Chinese Physics C  Vol. 48, No. 12 (2024) 125101

FLRW cosmology in metric-affine F(R,(Q) gravity”

5

Dinesh Chandra Maurya'"® K. Yesmakhanova®* R. Myrzakulov®

!Centre for Cosmology, Astrophysics and Space Science, GLA University, Mathura-281 406, Uttar Pradesh, India
“Ratbay Myrzakulov Eurasian International Centre for Theoretical Physics, Nur-Sultan, 010009, Kazakhstan

G. Nugmanova®

Abstract: We investigated some Friedmann-Lemaitre-Robertson-Walker (FLRW) cosmological models in the con-
text of metric-affine F(R, Q) gravity, as proposed in [arXiv: 1205.5266v6]. Here, R and Q are the curvature and non-
metricity scalars using non-special connections, respectively. We obtained the modified field equations using a flat
FLRW metric. We then found a connection between the Hubble constant Hy, density parameter €9, and other
model parameters in two different situations involving scalars u and w. Next, we used new observational datasets,
such as the cosmic chronometer (CC) Hubble and Pantheon SNe Ia datasets, to determine the optimal model para-
meter values through a Markov chain Monte Carlo (MCMC) analysis. Using these best-fit values of the model para-
meters, we discussed the results and behavior of the derived models. Further, we discussed the Akaike information
criterion (AIC) and Bayesian information criterion (BIC) for the derived models in the context of the Lambda cold
dark matter (ACDM). We found that the geometrical sector dark equation of state parameter wy, behaves just like a
dark energy candidate. We also found that both models are transit phase models. Model-1 approaches the ACDM
model in the late-time universe, whereas Model-II approaches quintessence scenarios.
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I. INTRODUCTION

Although general relativity (GR) is unquestionably
one of the most elegant and effective theories in physics,
its position has been called into question by recent obser-
vational data [1]. Perhaps the most significant observa-
tion is the fast expansion of our universe in early and late
times [2—12], which defies explanation within the frame-
work of GR. A variety of theories different from GR have
been developed as a result of this discrepancy between
theory and observations; these theories are collectively
referred to as modified gravity [13]. We have demon-
strated that the pursuit of a viable substitute has been be-
neficial and constructive for our understanding of gravity.
Many different types of modified gravities exist, among
them the metric f(R) theories, metric-affine (Palatini)
f(R) gravity [14—16], teleparallel f(T) gravities [17, 18],
symmetric teleparallel f(Q) [19—22], and scalar-tensor
theories [23, 24]. Naturally, the choice of alterations is
very much a question of personal preference. From our
perspective, intriguing and highly motivating alternatives

are those that provide a more general connection than the
typical Levi-Civita one, thus extending the fundamental
geometry of spacetime. If no a priori limits are imposed
on the connection, the space will usually not be Rieman-
nian [25] and will have both torsion and non-metricity.
We conceptualize it as an additional fundamental field
overlaying the metric. Identifying the affine relationship
allows for the calculation of the final geometric quantit-
ies. Metric-affine gravity theories have been developed
on this non-Riemannian manifold [26]. Recently, [27]
discussed f(R) gravity theories with a symmetric connec-
tion that is torsion-free. These are also known as Palatini
f(R) theories of gravity. U4 theories are f(R) theories of
gravity with torsion but without non-metricity. The dy-
namics of metric-affine gravity theories were discussed in
[28], and the dynamics of generalized Palatini gravity
theories were studied in [29]. In [30], metric-affine vari-
ational principles in GR were discussed. Most recently, in
[31], the role of non-metricity in metric-affine theories of
gravity was studied into [32].

The metric-affine technique [16—47] has received sig-
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nificant attention in recent years, particularly for its cos-
mological applications [48—59]. This interest may stem
from the straightforward geometrical interpretation of the
additional impacts that operate in this framework (in
comparison to GR). In other words, spacetime torsion and
non-metricity alone are responsible for the alterations.
Moreover, matter with inherent structure excites these
geometric concepts, as presented in [50] and [60—63].
The MAG scheme gains an additional favorable aspect
from this relationship between generalized geometry and
inner structure.

This, in turn, gives us a reason to develop cosmolo-
gical models in these affinely connected metric theories,
especially from their Riemann-Cartan subclass [64], us-
ing a certain but not unique connection. By creating both
non-zero curvature and non-zero torsion at the same time,
this would add the extra degrees of freedom that are usu-
ally needed for any gravitational change [65]. As a result,
both the early and late universe evolution may be satis-
factorily explained by metric-affine gravity [66—70]. [66]
is a new study of cosmology that was made possible by
using this type of framework and computing how observ-
able quantities, such as density parameters and the effect-
ive dark energy equation-of-state parameter, change over
time. The authors explored the cosmological behavior,
emphasizing the connection effect, using the mini-super-
space technique and expressing the theory as a deforma-
tion from both GR and its teleparallel counterpart. The
observational limitations on metric-affine F(R,T) gravity
were studied by [71]. Several metric-affine gravity theor-
ies and their applications were discussed in [72—78].

Motivated by the above discussions, we developed
some Friedmann-Lemaitre-Robertson-Walker (FLRW)
cosmological models in torsion-free metric-affine geo-
metry. We recently investigated transit phase cosmologic-
al models in metric-affine F(R,T) gravity with observa-
tional constraints [79]. In [80, 81], we looked into some
exact cosmological models in this metric-affine F(R,T)
gravity. In this study, we investigated some FLRW cos-
mological models and their properties in the metric-af-
fine F(R,Q) gravity theory. For this purpose, we con-
sidered the arbitrary function F(R,Q)=R+AQ+ Ay,
where R is the Ricci scalar curvature, Q is the non-metri-
city scalar with respect to non-special connection, and
A,y are arbitrary constants.

