacement
of the embedded space along the extra-dimensions.
The matter energy momentum tensor occupies a finite

hypervolume with constant radius / along the extra-dimensions.

The variation of Einstein-Hilbert action in Eq.(1) with re-
spect to the bulk metric %45 leads to the Einstein equations
for the bulk

1
Rap — E%B =a*Is, 3

where o = 8TG* is energy scale parameter and G* is the
bulk “gravitational constant”. The tensor .7, is the energy-
momentum tensor for the bulk [16, 17, 20]. To generate a
thick embedded space-time is important to perturb the re-
lated background and can be done using the confinement hy-
pothesis that depends only on the four-dimensionality of the
space-time [58-60], even though any gauge theory can be
mathematically constructed in a higher dimensional space.
In order to obtain a more general theory based on em-
beddings to elaborate a physical model, Nash’s original em-
bedding theorem [61] used a flat D-dimensional Euclidean

space, later generalized to any Riemannian manifold includ-
ing non-positive signatures by Greene [62] with indepen-
dent orthogonal perturbations. This choice of perturbations
facilitates to obtain a differentiable smoothness of the em-
bedding between the manifolds, which is a primary concern
of Nash’s theorem and satisfies the Einstein-Hilbert princi-
ple, where the variation of the Ricci scalar is the minimum
as possible. Accordingly, it guarantees that the embedded
geometry remains smooth (differentiable) after smooth (dif-
ferentiable) perturbations.

With all these concepts, let us consider a Riemannian ge-
ometry V4 with a non-perturbed metric g,y being locally and
isometrically embedded in a D-dimensional Riemannian ge-
ometry V,,. The embedded space-time V4 is endowed with
the local coordinates x* = {x°,...,x’} whereas the extra-
dimensions in the bulk space can be defined with the coordi-
nates x* = {x* ....x?~1} and D = 4+ n. Hence, the bulk lo-
cal coordinates can be denoted by the set {x*,x?}. All these
definitions allow us to construct a differentiable and regular
map Z : V4 — V, satisfying the embedding equations

2 X = Zuv 4)
2ol =0, (5)
NAEYGps = Gub (6)

where the set of 24 (x*,x%) : 24 = {270..2P71} de-
notes the non-perturbed embedding function coordinates, the
metric ¥4 denotes the metric components of Vp in arbi-
trary coordinates and 7/ denotes a non-perturbed unit vec-
tor field orthogonal to V4. Concerning notation, capital Latin
indices run from 1 to n. Small case Latin indices refer to
the extra dimension considered. All Greek indices refer to
the embedded space-time counting from 1 to 4. Those sets
of equations represent, respectively, the isometry condition
in Eq.(4), the orthogonality between the embedding coordi-
nates 2" and 7 in Eq.(5), and also, the vector normaliza-
tion )7 and g, = €,0,5 With & = %1 in which the signs
represent the signatures of the extra-dimensions. Hence, the
integration of the system of equations Eqs.(4), (5) and (6)
assures a correct configuration of the embedding map Z".

The non-perturbed extrinsic curvature l_c”v of V4 is, by
definition, the projection of the variation of 7) onto the tan-
gent plane :

kuv = =2 415948 = X1, 1°%s | (7
where the comma denotes the ordinary derivative.

If one defines a geometric object @ in V4, its Lie flow for
a small distance 8y is given by Q = Q + §y£5.Q, where £
denotes the Lie derivative with respect to 7]. In particular,
the Lie transport of the Gaussian veilbein {2,717}, de-
fined on V; gives straightforwardly the perturbed coordinate
ZA(xH,y") == 2 such as
Ly = X+ 8 £ Xy = 2+ 8 oy @®

ny =15+ 8y [Aa, )" = 715 . 9)
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It is worth mentioning that Eq.(9) shows that the normal
vector N does not change under orthogonal perturbations.
However, from Eq.(7), we note that in general 1, # 7 .
Hence, to describe the perturbed embedded geometry, we
set a perturbed coordinates 24 that are needed to satisfy
the embedding equations similar to Eqs.(4), (5) and (6) as

zﬁzﬁgAB =8uv; QfﬁnngB = 8ub> naAn}?agAB = 8ab ,(10)

where g, = €,0,, With g, = +1.
If we take Eq.(10) and rewrite Eq.(5) as

an

Then, Eq.(11) results from a generalization of the Gauss-
Weingarten equations

8ub = ZyNf%s = 8y Apap -

N0y = Auacg™ My —kupad® £y (12)
that leads to
Agab = Moy ME95 = M2y 8908 = Apas - (13)

Likewise the normal vector in Eq.(9), it happens that the
torsion vector, A4, does not change under orthogonal per-
turbations. In geometric language, the presence of a torsion
potential tilts the embedded family of submanifolds with re-
spect to the normal vector N If the bulk has certain killing
vectors then Ay, transforms as the component of a gauge
field under the group of isometries of the bulk [15, 28, 63].
It is worth noting that the gauge potential can only be present
if the dimension of the bulk space is equal or greater than six
(n > 2) in accordance with Eq.(13) since the torsion vector
fields are antisymmetric under the exchange of extra coordi-
nate a and b. Thus, with the Eq.(10) and using the definition
from Eq.(7), one obtains the perturbed metric and extrinsic
curvature of the new geometry written as

