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Abstract Cosmological implications of a class of hybrid
metric-Palatini gravity with a non-minimal matter-geometry
coupling is considered. The theory contains a metric cur-
vature tensor, together with a curvature tensor constructed
from an independent affine connection. We will show that
the model could be written as a bi-scalar—tensor gravity with
a non-minimal coupling between matter sector and a scalar
field. The theory will then be confronted with observational
data from Cosmic Chronometers, BAO dataset from DESI
and the Pantheon™ dataset. We will show that the theory
could be a good alternative to the ACDM model with the
difference that the conservation of the baryonic matter sector
holds only at the background level. The statefinder analysis
will also be applied to the theory and it is observed that the
DE behavior of the theory exhibits a quintessence to phantom
transition occurs at redshifts around z ~ 0.86.

1 Introduction

Late time acceleration of the universe is one of the most inter-
esting and also mysterious observations of the modern cos-
mology [1]. Observations of type Ia supernovae from Super-
nova Cosmology Project [2] and High-Z Supernova Search
Team [3] proved that the universe experiences an accelerated
expanding phase at the present time. This is also confirmed
by BAO observations from different sources [4]. The acceler-
ated expansion of the late time universe is associated with the
presence of a well-known dark energy (DE) component with
the property of having negative pressure, producing repulsive
gravity. Among all ideas for the origin of DE, the simplest
model is the cosmological constant A, which together with
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the Baryonic and dark matter components, form the well-
know ACDM model [5,6]. This provides a non-dynamical
explanation of the negative pressure part of the energy bud-
get of our universe. Despite all the observational successes
of the standard ACDM model, it suffers from a number of
theoretical, observational and phenomenological issues that
motivate cosmologists to search for an alternative. From the
theoretical part, we face the cosmological constant problem
which arises when one tries to explain the current obser-
vational value of the cosmological constant energy density
pa < 10747 GeV from theoretical expectations of particle
physics p. < 107! GeV, differ from each other by more than
100 orders of magnitude [7-9]. Phenomenologically we face
the coincidence problem [10,11] and observationally there
are several cosmological tensions related to the cosmolog-
ical constant, like the Hubble tension [12,13], og tension
[14,15], etc.

All these concerns for the cosmological constant repre-
sentation of the dark energy, are enough to search for a
dynamical alternative of dark energy [16]. This can be done
in three major categories. The first one deals with gener-
alizing the geometry part of the action. This can be done
through different ways, leading to f(R) gravities [17-21],
higher dimensional models [22-24], massive gravities [25—
31], Weyl/Cartan/Finsler geometries [32-45], etc. In all the
above models, the base assumption is that the geometry is not
connected to gravity as simple as what we have in standard
general relativity (GR). However, the main concern in these
type of theories is the presence of ghost instabilities which
can restrict the final form of the action [46-48].

The second category deals with modification of the mat-
ter sector. Here, we mainly assume that the negative pres-
sure should be originated from some self-interaction of the
matter fields. This leads to the scalar—vector theories of
gravity [49-56], non-standard matter Lagrangians such as
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(), f(T,wTH"") [57-61] and also derivatives of the mat-
ter Lagrangian [62—64]. In the latter case, usually, the matter
Lagrangian and its higher variations appear in the equation
of motion which needs more attention to correctly define the
matter energy—momentum tensor [65].

The third possibility is to modify the way matter and
geometry interact. In this case, one considers non-minimal
couplings between matter and geometry, leading to f (R, T),
f(R,LTHY), f(R, Ly), etc. [66-71]. The main concern here
is a recent debate claiming that these types of models are
not independent from scalar—vector—tensor gravity theories
[72]. However, this debate has been fully answered in [73]
and the main point is that in this third category, we con-
sider the interaction of geometry and the baryonic matter
sources from thermodynamics points of view making the
resulting model independent from the scalar—vector—tensor
gravity theories. In these types of theories, since matter cou-
ples non-minimally to geometry, generally the conservation
of the energy—momentum tensor does not hold anymore.
The consequence of the non-conservation is that geometry
can be transformed to the baryonic matter field which will
change the matter abundance of the late time universe. This
could then be used to choose better model from observations
[74,75].