The organization of the present paper is as follows:
Sec. II presents some geometrical concepts of the metric-
affine spacetime. Sec. III provides a brief introduction to
the metric-affine F(R,(Q) gravity. We obtained the grav-
ity field equations from the F(R,Q) gravity theory and
used them to study cosmological field equations of
F(R,Q) gravity in a flat FLRW spacetime in Sec. IV. In
Sec. V, we obtained two exact solutions of the derived
field equations for different choices of # and w. We im-
posed observational constraints on the models, obtained

using two recent datasets, the H(z) and Pantheon SNe Ia
datasets, by applying a Markov chain Monte Carlo
(MCMC) analysis in Sec. VI. Sec. VII explores the res-
ults, and Sec. VIII presents the conclusions.

II. GEOMETRICAL PRELIMINARIES

The notion of metric-affine gravity is a generaliza-
tion of the underlying connection. In this work, we gener-
alize the connection in such a way that the torsion tensor
T, should Yanlsh (Weyl-type geometry). Therefore,
such a connection can be defined as [31]

r,=1,+1,, (1)
where I, is called the symmetric general affine connec-
tion, I, is the Levi-Civita connection, and [/, is the
disformation tensor. These two tensors have the follow-
ing forms:

9

1
Fljk = Eglr (akgrj + 08 —(9rgjk) s 2)

1
Lp}iv = Egpfl (_Q,uv/l _ Qv;l/l + Q/UIV) = va#' (3)

Here, Q,,, = V,g,, is the nonmetricity tensor.

Hence, we can express the Ricci curvature tensor R,
in terms of the symmetric metric-affine connection [74,
82, 83] as follows:

R, =0,k -0, +T1, 1% -} IS, “4)

Aa™t uv
or

R, =R, +d,L,, —,L), +T1, L2, +T0,L},

Aa™ v
- rﬁQLiv - FZVL}/}(I/ + L/AMLZV - L//LI/LZ\” (5)
where R,, is the Ricci curvature tensor with respect to
Levi-Civita connection I". Now, the Ricci scalar R with
respect to the general symmetric metric-affine connec-
tion I" can be expressed as

R=R+u, (6)

where u = U, Xis 8ijs &ij» Bijs -+ f7) is a real function.

Similarly, we can express the nonmetricity tensor
Q,,» with respect to the general symmetric metric con-
nection I" and in the case of the non-coincident gauge for-
mulation (see [82—83]) as
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quv = apgyv - rﬁpg/lv - r\/}pg/lw (7)
or
Qp/u/ = Qppv + (_Lﬁpgﬂv - L:}pg/ly)- (8)

Hence, the nonmetricity scalar Q can be expressed as

Q=0+w, €)

where w =w(I”,,, x;,8ij &ij» &ij» - h;) is a real function.
We will now introduce two geometrical scalars.

R=¢g"R,, (10)

0=-g"(g,L8, - L 10 ), (11)
where R is the curvature scalar and Q is the nonmetricity
scalar. Here, u may be a function of w.

III. METRIC-AFFINE KR, Q) GRAVITY

In the present work, we consider the metric-affine
F(R, Q) gravity [84]. In this paper, we use the definitions
and notations of [85], so we present the basic setup rather
briefly here and refer the reader to [85] for additional de-
tails. The action for F(R, Q) gravity is described in [84] as

S = %{ / [F(R, Q) +2«L,] V=g d*x, (12)

where F(R, Q) is an arbitrary function of the Ricci R scal-
ar and the nonmetricity scalar Q, g is the determinant of
8w, and L, is the matter Lagrangian density.

This is an extension of both the F(R) and F(Q) theor-
ies. Indeed, the function F = F(R, Q) is a generic function
of the scalar curvature R (of the general affine connec-
tion I') and of O, where Q is the non-metricity scalar. The
two independent traces of Q,,, are

Qa = Qa#;u Q~<x = Qﬂay' (13)

The invariant non-metricity scalar is defined as a con-
traction of Q,,, given by

Q = _QH#VP(YIIV’ (14)

where P* is the non-metricity conjugate given by

4P(Yuv = _Qauv + ZQ(;,Y w7 Qagﬂv - Q(lguv - 681Qv) . (1 5)

The metric field equations of the theory read as fol-
lows:

1 N
— Eg#VF + FRR(;IV) + FQL(}IV) + V/l (FQJ/I(HV))

+ 8 Vi (Fol) = KTy, (16)
OF OF 2 6(=gLn
where Fr = 67R’ FQ = @ and T/u/ = _\/—_g((%ﬁ“’)’
V= L(zs -V, (17)
At V= 2 2
and
1 ~
L = [(Quop=20us) 0.7 + (0 +20,) O,
+ (ZQ/.IVQ‘ - Qayv) QQ:I - Eaﬁv Qaﬂy - :ayB Qaﬁv 5

1 | _
J/luv =V—=8 <ZQ/1;1V_ EQ/JV/I'F':'Auv) B

¢=vg (0t 50Y). (1)

where Q,,, is the non-metricity tensor, 0, and 0, are its
trace parts, and Z,,, is the so-called (non-metricity) "su-
perpotential". The connection field equations are

P (Fp)+Fgp {ZQ[VM]/I -0
~ 1
HO Q)0 0| =0, (19)

where P,*'(Fy) is the modified Palatini tensor:

\Z ( \/—_gFRg’”) + Vo ( \/—_gFRgW@/{)
= E

P (Fg) :=—

(20)

where V is the covariant derivative associated with the
general affine connection I'.