8uv = guv_zyal_(uwﬁ' (14)

oy“ Syb [gcrp ]_Cucal_fvpb =+ ngAucaAvdb] )
and the related perturbed extrinsic curvature

kuva = ]_Cuva - 6yb (ngAucaAvdb +g_cpl_<u6al_<vpb) . (15

Taking the derivative of Eq.(14) with respect to y coordinate,
one obtains Nash’s deformation condition

1 I&uv
2 9yt
The meaning of this expression is twofold. It can be real-
ized in a pictorial view under the basic theory of curves, i.e.,
one gets a congruence of curves (or orbits) orthogonal to
the embedded space V4. Moreover, the parameter y is time-
like or not, and it is irrelevant the sign of its signature. A
similar expression was obtained years later in the context
of the ADM formulation by Choquet-Bruhat and York [64].
In fact, the physical interpretation of Eq.(16) means that it
localizes the matter in the embedded space-time imposing

]_Cuva = (16)

on it a geometric confinement. In other words, it holds true
for any perturbations resulting from n-parameter families of
embedded submanifolds denoted by y“, and the matter re-
mains confined to the resulting perturbed metric that can
bend and/or stretch without ripping the manifold (embedded
space-time), which may be a valuable feature for a quanti-
zation process [17] and cosmology.

In addition, the integrability conditions for equations in
Eq.(10) are given by the non-trivial components of the Rie-
mann tensor of the embedding space expressed in the Gaus-
sian frame {2, n2} known as the Gauss-Codazzi-Ricci
equations. This guarantees to reconstruct the embedded ge-
ometry and to understand its properties from the dynam-
ics of the four-dimensional embedded space-time. Conse-
quently, we can define a Gaussian coordinate system in the
new perturbed coordinates {27, m4} in the vicinity of V,
that allows us to write the metric of the bulk in such a way

Gip = (gl“’ +&AuaAvy A““) ,

17
Avh 8ab ( )

where the perturbed metric gy is given by Eq.(14). The ex-
pression in Eq.(17) is the metric of the bulk with at least
two extra-dimensions, i.e., D > 6. This resembles the non-
Abelian Kaluza-Klein metric and the quantity Ay, plays the
role of the Yang-Mills potentials where Ay, = beuab~ We
emphasize that for just one extra-dimension, the torsion vec-
tor does not exist and for two extra-dimensions it turns to the
usual Maxwell field, which means that the non-Abelian part
of Ay, is lost in a six dimensional bulk. This means that
the resulting force is the ordinary electromagnetic one in the
case of two extra dimensions [18, 19, 28, 29].

As proposed in Refs.[15-17, 27, 30], one obtains the in-
duced field covariant equations of motion taking Eq.(3) in
the frame defined in Eq.(17) at background level. Thus, the
background of a 4-D observer in the embedded space is set
by the following equations

G[_LV + qu - 8EGTHV 3 (18)

where the quantity 7,y denotes the stress energy tensors for
ordinary intrinsic matter (including Yang-Mills fields). The
second equation involves relations with extrinsic terms l_caﬁ p
and Ay g

Vika—Vykiy, = 8TGN T,y (19)
where the term Vzl_ﬁxﬁa denotes V:‘Ll_caﬁa = ]_Caﬁa;u —A”abl_cf;ﬁ
and the semicolon denotes the covariant derivative. More-
over, the third equation is denoted as

R+ k™ — kok® = — 162Gy Nap Tap (20)

where 1, = €,0, with €, = 1. The quantities G, Ty,
T,» denote the induced gravitational Newton’s constant, the
stress energy tensors projections of T4p on the cross and nor-
mal directions of the space-time, respectively.
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Those set of equations are the results from the integrabil-
ity conditions of the embedding given by the Gauss-Codazzi-
Ricci equations. From the Nash-Green theorem, the solu-
tions of these equations were obtained by a differentiable
process [15, 16, 29]. The first of the two equations are known,
respectively, by the gravi-tensor equation (a modified Ein-
stein’s equations by the appearance of the extrinsic curva-

ture) as in Eq.(18) and the gravi-vector equation as in Eq.(19).

In summary, they reflect the meaning of a dynamical embed-
ding: the pseudo-Riemann curvature of the embedding space
acts as a reference for the pseudo-Riemann curvature of the
embedded space-time. Moreover, the projection of the Rie-
mann tensor of the embedding space along the normal di-
rection is given by the tangent variation of the extrinsic cur-
vature as shown by Eq.(19) that is the trace of the Codazzi
equations composed by the extrinsic terms /_CaﬁmAuab~ The
last equation is known as gravi-Scalar equation and serves
as a constrain on the torsion vector fields A qp.
The quantity Qv is denoted by

qu = §Cd (gpal_‘upc/_(vcd - /_vadgaﬁl_‘aﬁc)

3 (Ko 8 R R ) v
is an independently conserved quantity in the sense of Noe-
ther’s theorem with Qv ;v = 0. It means that this geomet-
ric new term does not exchange gravitational energy with
ordinary matter and resembles the quintessence in the dark
energy problem. The conservation of Q,y holds true for per-
turbed quantities of gy and kyyq.

2y

2.2 The background cosmological model

To the present cosmological application, we consider a four-
dimensional metric embedded in a five-dimensional bulk to
make a proper comparison with the most of cosmological
models in recent literature. In this framework, the set of field
equations are simplified. The torsion vector A, does not
exist in five-dimensions and Eq.(19) turns to a homogeneous
equation and Eq.(20) provides only a relation of consistence
between Ricci scalar and extrinsic scalar quantities (no a pri-
ori information is gained).

To obtain the embedded four-dimensional equations, one
can take Eq.(18) written in the Gaussian frame embedding
veilbein {2}, n4}. This reference frame is composed by
a regular and differentiable coordinate {2 L?} and a unitary
normal vector {n?}. Accordingly, one can obtain the set of
the embedded four-dimensional field equations

Ryv — %Rguv +Ouv = 87GT,y
klf;P —hu=0,

(22)
(23)

where the semi-colon denotes a covariant derivative. The
T,v tensor is the four-dimensional energy-momentum ten-

sor of a perfect fluid, expressed in co-moving coordinates
as
TﬂV = (p+p)U[.LUV +p8uv, UIJ = 5:} s

where Uy, is the co-moving four-velocity. Moreover, the de-
formation tensor Q,y is simplified and can given by

1
Quv = & kupkvo —kuvH = 5 (K*—h*) guv (24)

where we denote & = g"Vky, and h* = h.h is the mean cur-
vature. The term K2 = kM kyy denotes the related Gaussian
curvature. As previously shown, it follows that Qyy

o"V.y =0. (25)
The related conservation equation for 7,y is given by
p+3H(p+p)=0, (26)

where p and p denote non-perturbed matter density and pres-
sure, respectively. Moreover, we work with a spatially Fried-
man-Lemaitre-Robertson-Walker (FLRW) geometry with line
element expressed in coordinates (r, 8, ¢,¢) in such a way

ds* = —di* +a* [dr + f3(r) (467 +sin* 0d9?)] . (27)

where f(r) = sinr, r,sinhr. Since the FLRW geometry can
be locally embedded in five-dimensions, it can be regarded
as a four-dimensional hypersurface dynamically evolving in
a flat five-dimensional bulk whose Riemann tensor %Z4gcp
is

Fapcp =0, (28)

where ¥4p denotes the bulk metric components in arbitrary
coordinates. Hence, with a flat dimensional bulk, concerning
our cosmological applications, we are not considering the
appearance of the cosmological constant A.

In the following, we summarize the background results
obtained in previous works [16, 20]. Using Eq.(27), one ob-
tains a solution for Eq.(23) that is given by

kij:a%gija i,j:1,2,3, k44:71%§>
where the extrinsic bending function b(¢) = kq; is function
of time. The dot symbol denotes an ordinary time derivative.
This arbitrariness follows from the confinement of the four-
dimensional gauge fields, which produces the homogeneous
equation as shown in Eq.(23).
Denoting the usual Hubble parameter by H = d/a and
the extrinsic parameter B = b /b, one obtains

b b B

k,-jZ?g,-ﬁ k44=—a7(ﬁ—1); (29)
b [ B? B b (B

2_ Y [ 2 A7 —_ [ =

K =5 <H2 2H+4>, h e <H+2>, (30)
b ([ B 3b?

Qij:a4<2H—1>gij7 Q44:—077 3D

6b* B
Q=—(K*—1?) = 32)

a* H’
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where in Eq.(31), we have denoted i, j = 1..3, with no sum in
indices. For simplicity, we denote the expansion parameter
as a(t) = a and the bending function as b(t) = b.

Since the dynamics equations for the extrinsic curvature
are not complete in five-dimensions, motivated by the lack
of uniqueness of the function b(¢), and being the extrin-
sic curvature independent rank-2 field, one can derive the
Einstein-Gupta equations [20, 65] in a form

Fuy =0, (33)

where they are defined as a copy (concerning its structure)
of the usual Riemannian geometry. Hence, once can define
a “f-Riemann tensor”

ﬁvalu = aaru)kv - a}LYuav +Ta6uy}f§/ - T)LG/.LTOCGV 5
1
Yuve = E(au fcv+avfcy_acfuv) )
T/,Lvl = fMy Tuvm

that were constructed from a “connection” associated with
kyv and

2 2
fuv = }kuw and f“v = Ekli" s (34

in such a way that the normalization condition f*? fj,, = s¥
applies.