We assume that the matter is a perfect fluid whose en-
ergy-momentum tensor 7, is given by

T,y = (p+ plujit, + pguy (21)

where u, is the four-velocity satisfying the normalization
condition u,u* = —1, whereas p and p are the energy dens-
ity and pressure of a perfect fluid, respectively.
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IV. FLRW COSMOLOGICAL FIELD EQUA-
TIONS OF F(R, Q) GRAVITY

First, let us rewrite action (12) as
1
S =33 [ VFELSIFR.Q)
2k?
~LR=R,~u)= (0~ Q,=w)+2L, 1. (22)
The variations of the action with respect to R, Q give

Ay = F, A3 = Fg, respectively. Thus, action (22) takes the
form

S -1 / V=gd*x[F — Fx(R— R, — u)—
2k?
Fo(Q=Qy=w)+26°Ly), (23)
where we know from Egs. (6) and (9) that

u ZM(g,'j,g,'j,g,'j, ), w= W(gij’gijsgija ) We now con-
sider the FLRW spacetime case with the metric

ds? = —=N2()dP + () dx* + dy* + dZP), (24)

where a = a(t) represents the scale factor, N(r) represents
the lapse function, and N(r) = 1 is assumed. Then, integ-
rating by parts gives the following action with the point-
like FLRW Lagrangian:

1
S=35 / Ldt. (25)
The point-like Lagrangian has the form

L=a[F-Fr(R-R,—u)— Fo(Q—Q,—w)+2«L,]. (26)

In FLRW spacetime, we have

a  a ,

R, =6(=+—)=6Q2H" +H), (27)
a a
aZ

Q,=6— =6H". (28)
a

Finally, we obtain the following FLRW Lagrangian:

L(a,R,Q,a,R,0) =a*(F — RFg — QF p) + 6ai’(Fg + Fp)

+6a*aFr+a*(uFg+ wlFg)+ 25a°L,,.
(29)

Now, taking the Hamiltonian H of the Lagrangian £ as

9L oL L
w_a_agmﬁw@—z_o (30)

and the Euler-Lagrange equations corresponding to the
Lagrangian £, we obtain the following field equations:

1
—E(F—RFR — QF ) +3H*(Fg+ Fy)

- % [(u —auy)Fr+(w— c'zwa)FQ]

+ 3H(RFRR + QFRQ) = sz, (3 1)

1 .
—E(F—RFR —QF)+(H +3H*)(Fr+Fy)
1 1 1

- i(u + —au, — au, — = ait,)Fr

3 3

1 1 1
- E(w+ gawa —aw, — gawa)FQ

. . 1 . .
+2H(FR+FQ)+6a(uaFR+Wi1FQ)

+Fp=-%p, (32)
where
dL, 1 {d(ﬁLm) d }
=L,—a 2, p=+ |+ (@52 ) - —@L)|.
pln=dgr P30 (g \@ 50 ) " 9a @ )| 3

V. COSMOLOGICAL SOLUTIONS FOR
F(R,0) = R+ 0+ 1, GRAVITY

In the present work, we are interested in investigating
the cosmological behavior that arises purely from the
non-special symmetric connection of metric-affine grav-
ity. We selected the simplest case, where the arbitrary
function is simple: F(R,Q) =R+ 1Q+ Ay. Here, 4 is a di-
mensionless parameter (we do not include the coupling
coefficient of R because it can be absorbed into «*) and
Ao 1s an arbitrary constant (a model free parameter of di-
mension of H}). As a result, for this particular case of the
arbitrary function F(R,Q) = R+ A1Q + 4, with 4,1, as mod-
el parameters, the field Eqs. (31) and (32) become

3(1+)H? - %[(u—éma) +Aw—aw,)] — % =%p, (34

. 1 1 1
(1+)(2H +3H%) - E[(u + =i, — AUy — = aily)

3 3
1 ) I o,
+A(w+ gaw[, —aw, — gawa)] -5 = K°p. (35)

At the same time, for the original density and pres-
sure, the continuity equation takes the form
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1
p+3H(p+p)+ﬁ(y—dya—dYa):O, (36)
where

= u+Aw. (37)
y

Now, we have two linearly independent field equa-
tions, (34) and (35), in five unknowns: p, p,a,u,w. To find
the exact solutions to these two field equations, we must
impose at least three constraints on these unknowns. This
modified F(R,Q) gravity theory depends upon the
choices of the factors u(a,a,d,..) and w(a,a,d,..), which
can be considered as per their definitions (see (6) and
(9)). Therefore, we investigate the above model using two
different choices for u and w, resulting in two distinct
cosmological models, as detailed below.

A. Model-1

As we have discussed in Sec. 2, the scalars u and w
may be functions of scale factor a(), connection I', and
its derivatives. In our study, we selected the scalars u and
w such that the energy conservation equation (36) is satis-
fied. Thus, to obtain the exact solutions to the field equa-
tions (34) and (35), without loss of generality, we can

a. . .
pick u = ¢ . Ina and w = s(a)a, where ¢, is a constant and

s(a) is any function of a. There may be several such
choices as per the concepts of u,w (see [71, 79—81]).
Then, the above field equations (34) and (35) become

) 1 H 1 1
(L+ DQH +3H) + cor e =2l =~p. (39)

and the energy conservation equation (36) becomes

p+3H(p+p) =0, (40)

As the third constraint, we take matter pressure as
p ~ 0, and solving the energy conservation equation (40),
we obtain the matter energy density p as

3
p=po(%) = po(1+2)°, (41)

where p, is the present value of energy density p at z=0
a,
and ;0 = 1+2z with a(¢) as scale factor.

Now, from (38), we can find the relation at present
(z=0)as

A
6(1+ 1) = 6Q,0+ =3 — -
HZ ~ H,€

(42)
where Q,0 = k*po/(3H?). The Eq. (42) suggests that 1 is a
dimensionless parameter, 4, is a parameter of dimension
H3, and ¢, is a parameter of dimension H,, because Q,
is a well-defined dimensionless cosmological parameter

, 1 1 . in cosmology. Using Egs. (41) and (42) in Eq. (38), we
31+ DH"+ ECIH_ E’lo =Kp (38) can obtain the Hubble function as
|
A ,
2H0 ﬁ + 6Qm0(1 +Z)
H) = . : , (43)
Cq Cq /10 C1 /10
—+ (—) +4(6Qm0+—2——) {—2 +6Qm0(1+z)3}
H, H, H; Hy/ LH;
yvhere Q,o denotes thg present value of the correspond- Ode = % [Ao—c\H-64H], (46)
ing parameter, and H, is the Hubble constant. K
Now, Egs. (38) and (39) can be rewritten as equival-
ent to Friedmann equations. | i
o Pae==%3 {3/10—3c1H—18/1H2—12/1H—c1E .
3H? = K0 + KPues (44) (47)

Therefore, we derive the effective dark equation of

2H +3H? =~k p— K Pae (45)  state as

(e + 12AH)(1 +)H’
3/10—3C1H— 181H? '

where p, and p,., energy density and pressure, are de-
rived from geometrical modifications and are given, re-
spectively, as

Wye = —

(48)
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Now, we can derive the deceleration parameter g(z)
from Eq. (43) as

’

q(z)=—1+(1+z)% (49)

dH
where H' = —.

B. Model-II

4
In this model, we adopted u = ¢ asa function of the

second derivative of @ and w = c3a as a function of the
first derivative of a, with c¢,, ¢; as constants such that the
energy conservation equation (36) is satisfied. However,
there may be several such choices as per the concepts of
u,w (see [71, 79—81]). Now, using these expressions of u
and w in Egs. (34) and (35), we obtain the following sim-
plified field equations:

Cy .. 6(1 + /l) —C2 . ﬂ() 2
S2pe T2 0 50
S H+ 5 5, =Kp (50

1 —-C 1 -
ebmesy SeD=e do_ oy (s

and the energy conservation equation (36) reduces to

p+3H(+p)=0. (52)

Applying the third constraint on matter pressure as
p =0, and using Eq. (41) in (50) and (51), we obtain the
Hubble function as

~ 2(6+61—c») N
H(z) = Hy 1+(1+/l)(12+12/l—02)Qm0[(1+Z) 1],
(53)
where
20(c, +3+32) 2(6+61—c) (54)

=1.
3A+)(12+120—cy)  (1+ )12+ 120—c»)

Now, Egs. (50) and (51) can be rewritten as equival-
ent to Friedmann equations

3H? = p+KPue, (55)

2H +3H? = —K2p —szde, (56)

where the effective energy density p,, and pressure p,.

are derived from a geometrical modification in the Ein-
stein's field equations, and are expressed as

1 .
Pae =7 [do+(c2—6)H + . H] (57)
22
1 .
Pac==¢3 [30+2(c2 = 9V)H* +2(c; ~6)H]| . (58)
K

Hence, the effective dark equation of state is derived

as
cH? = (ca + 120)(1 +2)HH'
= — . 59

i =t A oD — (oA O

Using Eq. (53), we derive the deceleration parameter
as

a +3A()6(;26j1_2€;) Q42
_ — 02
9@ =-1+ 26+61-c) - (60)

I+D)I2+ 12/1_62)9»;10[(1 +2)3—1]

VI. OBSERVATIONAL CONSTRAINTS

In this part, we utilize observational datasets to
provide constraints on the model parameters in our de-
rived model. To accomplish this, we utilize the Emcee
software, which is readily accessible at [86], to conduct
an MCMC analysis. This allows us to compare our gener-
ated model with observational datasets. The MCMC
sampler restricts the cosmological and model parameters
by varying their values within a plausible range of prior
distributions and examining the resulting posterior distri-
butions in the parameter space. In this section, we assess
the compatibility between the solution in the model and
the cosmic chronometer (CC) data and Pantheon datasets.
These datasets are related to the observed universe at a
recent time frame.