2.3 The modified Friedmann equation

From the results of Eqs.(22), (23) and (25) by means of cal-
. IJ o . . .
culating @, ; = 0, the Friedmann equation modified by the
extrinsic curvature can be written as
N\ 2
8
<a) = 37Gp +apa™ e (35)
a

where ¢ denotes an integration constant originated from the
influence of the extrinsic curvature. We point out that when
oy — 0, we obtain the standard result of GR. Concerning the
total energy p, we denote p = Ppar + Prad>» Which is com-
posed by the matter density p,,, and the radiation energy
density p,.q, respectively. The y-exponent in the exponential
function in Eq.(35) is defined as y* () = ++/|410a* — 3| F
V/3arctan (? V [4noa* — 3|) and the relation of expansion

scale factor with redshift is given by a = l%rz By means of
background cosmography tests [23, 24, 26], it was shown
that the parameter 3y tunes the magnitude of the decelera-
tion parameter ¢(z) and the parameter 1o adjusts the width
of the transition phase redshift from a decelerating to accel-
erating phase. Moreover, we can write Friedman equations

as
H(2) = Ho\/ @u(2) + R () + Qe (2)*79) (36)

where H(z) is the Hubble parameter in terms of redshift z
and H is the current value of the Hubble constant. The mat-
ter density parameter is denoted by ©Q,,(z) = Q9(1 +z),

5
Qraa(z) = Q°,(1+2)* with Q% , = Q0z,, and the term
Qo (z) = Q0 (1 4 2)*Poyy stands for the density param-

eter associated with the extrinsic curvature. The upper script
“0” indicates the present value of any quantity. The equiva-
lence number for the expansion factor a., given by

1 1
T ey (142.5 X 10°Q2 12 (Toy/2.7) )

where z,, is the equivalence redshift. The CMB temperature
we adopt the value 7, = 2.7255K and the dimensionless
Hubble parameter 7 = 0.672.

The complete form for Hubble parameter as in Eq.(36)
has been investigated in a sequence of studies [20, 22-24,
26] but at perturbation level, the Hubble function in Eq.(36)
is not continuous for any arbitrary redshift z or, equivalently,
for the expansion factor a. To obtain a stable solution, we an-
alytically expand H (a) by using a Mclaurin-Puiseux series
with 19 — 0 for an asymptotic limit a — 0 truncating at sec-
ond order, i.e, e"*(@) ~ 1+ ?)6(41)3/2 + O(x°/?). Consider-
ing only the linear order, it gives roughly in terms of redshift
"9 ~ (z41)~*. The convergence of ¢?(@ is in compliance
with the Walsh theorem on convergence of analytic approx-
imations [66]. For a flat space, the current “extrinsic con-
tribution” Q2. is given by the normalization condition for

ext

redshift at z = O that results in

902

ext —
0

(37

(1-20-0%) . (38)

rad

Hence, we can write the dimensionless Hubble parameter
E(z) = Hla) o

Hy
E*(2) =201 +2)* + %, (1 +2)* + (39)
(1-95—Qf,) (1+2) 2.

To facilitate referencing, we call, for short, the proposed
model as 3-model.

3 Matter evolution equations in conformal Newtonian
gauge

In longitudinal conformal Newtonian gauge, the metric in
Eq.(27) is given by
ds* = a[(1+2®)dn* — ((1-2%¥)§;;dx'dx’] (40)

where @ = ®(x,1) and ¥ = ¥(x, 1) denote the Newtonian
potential and the Newtonian curvature, respectively. The con-
formal time 1) is related with physical time as dt = a(n)dn.

The perturbed field equations of Egs.(22) and (23) can
be written as

8GYy = 8nGST - 50}, (41)
Skyvip = Skupuy - (42)

To obtain the explicit form for perturbed field equations
in Egs.(41) and (42), we need to determine both perturbed
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metric 8¢,y and perturbed extrinsic curvature 8kyy. Using
the main result of the Nash-Green theorem [61, 62], one can
use the relation

Sguv = —2/_</.tv6y ) 43)

where 8y denotes an infinitesimal displacement of the extra
dimension y in the bulk space.

The linear perturbations of a new geometry gy is given
by guv = &uv -+ 6guv that can be written as

8uv = 8uv — 25y]_<uv ) 44)
and the related perturbed extrinsic curvature
kuv = I_C/,tv — 20y ngl_(uGl_(vp > 45)

where we can identify 8k, = §°Pkyckyp. Using the Nash
relation 8g,y = —2ky 8y, we obtain

Skuy = 8°Pkucbgvp - (46)

The perturbation of the deformation tensor Qv can be
made from its background form in Eq.(24) and the resulting
kyyv perturbations from Nash’s fluctuations in Eq.(46). Thus,
one obtains

3
8Quy = —E(K2 —h*)Sguy - 47)

It is worthy noting that due to the Nash fluctuations in Eq.(44),
we notice that the Codazzi equations in Eq.(42) and the Eins-
tein-Gupta equations in Eq.(33) are invariant under the Nash
perturbations and are confined to the background (in the
sense that they maintain the same background form). Then
using the background relations in Eqs.(29), (30), (31), and
(32), we can determine the components of 6Oy

80} = pa*P~2p st (48)
80, =0, (49)
801 = pa?P @5} . (50)

where Y is a constant term that merges all integration con-
stants and also carries an extrinsic curvature constant from
integration of the bending function b(7) which means that
if Y is zero, the usual GR configuration is restored once all
terms originated from extrinsic curvature will vanish accord-
ingly.