A. Cosmic Chronometer (CC) Hubble Datasets

The Hubble parameter holds significant importance
for both theoretical and observational cosmologists as it
is a crucial cosmological parameter for investigating the
progression of the universe. Observed values for Hubble
datasets H(z) can be found for different redshifts z. To
determine the optimal values for model parameters, tak-
ing into account the uncertainty range of redshift
(0.07 £ 2< 1.965), we employ an MCMC simulation. This
simulation allows us to compare the Hubble function de-
rived from the field equations with the observed values of
the 31 CC data points (referred to as Hubble data)
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[87—89]. The values were determined using the differen-
tial ages (DA) of galaxies approach. To estimate the mod-
el parameters Hy, Q,9, ¢, ¢ and Ay, A, we can minimize
the x? function, which is equivalent to maximizing the
likelihood function. The expression for the y? function is

iil\i [Hob(zi) — H’]1(¢’Zi)]2

2
Xee(@) =
€ 0-12‘I(Zi)

i=1

Here, N denotes the total amount of data, H,,, H,,, re-
spectively, the observed and hypothesized datasets of
H(2), and the standard deviations are expressed by oy, .
Here, ¢ = (Hy, Quo, c1, 49) for Model-I, and ¢ = (H,,
Q,.0, A, ¢2) for Model-II.

We employed Bayesian statistical analysis for the
MCMC simulation to calibrate the CC datasets. To
achieve this, we used the Emcee package developed by
Foreman-Mackey et al. [86]. We reduced the chi-squared
statistic, x2.(#), in order to find the best values for the
model's parameters. Table 1 presents the values.

B. Distance Modulus u(z)

The correlation between luminosity distance and red-
shift is a fundamental observational method employed to
monitor the progression of the cosmos. When calculating
the luminosity distance (D;) in relation to the cosmic red-
shift (z), the expansion of the universe and the redshift of
light from distant bright objects are factored in. It is giv-
en as

r Yedt 1 [% cd?
r= [ dr= / —=— , 62
/0 o a(®) ayJy H() (62)

where we have used dr = dz/z,z = —H(l +2).
Consequently, the following formula determines the
luminosity distance:

4 dZ/
D; =c(1 . 63
L= c( +Z)/0 HZ) (63)

Supernovae (SNe) are commonly employed by re-
searchers as standard candles to investigate the pace of
cosmic expansion using the reported apparent magnitude
(m,). The surveys on supernovae that discovered several
types of supernovae of varying magnitudes resulted in the
creation of the Pantheon sample SNe datasets, compris-
ing 1048 data points within the range of 0.01 to 2.26 for
the variable z. The theoretical apparent magnitude (m) of
these standard candles is precisely defined as [90]

D
m(z) = M +5 log,, (M;c) +25, (64)

where M represents the absolute magnitude. The luminos-
ity distance is quantified in units of distance. The Hubble-
free luminosity distance (d;) can be expressed as
d; = HyDy/c, where D is a dimensionless quantity based
on D;. Therefore, we can express m(z) in a simplified
form as shown below

Dy = apr(1 +2), (61) m(z) = M +5log,,d, +5log,, (C/ﬂ) +25.  (65)
Mpc
where the radial coordinate of the source r is established
Table 1. Markov chain Monte Carlo (MCMC) results in H(z) dataset analysis.
Model Parameter Prior Value
Ho (40,100) 68.9130
Q0 (0,0.6) 0.42%013
Model-I Ao (10000, 60000) 28460 + 10000
ci 0,2) 0.98%0:>7
X - 14.493
Hy (40,100) 68.3+2.6
Quo (0,0.6) 0.445 +0.090
Model-II 2 0,1 0.54+0.28
1) (-3,0) —2.03+0.58
X - 14.494
Hy (40,100) 67.7+3.1
ACDM Qo 0,1) 0.33370:05
i - 14.494
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The equation provided allows for the observation of
the degeneracy between M and H,, which remains con-
stant in the Lambda cold dark matter (ACDM) back-
ground [90, 91]. By redefining, we can combine these de-
teriorated parameters.

C/H0>
=M+51 — 25.
M +5log,, (Mpc +25 (66)

The dimensionless parameter M is defined by the
equation M = M —5log,,(h)+42.39, where H, is equal to
hx 100 Km/s/Mpc. In the MCMC analysis, we utilize this
parameter in conjunction with the appropriate x> value
for the Pantheon data, as provided in [92].

Xp=ViCi'Vi. (67)

The expression Vi is defined as the difference
between m,(z;) and m(z). The matrix C;; is the inverse of
the covariance matrix, and the value of m(z) is determ-
ined by Eq. (65).

Statistical Analysis:

This section examines several cosmological theories
using the Akaike information criterion (AIC) and
Bayesian information criterion (BIC). Furthermore, we
calculate the reduced chi-squared value by employing the
method (xZ, = x2i./dof), where "dof" denotes the de-
grees of freedom. We commonly determine the degrees
of freedom by subtracting the number of fitted paramet-
ers from the number of data points used. For elucidation
purposes, however, it is advisable to exclusively employ
the x2,./dof metric, as the degrees of freedom may not
be apparent for models that do not exhibit linearity in re-
lation to the independent parameters [93]. The AIC,
which is based on information theory, acts as an estimat-
or of asymptotically unbiased Kullback-Leibler informa-
tion. The AIC can be approximated using the formula
stated in references [94, 95], assuming Gaussian errors.

2n(n+1
AIC = 2In( L) + 20+ 21D (68)
N-n-1

The symbol £, denotes the maximum likelihood of
the dataset(s) being analyzed. The variable N reflects the
total number of data points used in the analysis, whereas
n represents the number of fitted parameters. Maximiz-
ing the likelihood function is synonymous with minimiz-
ing the y? value. When N is a big value, it is clear that
this expression produces the original version of AIC,
which can be approximated as AIC = —2In(Ly,.) +2n. As
stated in the discussion in [96], the utilization of the mod-
ified AIC is usually considered the most effective
strategy. The BIC is a Bayesian evidence estimator, and it

is cited by [94—96].

BIC = -21n( L) + nIn(N) (69)

Our goal is to organize the models according to their
ability to accurately correspond to the given data, taking
into account a set of scenarios that portray the same type
of occurrence. To determine the disparity in the values of
the information criteria (IC) for a given collection of
models, we employ the two IC mentioned before. The ex-
pression AIC4e1 = ICrmogel — ICmin  T€presents the  differ-
ence between a model's IC value (IC04e1) and the model's
IC value with the lowest IC value (/Cy,,). To assess the
appropriateness of each model, we employ the Jeffreys
scale [97]. Specifically, when the value of AIC is less
than or equal to 2, it signifies that the data provides signi-
ficant evidence in favor of the most preferred model.
When the difference between IC values is between 2 and
6, it indicates a considerable amount of disagreement
between the two models. Finally, when the difference in
IC is greater than or equal to 10, it indicates a significant
degree of tension between the models [71].

Our approach incorporates two distinct datasets: the
CC (Hubble data) points and the Pantheon SNe Ia data-
sets. The model parameters for our derived models were
fitted by minimizing the y? value. The resulting values of
X% are presented in Tables 1 and 2, respectively. For
models I and II, we calculated the minimum chi-square
value (y2,, = 14.493,14.494), respectively, using CC data-
sets, whereas for ACDM y? = 14.494. We also determ-
ined the AIC and BIC values, which are presented in Ta-
ble 3, along with the difference from the best-fitted mod-
el (AICuodel = ICmogel— ICin). The total number of data
points is N = 31 and the number of parameters is n = 4 for
models I and II, whereas for ACDM n = 2.

We used y? = 1026.670, N = 1048, and n = 5 for Mod-
el-1, and y? = 1026.671, N = 1048, and n = 4 for Model-II,
whereas for ACDM, we used y?=1026.671, N = 1048,
and n =2 to obtain the AIC and BIC values for the Pan-
theon SNe Ia datasets. The AIC and BIC values are listed
in Table 4, along with the difference from the best-fitting
model, which is AICmodel = ICmodel - ICmin-

VII. DISCUSSION OF RESULTS

Based on the findings presented in the previous sec-
tion, we proceed to examine FLRW cosmological mod-
els under metric-affine F(R,Q) gravity from an observa-
tional perspective. It is important to emphasize that the
models stated above have some parameters that are free
to be determined. These parameters include Hy, Q,o, 4,
Ao, ¢1, and c¢,. However, in the case of concordance cos-
mology, the only free parameters are Hy, Q,0. To en-
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Table 2. MCMC results in Pantheon SNe Ia dataset analysis.

Model Parameter Prior Value
Hy (40,100) 81.0+10
Quo (0,0.6) 0.43+0.11
ModeL Ao (10000, 60000) 40020 + 10000
M (23,24) 23.806+0.011
cl 0,2) 0.94+0.55
i - 1026.670
Quo (0,0.6) 0.441*5:087
2 0,1) 0.62+930
Model-II M (23,24) 23.809+0.010
1) (-3,0) —-2.02+0.55
Xin - 1026.671
Qo ((U9)) 0.300+0.021
ACDM M (23,24) 23.810+0.011
Xin - 1026.671

Table 3.
cosmic chronometer (CC) datasets.

Akaike information criterion (AIC) and Bayesian information criterion (BIC) for the examined cosmological models along

Model AIC AAIC BIC ABIC
Model-I 24.032 5.110 28.229 6.868
Model-1I 24.032 5.110 28.230 6.868
ACDM 18.922 21.362 0

Table 4. AIC and BIC for the examined cosmological models along Pantheon SNe la datasets.

Model AIC AAIC BIC ABIC
Model-1 1036.728 6.046 1061.443 20.863
Model-11 1034.709 4.027 1054.489 13.909
ACDM 1030.682 1040.580 0

hance convenience, we compile the acquired outcomes in
Tables 1 and 2. In addition, we provide contour plots for
Model-I and Model-II in Figs. 1, 2, 4, and 5, respectively.
In addition, we examined the concordance model,
namely, the ACDM model, to compare and establish a
standard for evaluation. Figures 3 and 6 depict the con-
tour plots for ACDM corresponding to the two observa-
tional datasets, CC and Pantheon SNe Ia, respectively.

In the MCMC analysis of the CC H(z) and Pantheon
SNe la datasets for Model-I and Model-I1, Figs. 1, 2, 4,
and 5 show the contour plots of Hy, 9,4, 4p,¢; and ¢, at
1-0 and 2-o confidence levels. Table 1 and Table 2
display the estimated values of cosmological parameters.
The dimensionless parameter A is constrained to an inter-

val around 0, which includes the ACDM paradigm. This
was expected because, as we discussed above, a realistic
modified gravity should present a small deviation from
GR. Nevertheless, note that in both Model-1 and Model-
I1, the A-contours are slightly shifted towards positive val-
ues. To relax the degeneracy between the parameters 4,
Ao and ¢y, ¢,, we eliminated A in Model-I and A, in Mod-
el-II. Recently, [71] estimated the value of 1 =0.49133%],
0.537+04% respectively, in two different models. The cur-
rent values of the model parameter 4, of dimension H}
are estimated as 4, = 28460 + 10000,40020 + 10000 along
the two datasets. We estimated the approximate values of
A as 1=0.4173380 0.445709 for Model-1 and A =0.54+
0.28,0.627939 for Model-II, along the two observational
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Fig. 1. (color online) Contour plots of Hy,Q0,c1,40 at 1-o
and 2-o confidence level in MCMC analysis of CC datasets
for Model-1.
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Fig. 2. (color online) Contour plots of Hy,Q0,4,c2 at 1-o
and 2-o confidence level in MCMC analysis of CC datasets
for Model-II.

datasets, respectively.