For a perturbed fluid with pressure p and density p, one
can write the perturbed components of the related stress-
tensor

8T} = 8p, (51)
1

8T = - (Po+po)du; , (52)

5T! = —8p !, (53)

where Su|; denotes the tangent velocity potential and, po
and pg denote the non-perturbed components of density and
pressure, respectively.

Moreover, we adopt the simplest condition for perturba-
tions ¥ = & and obtain the following set of equations in the
wave-number k-space of Fourier modes as

12D+ 3H (cp,; + @k%) = ARG Spr+97a*P By, (54)

(a®y) = —4nGa*(po+ po)6 , (55)

D, + 3D, + (A + 2. ) By — Iypa?Po i,
= 4nGd*c28py

(56)

where the conformal Hubble parameter is 7 = aH, c; de-
notes the sound speed and 6 = ik/ SuH ;j denotes the diver-
gence of fluid velocity in k-space. Hence, from Egs.(54),
(55) and (56), one obtains the gravitational potential formula
in k-space:

@ +3(1+ D) A D+ [ + (14327 By
= 10a®P (14 2Dy — 2. B .

(57)

As a matter of consistence, we point out when Y — 0 in
Eq.(57), the standard GR correspondence is obtained. Thus,
one recovers the subhorizon approximation with k* >> 7>
or kK >> a?H? and Eq.(57) turns the Newtonian formula

[
by, ~ %.
After a Fourier transform, we perform the definition of
the “contrast” matter density §,, = %’; For a pressureless

matter and a null anisotropic matter stress, we use Eq.(54)
and obtain a relation of & and §,, given by

K& = —4nG,rra*podn , (58)

where G,y is the effective Newtonian constant and is given
by

G

Gepslask) = 1= B2 (59)
where G is the Newtonian gravitational constant.

The corresponding equation of evolution of the contrast

matter density J,(7) in conformal longitudinal Newtonian

frame can be written as

Sy + ), —4nGerpa’poSy =0, (60)

where the prime symbols denote derivatives with respect to
conformal time 7. And, in terms of the expansion factor
a(t), we obtain the contrast matter density J,,(a) accord-

ingly

a 3 H(a) . 3.Qm()Geff/G -
Om(a)+ <a + H(a)> Om(a) — W)/H&)(Sm(a) =0,(61)

where the dot symbols denote derivatives with respect to
scale factor a.
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4 Observational constraints: analysis and results
4.1 Cosmological data

The methodology used to handle the data relies on the Markov
Chain Monte Carlo (MCMC) technique based on the Metro-
polis-Hasting algorithm. We perform our analysis using the
joint likelihood of the CMB Planck 2015 data [1], Pantheon

The set of Cl.;l denotes the inverse covariance matrix
with the covariant matrix C;; given by

‘ 6.400 2.570 0.000
c;;’gglez =103 [ 2.570 3.969 2.540 (68)
0.000 2.540 5.184

and the resulting total matrix C;?'

2
Snla [40], the Hubble parameter as a function of redshift o . Oi wgglez 0 ..
[41-46] and Baryonic Acoustic Oscillations (BAO) from points Gj =10 0 Cij 0 - (69)
of the joint surveys 6dFGS [47], SDDS [48], BOSS CMASS 0 0 ..oy

[49], WiggleZ [50], MSG [51] and BOSS DR12 [52].

To apply our y>-statistics, we have an overall 1121 data
points. From each dataset, we have 1048 points from the
Pantheon SNIa observations, 3 points from CMB, 9 of BAO,
36 points from Hubble parameter (with some clustering)
and 25 points from growth data. We use the background
parameter vectors {£,,0,10002,4%, By, h, o3} with the priors
{(0.001,1),(0.001,0.08),(—0.3,1),(0.01,0.5),(0.1,1.8) }.
Moreover, to implement the MCMC chains, the joint analy-
sis is defined by the product of the particular likelihoods .Z
for each data set

o%ot = gPantheon-XBAO-XCMB-XH(@-gGrowth ; (62)
and the sum of individual y? to get the related total >

szm = XI%antheon + XI%AO + XéMB + XZI(Z) + Xérowlh' (63)

For the growth analysis, we use the og parameter that
measures the growth of r.m.s fluctuations on the scale of
8h~'Mpc by defining the quantity

fog(a) = f(a).os(a) , (64)
where f(a) = % is the growth rate and the growth factor

6(a). The data dependence from the fiducial cosmology and
another cosmological survey must be compatibilized. It can
be done by rescaling the growth-rate data by the ratio r(2)
of the Hubble parameter H (z) and the angular distance d4(z)
by the relation

H(z)d
o) = (2)dalz)
Hy(z)DsA(z)
where the subscript “f” corresponds a quantity of fiducial

cosmology. Moreover, the angular distance d4(z) is defined
as

(65)

c 0 1
da(x)= / i 66
49 (I+2) ) HZ)™ (©0)
Likewise, the regulation of the y? statistics is given by
12 (Qumo,w, 08) = V'C;;'V; (67)

where Vi = fog; — r(z;) f03(zi, 2mo, w, 0g) denotes a set of
vectors that go up to ith-datapoints at redshift z; for each
i=1...N. The term N is the total number of datapoints of a
related collection of data and from theoretical prediction we
have the fog; datapoints [32] as shown in Table 1.