In the context of the estimated values of Q,,9, we ob-
served that Model-I and II give a rather large value due to
the degeneracy with 4, 1, and ¢;, ¢,, whereas in ACDM,
this is not the case. We determined the Hubble constant
H, for Model-I as 68.9139,81.0+ 10 Kms™'Mpc™', where-
as for Model-II it was 68.3+2.6 Kms~'Mpc™!, along the

Ho=67.7+3.1

Qmo = 0.333*3:333

0.6 | | | I
0.5 -
= = -
g 0.4
(@]
03 L
02 -
| | | | | |
60 65 70 75 02 0.3 0.4 05
Ho QmO

Fig. 3. (color online) Contour plots of Hy,Q,o at 1-o and
2 -0 confidence level in MCMC analysis of CC datasets for
ACDM.
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/\
2382 [\
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Fig. 4. (color online) Contour plots of Hy,Qu0,c1,40, M at
1-0 and 2-o0 confidence level in MCMC analysis of Pan-
theon SNe Ia datasets for Model-1.

two datasets, respectively. For the ACDM, we obtained
the value of the Hubble constant as H,=67.7+3.1
Km/s/Mpc. The values of H, obtained in our estimation
for Model-I and Model-II are large in comparison to
ACDM due to the degeneracy with other parameters of
the models. Recently, the present value of the Hubble
constant was measured as Hy = 69.8 + 1.3 Kms™!'Mpc™! in
[98] and Hy=69.7+ 1.2 Kms™'Mpc™' in [99]. This num-
ber was found to be Hy = 66.6+ 1.6 Kms~'Mpc~! in [100]
based on a large number of observational data. It was also
found to be Hy=65.8+3.4Kms'Mpc™! in [101, 102].
The Hubble constant was measured as H,=69.6+
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Fig. 5.  (color online) Contour plots of Ho,Qu0,4,c2, M at

1-0 and 2-o0 confidence level in MCMC analysis of Pan-
theon SNe Ia datasets for Model-II.

0.8 Kms™'Mpc™' in [103], Hy=67.4"5) Kms™'Mpc™' in
[104], Hy =693 Kms'Mpc™' in [105], and most re-
cently, Hy = 68.81*3% Kms™'Mpc™' in [106]. In 2018 , the
Hubble constant was estimated by the Plank Collabora-
tion to be Hy=67.4+0.5 Kms~'Mpc~!, whereas in 2021,
it was determined as Hy,=73.2+1.3Kms'Mpc™! in
[107]. Recently, [108] estimated the value Hubble con-
stant as Hy = 69.5047:14) Kms™'Mpc™', [109] estimated it
as Hy = 6823 Kms™'Mpc™', whereas in [110], the value of
the Hubble constant was reported as Hy=73.5+
1.1 Kms~'Mpc™' for Pantheon+ datasets. When compared
to previous results, the outcomes of our models I and II
for H, are consistent with observational datasets. For the
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Fig. 6. (color online) Contour plots of Hy,Qu0, M at 1-o

and 2-o confidence level in MCMC analysis of Pantheon

SNe Ia datasets for ACDM.

two different models, we estimated the value of paramet-
er M=23.806+0.011,23.809+0.010, whereas for
ACDM, it was determined as M =23.810+0.011. Re-
cently, [111] estimated the value of M =23.809+0.013.
Equations (48) and (59) represent the expressions of
wg, for Model-I and Model-II, respectively. The wvari-
ations of w,, over redshift z are depicted in Figs. 7 (a)
and 7 (b), respectively, for Model-1 and Model-II. From
Fig. 7 (a), one can see that wy, > —1/3 for z, > 0.681,0.678
for the two datasets, respectively, which corresponds to a
decelerating expansion phase of the universe, whereas
wge <—1/3 over —1 <z<0.681, 0.678 corresponds to the
accelerating expansion phase of the universe. The lines
7, =0.681,0.678 show the phase transition line of the ex-
panding universe with w,, = —1/3. The present estimated
values of wy =-1.214*33% for CC datasets and
wge = —1.233*312) for Pantheon datasets are wy, — —1 as

024 — CC
——- Pantheon

-

0.0 1

—-0.2 1

Wae

-0.6 1

-0.8

b. ’

Fig. 7. (color online) Variation of dark energy EoS parameter wq, over redshift z for Model-I and Model-II, respectively.
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z— —1. Figure 7 (b) shows that the dark energy EoS
parameter w,, > —1/3 for transition redshifts z,=
0.626,0.677 along the two datasets used for Model-II, and
wge < —1/3 over —1 <z<0.626,0.677 along the same two
datasets. The present value of w, for Model-II is estim-
ated as wg =—0.6797000; for CC datasets, and wg, =
-0.694+59% along the Pantheon datasets, which corres-
ponds to the accelerating phase of the expanding uni-
verse. In addition, we measured the late-time values of
the EoS parameter as wq, = —0.87273939, —0.883*5:9% along
the two datasets, respectively. Thus, both Model-I and
Model-II are transit phase (decelerating to accelerating)
expanding universe models.

The expressions for the deceleration parameter ¢(z)
are represented by Egs. (49) and (60), respectively, for
models I and II. Figures 8 (a) and 8 (b), respectively, de-
pict the geometrical evolution of ¢(z) for models I and II.
From Figs. 8 (a) and 8 (b), it is clear that our two derived
models are transit-phase universe models, which are de-
celerating in the past and accelerating in late-time scen-
arios. The transition redshift is measured as z =
0.681,0.678 for Model-I and z, = 0.626,0.677 for Model-II
along the two datasets, CC and Pantheon, respectively,
and these values are consistent with recently observed
values. The present value of the deceleration parameter is
measured as ¢o=-0.556,-0.554 for Model-I and
qo = —0.524,-0.553 for Model-II along the two datasets,
respectively, which reveals the accelerating stage of the
universe expansion. We obtain the relation g¢=
0.5(1 +3wg4.Qy4.) for the models with dust fluid (p =0),
which gives the accelerating phase of the universe for
W3eQqe < —1/3. Thus, for Q=0 (i.e., for ps =0),
g=0.5>0, we obtain a decelerating universe, and this
confirms that the geometrical modification can explain
the accelerating phase of an expanding universe.

From Table 3, we can observe that for the CC Hubble
datasets, the AIC for both models is in the second group,

— CC
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(color online) Variation of deceleration parameter g(z) over redshift z for Model-I and Model-II, respectively.

with 2 < AIC < 6. This means that our two derived mod-
els are in mild tension with the most popular ACDM,
whereas the BIC is in the third group, with 6 < AIC < 10
for Model-I and AIC > 10 for Model-II. This means that
both models are in mild tension with ACDM [112]. Sim-
ilarly, according to Table 4, for the Pantheon SNe Ia data-
sets, the AIC suggests that our two derived models are in
mild tension with the most favored ACDM, whereas the
BIC indicates that the models are strongly disfavored by
the ACDM.

VIII. CONCLUSIONS

We examined FLRW cosmological models within the
framework of metric-affine F(R,Q) gravity, as intro-
duced in [84]. In this context, R represents the curvature
scalar and Q represents the nonmetricity scalar, both cal-
culated using non-special connections. The updated field
equations were derived by employing a flat FLRW met-
ric. In two distinct scenarios involving scalars u and w,
we established a correlation between the Hubble constant
Hy, density parameter Q,,, and other model parameters.
Subsequently, we employed recently acquired observa-
tional datasets, including the CC Hubble and the Pan-
theon SNe Ia datasets, to ascertain the most suitable val-
ues for the model parameters via MCMC analysis. By
utilizing these optimal values of model parameters, we
examined the outcomes and characteristics of the result-
ing models. Both of our models are transitional phase
models and methods for the ACDM model in the late-
time universe. We discovered that the geometric sector's
dark equation of state parameter, w,,, exhibits similar be-
havior to that of a potential dark energy candidate.

We considered two specific models, which are known
to lead to interesting phenomenology. Our analysis shows
that both models are capable of describing the evolution
of the wuniverse, supporting observational datasets,
namely, CC Hubble data and Pantheon SNe Ia. We found
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a fairly large value of Q,, and a value of H, that was
between the Plank and local estimates but closer to the
Plank estimate for both models, I and II, which both use
the ACDM paradigm as a particular limit. For the dimen-
sionless parameter A, we constrained its value around 0,
which shifted towards a positive value due to degeneracy
with other parameters such as H, and Q,,. For the para-
meter A, dimensionally equivalent to Hubble constant
H3, we constrained its value around the value of the cos-
mological constant A.

We investigated the behavior of the dark energy EoS
parameter w,, over z with constrained values of model
parameters for both models. We observed that for Model-
I, the present values of w,, fall in the range of phantom
and super-phantom regions, whereas for Model-11, it falls
into the quintessential region at late-time. We have also
plotted the behavior of w,, with z in its value. The evolu-
tion of wy, is positive in the early universe for both mod-
els, and in late-time universe, it converts into negative
values that are compatible with the evolution of the decel-
eration parameter ¢(z), which depicts the expansion phase
of the expanding universe. Model-I successfully reached
the ACDM stage in the late-time universe, whereas Mod-
el-Il shows quintessence scenarios at late-time. Finally,

by applying the AIC and BIC, we determined that both
Model-1 and Model-II were less well-fitted with ACDM
cosmological parameters. This is an interesting result be-
cause both Model-I and Model-II do not contain ACDM
scenarios at present but depict the quintessence, phantom,
and super-phantom scenarios. Both derived models are
transit-phase accelerating universe models that can ex-
plain the late-time accelerating scenarios of the expand-
ing universe.

As this is the case, we showed that the F(R,Q) grav-
ity model can explain the accelerated phase of the ex-
panding universe. The derived F(R,Q) gravity model's
results are in mild tension with the ACDM standard cos-
mological model. Furthermore, the F(R,Q) gravity mod-
el allows us to recover the original Friedmann model.
This F(R,Q) gravity theory is a generalization of both
F(R) and F(Q). As a result, the current modified gravity
model is intriguing and attracts researchers to reexamine
it in order to uncover other cosmological features of this
F(R, Q) gravity theory.
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