where the set of 62’s denote the N-variances.
For the CMB data, we used the Planck2018 released [2]
with y? statistics

2 T —1
XcmB = Xpiancio018CoypXPlanck2018 (70)

where the covariant matrix for the parameters for R, 14, Qpoh?
is given by

R—1.7502
Xpianke2018 = | 1a —301.471 (71)
w, —0.02236

where @, = Q0h*. The quantities R and I, are the shift pa-
rameters defined as the scale distance and acoustic scale, re-
spectively, as

("
R— \/?dA(ZCMB)(l +2cmB) » 72
. mda(zems) (1 + zems) , (73)

Is (ZCMB)

where the angular distance d4 is given by Eq.(66) and the
related redshift at recombination z,,, is given by

zemp = 1048[1+0.00124(2,h%) 70738 [1 4 g1 (Qmoh?)2] , (74)
and the parameters (g,g>) are defined as

0.0783(Q,h%) 0238 0.560

= ; = . (75
81= 1139502078 &= Tati(ameye - ()
The comoving sound horizon r(z) is given by

= s (Z/) /
rS (Z) 2 H(ZI) < Y ( )
and the related sound speed c;
1
es(z) = (77

V3T+R,/(1+2))

with Ry, = 31500Q0h* (Temp/2.7K)~*. Moreover, the in-
verse of the covariant matrix CEAEIB for the parameters for
1,R, Qy0h? is given by Cgﬁlm = 0;0;C, with o; = (0.0046,
0.090, 0.00015) for the normalized covariance matrix given
by

1.00 0.46 —0.66
0.46 1.00 —0.37 (78)
~0.66 —0.33 1.00

C
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Table 1 A compilation of the Hubble function H(z) data used in the current analysis [32]. The relatives error points are denoted by the oy column.

redshift H(z) ou
0.07 69 19.6
0.09 69.0 12.0
0.12 68.6 26.2
0.12 68.6 26.2
0.179 75.0 4.0
0.199 75.0 5.0
0.2 729 29.6
0.27 77.0 14.0
0.28 88.8 36.6
0.35 82.7 84
0.352 83.0 14.0
0.3802 83.0 135
0.4 95.0 17.0
0.4004 77.0 10.2
0.4247 87.1 11.2
0.44 82.6 7.8
0.44497 928 129
0.4783 80.9 9.0
0.489 7.0 62.0

redshift H(z) op
0.57 96.8 34
0.593 104.0 13.0
0.60 87.9 6.1
0.68 92.0 8.0
0.73 973 7.0
0.781 105.0 12.0
0.875 125.0 17.0
0.88 90.0 40.0
0.9 117.0 23.0
1.037 154.0 20.0
1.3 168.0 17.0
1.363 160.0 33.6
143 177.0 18.0
1.53 1400 14.0
1.75 202.0 40.0
1.965 186.5 504
234 2220 7.0

Similarly, in this paper, the BAO datasets are used from
the conjunction of probes on SDSS [68-70], 6dFGS [71],
IRAS [72,73], 2MASS [72, 74], 2dFGRS [75], GAMA [76],
BOSS[77], WiggleZ [78], Vipers [79], FastSound [80], BOSS
Q [81] and additional points from the 2018 SSSD-IV [82—
84]. The related y? statistics for WiggleZ is given by

X%/igglez = (Aobs _Ath)cv;/ilgglez(gobs _Ath)T s (79

where A,p; = (0.447,0.442,0.424) denotes the set of ob-
servational values for data vectors at z = (0.44,0.60,0.73)
as compared with the theoretical predictions A, = (z, p;)
which is defined as

_ \/ Lm0
A =dy(2)——

) (80)
cz
with the dilation scale
1 cz /3
d :7[1+ 24 2—} 81
v(z) e (142)°da(z) EQ) (81)
Moreover, the inverse of the covariant matrix C‘;’}g gleZ
1040.3 —807.5 336.8
-1
CWiggleZ = | —807.5 3720.3 —1551.9 (82)
336.8 —1551.9 2914.9
Likewise, y? statistics on SDSS data is such as
X3pss = (dobs — din)Cspss(dops — i)™ - (83)

where d,;; denotes the observable distance and d,, is theo-
retical distance, respectively. The distance d,p; = (0.1905,

0.1097) is calculated at z = 0.2 and z = 0.35, and d,, is given
by

T r5(2a)
dth_ dV(Z) )

where the related comoving sound horizon r(z) and sound
speed cs(z) were given previously by Eqs.(76) and (77), re-
spectively. In addition, the drag redshift z4,, is given by

(84)

1291(8,,h?)0-%!

= 1+ b1 (Q, h2)b2
Zirag = 7370 650 (@ )0Rm [ 101 (@l )]

(85)

where by = 0.313(2,h2) **1°[1 + 0.607(2,4?)°™] and
by = 0.238(2,,h*)%??3, The inverse of the covariant matrix
CEL)ISS is given by
30124 —17227
—1 _
Cspss = (17227 86977 > ‘ (86)

All data is combined in the total XI%AO as the sum of the
individual 2 of each dataset.

For the Pantheon supernova type Ia data the theoretical
distance modulus ,,(z) is given by

ten(z) = Slogyo(dL(z)) + Ho, (87)

where Uy = 42.38 — Slog oh. The luminosity distance dj,
related to Hubble expansion rate is given by

T d
du(els,po) = (1+) [ 20 (88)

(uls) ’
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Table 2 A summary of best-fit values of the background parameters calculated by using MCMC chains with the resulting > values. The ng
denotes the y2 best-fit values from MCMC and sze 4 refers to reduced xz from the value of the minimum best-fit of xz and the related degree of

freedom.
Model 0 10020h> h Oy model parameters x,ff
ACDM 0.317+ 0.006 2.234+ 0.015 0.674+ 0.004 0.758+ 0.028 w=—1 1087.82

wCDM 0.312+ 0.008 2.2334+0.015 0.679+ 0.008 0.760+ 0.028 w=—1.023£0.033 1087.40
B-model 0.316+ 0.006 2.233+0.014 0.674+ 0.004 0.761+ 0.028 Bo=0.001+ 0.009 1087.86

Table 3 A summary of mean values of background parameters calculated by using MCMC chains with the main parameters.

Model Q0 100Q2p0h2 h Oy model parameters
ACDM 0.316=+ 0.006 2.235+ 0.015 0.6744+ 0.004 0.761+ 0.028 w=-—1
wCDM 0.3124+ 0.007 2.2344 0.015 0.680+ 0.008 0.759+ 0.028 w = —0.9931+0.027

B-model 0.3180+ 0.006 2236+ 0.014 0.672+ 0.004 0.761+ 0.029 Bo=0.010=+ 0.008

0.85f
0.0228F

0.80L 0.02261

& o 0.0224
0.75¢ <

0.0222}

0.70f 0.0220f

» ° @
: : : : : 0.0218t
0.30 . . . . 0.35 0.30 0.31 0.32 0.33 0.34

Qpm

Fig. 1 Contour regions at 1-6, 2-c and 3-c at 68.3%, 95.4% and 99.7% C.L, respectively, in the (g — £,,) and (100Q2,0h> — £,,) planes. The
black points represent the mean values of the parameters in the MCMC chains. The blue point denotes the relate Planck2018 data and the red
points denote the CMB Planck2015 data in respect to the related quantities.

0.030F 0.04F™
0.025¢
0.03r
0.020¢
& 0.015¢ 1 <€ 0.02¢
0.010¢
0.01r
0.005}
O
0.000t . . . - 0.00:~ . . ; -
0.70 0.75 0.80 0.85 0.30 0.31 0.32 0.33 0.34

Og Qm

Fig. 2 Marginalized f3) with oy and £, parameters in the left and right panels, respectively.
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Fig. 3 One-dimensional PDF likelihood of the cosmological parameters for the cosmological parameters in the 3-model used in this study. The
vertical dashed lines indicate the CMB Planck 2018 values. The panel also shows the degeneracies for the By values.

0.8 1.2
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=
s
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a

Fig. 4 Numerical solution of Matter density evolution. The right panel shows the comparisons of ACDM, GR quintessence and 3-model with the
mean values in Table 3. The left panel shows in logarithm scale the comparison with these models by the ratio &;/8,acpm-

where s denotes the model parameters. As a prior, we adopt
the density parameter value of visible baryonic matter Q) =
2.236/100h2. Accordingly, the x> statistics is
X.S%nla(s‘uo) _ Z [/-Lth7i(57/-‘0|zi)2_“obs,i(zi)] 7
i=1 Oy
where n = 1048 is the number of events of the Pantheon
SNIa data [40], the distance modulus obtained from obser-
vations is denoted by W, i(zi), and oy; is the total uncer-
tainty of the observational data.

n

(89)

4.2 Results and discussions

In Fig.(1), we present the obtained 30-contour plots. The
black points mark the obtained mean values from MCMC
chains. The left panel presents a (6 — £2,,) contour that shows
a mild (reduced) tension at 2-0 (blue points mark CMB
Planck2018 data) in comparison with the 3-c tension form
CMB Planck2015 (red points) between low redshift data
H(z) and the Planck probe. In the right panel, it is shown
the (100Q2,0h> — £2,,) plane that pinpoints a mild increase of
tension in the 10002,04* values in Planck2015 but an inter-
esting better accommodation of the baryonic luminous mat-
ter parameter with the values from Planck2018 data within
the 1-o contour. An important matter is shown in Fig.(3) that
exhibits the PDF behaviour of the main parameters. The de-
generacies found in the marginalization of By and the mild
degeneracy in the related og values may decrease the ob-
tained 2-0 tension in 0y contour. Moreover, in Fig.(2), we

present the marginalization of By-parameter in respect to the
og and €2, parameters where the mean values (black points)
are settled in 1-o region in both cases.

In Fig.(4) is shown the behaviour of the growth evolution
of the B-model (Eq.(61)) in comparison with ACDM and
GR quintessence. The adopted values were from the mean
values in Table 3 from MCMC chains. In the left panel, it
is shown that the resulting curves from the models are in-
distinguishable. A relative comparison between the models
is shown the right panel a close proximity of the behaviour
of growth of ACDM and the -model with almost indis-
tinguishable slight upper values that favor the curves of the
latter. For the GR quintessence, it presents lower values as
compared to the previous ones starting from the early uni-
verse around a ~ 0.2. In the Fig.(5) we obtain the percent-
age relative difference between the aforementioned model
in what concerns the evolution of Hubble function. In the
left panel, it shows in linear scale that the percentage differ-
ence between f-model with ACDM and GR quintessence
reaches no more than 1% in early times and tends to close
equivalence in present time, with mild fluctuations in the
range a~ 0.6 —0.8. Those fluctuations are clearer in the cen-
tral panel with the spikes in the curves due to the degenera-
cies on the parameter that leads to a mild signature on the
baryonic luminous matter. Moreover, to reinforce the phe-
nomenological distances between the models, we apply the
Om(z) diagnosis [55] as a null test, by using the formula

Oom(z) = B -1

(= (90)
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Fig. 5 The percentage relative difference %diff(H — H;) between the $-models, ACDM and GR quintessence for the mean values in Table 3 in
linear (left panel) and logarithm (central panel) scales. In the right panel, it is shown Om(z) diagnosis.

Table 4 A summary of the obtained values of AIC for the studied models. The ACDM model is adopted as a reference.

Model AIC AAIC Evidence against the model
ACDM 1095.86 0 null

wCDM 1097.45 1.60 weak

B-model 1097.91 2.06 substantially weak

The right panel shows in the dashed red line the same val-
ues for Om(z) for any redshift as expected for ACDM. The
black and blue solid lines indicate Om(z) values higher (-
model) and lower (GR quintessence), respectively, like that
of evolving dark energy models. We expect that a large per-
centage difference can be obtained with higher orders of
Mclaurin-Puiseux series that provides an interesting control
on growth density.

Another useful tool to analyse the model comparisons
refers to the level of statistical correlation between such mod-
els. Adopting the errors being as Gaussian, we use AIC sys-
tematic to classify the fit-to-data for small samples sizes
[67, 85]

2U(k+1)

oD
where ng is the best-fit y> of the model, k represents the
number of the free parameters and N is the number of the
data point in the adopted dataset. The difference |AAIC| =
AlIC 04612 — AIC0401 1 Obeys the Jeffreys’ scale [86] that
measures the intensity of tension between two competing
models due to the lost information from the related fitting. In
general, the preferred model is that one with lesser values for
AIC. In comparison, higher values of AIC denote a higher
statistical distance and may indicate a statistically disfavor-
ing model. In Jeffreys’ scale for |[AAIC < 2| tells that the
models are statistically consistent with a certain good level
of empirical support. For 4 < AAIC < 7 indicates a positive
tension against the model with a higher value of AIC. For
|AAIC > 10| defines a strong empirical evidence against the
model with a higher AIC. Accordingly, we have obtained the

AIC and AAIC values shown in Table 4 that indicates some
weak evidence against $-model with a AAIC roughly ~ 2.
This result reinforces the previous one and leads to the con-
clusion that the 3-model favors statistical consistency with
ACDM and wCDM models at present time with mild fluc-
tuation at perturbation level.

5 Remarks

In this paper, we discussed the dark energy problem with
a proposal of a geometric model in a search of explana-
tion of the accelerated expansion. By construction, we used
the Nash-Green theorem to propose a geometric model with
a resulting modified Friedman equation from the influence
of the extrinsic curvature thought as a complement to Ein-
stein’s gravity. From background level, an asymptotic so-
lution valid in the range a = [0,1] was obtained using a
Mclaurin-Puiseux series of the Hubble function H(z) due
to the fact the parameter 19 — 0. At perturbation level, we
obtained the perturbed equations in the longitudinal Newto-
nian gauge. From the MCMC analysis, we obtained the re-
sulting contours from the analysis on (g — £2,,) plane with a
3-0 reduction on oy tension. In the (10002,04) — £2,, plane,
we obtained a reduction of the o-distance within the 1-¢
contour as compared with the Planck2015 and Planck2018
data, in which the $-model is well accommodated to the lat-
ter dataset. The related PDF 1-dimensional plot shows the
degeneracies on the parameters and may improve the afore-
mentioned oy tension. Such situation does not happen in the
ACDM and wCDM usual contexts. From numerical solu-
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tions on growth and H(z) evolutions, it was shown a cer-
tain compatibility between the S-model with ACDM and
wCDM models with a percentage difference up to 1% at
early times. This small difference appears to be limited only
to the second Maclaurin-Puiseux expansion order. Moreover,
we applied the AIC classifiers that favour the ACDM model
but with a statistical compatibility with 3-model with AAIC
roughly at ~ 2. As future prospects, we intend to investigate
that how the 3-model may inflict changes in the Integrated
Sachs—Wolfe (ISW) contribution in comparison with the one
as predicted to ACDM with a lower peak of the second CMB
peak. Also, to investigate the behaviour of the viscosity pa-
rameter and growth index rate resulting from the -model
in a search of a more realistic context. This process is in due
course and will be reported elsewhere.
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