One of the earliest attempts to modify general relativity,
was done by Palatini [76,77], where the affine connection is
taken to be an independent field. This implies that distances
and parallel transports treated differently in general relativ-
ity. This basic idea was immediately proven to be identical
to the standard metric-based GR and as a result served as
a new method of variation in general relativity. However,
these two variational methods no longer equivalent when
one considers modified gravities from the first category. In
fact, the Palatini- f (R) gravity behaves very differently from
metric- f (R) model [78,79]. So, one can choose the vari-
ational method to modify the way gravity interacts in the
model. With this in mind, a new idea has recently attract
some attentions, where these two variational methods are
use together in a single theory [80—85]. The resulting hybrid
metric-Palatini model has a unique property that although
we have a standard GR formulation, the independent con-
nection still plays a significant role. In this theory, the metric
that defines geometry is conformally related to the metric
that defines the distances. As a result, one can write the the-
ory as a new kind of scalar—tensor theory, mimicking the
Brans—Dicke (BD) theory [86,87]. Cosmological and grav-
itational consequences of this theory is widely explored in
the literature [88-95].

In this paper, we will modify the way the matter and geom-
etry interact with each other in the context of hybrid metric-
Palatini model. This model then lies in the third category dis-
cussed above and as a result the resulting theory lacks conser-
vation of the energy—momentum tensor. However, we will see
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that the conservation can be restored by assuming a specific
matter Lagrangian on top of the FRW unvierse. Also, like
the original hybrid metric-Palatini theory, the present model
can also be written in scalar—tensor representation. Here, we
have two interacting scalar fields, one is dynamical and inter-
act BD-like to geometry and the other is non-dynamical and
interact with the matter Lagrangian. This could be seen as
a bi-scalar—tensor theory of gravity and the matter coupling
could be seen as a chameleon field [96,97].

The paper is organized as follows. In the next section we
will introduce the model and obtain the necessary field equa-
tions, including the conservation equation of the matter field.
In Sect. 3, we construct the cosmological setup of the model
and specify the matter—geometry interaction. In the following
section, we perform the statistical analysis and examine the
cosmological implications of the model. Section 5 is devoted
to the conclusions and final remarks.

2 The model

Let us consider an action functional of the form
S =’ / d“w—g[R + f(R. Lm)] + S, )

where R is the Ricci scalar constructed from the metric ten-
sor, R is the Palatini Ricci scalar constructed from an inde-
pendent affine connection [« 1 and S,, is the matter action
defined as

S = / 3/ "gLom, ®)

where L, is the matter Lagrangian density constructed from
matter fields and the metric tensor. Here, f is an arbitrary
function of the Palatini curvature and the matter Lagrangian,
controlling the possible coupling between matter and geom-
etry. It should also be noted that the matter sector is indepen-
dent of the affine connection.

As was discussed before, the form of action (1) indicates a
hybrid theory combining the metric and Palatini approaches.
A non-minimal coupling between matter and geometry has
a long history and its cosmological implications are vastly
investigated. In this paper, we will consider the coupling
between matter and geometry in the Palatini side of the
model. Besides simplicity of the model compared to the stan-
dard metric-matter coupling theories, we will see that this
choice will also affect the matter conservation equation. It
should also be noted that non-minimal matter coupling in
Palatini models have also been investigated in [98].

It is customary in the Palatini and also hybrid metric-
Palatini theories to write the action in a scalar—tensor form
[80-85]. In order to do that, let us introduce two auxiliary
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fields A and B as

S = Kzfd4xJ—_g[R + f(A, B)
+ fa(R = A) + fg(Lm — B)] + S, 3)

where fx represents derivative with respect to X. One can
easily check by obtaining the equations of motion of A, B
that the action (3) is equivalent to (1).

By defining the scalar fields

¢ = fa, ¥ =fp, 4
and
Vg, ¥)=—f(A, B)+¢A+ VB, ©)

the action (3) can be written in the form

S = /d4x¢Tg[K2(R TR —V)+(1+ sz)Lm]. (6)

This is an action for a bi-scalar—tensor theory of gravity. The
non-minimal coupling of the scalar field ¢ is a well-known
behavior in Palatini models. However, the scalar field ¥ intro-
duces a new coupling between matter and geometry which
is the main concern of the present paper.

In order to solve the theory for the Palatini part, let us take
a variation of the action (1) with respect to the metric tensor
and the independent connection as

1 1 14«2y
Gy + Ry + Eg;wl/fLm - Eguvf = ZK—ZTMU’ N
and
Vo (V/—g9g"") = 0, (8)

where we have used the definitions (4). Here, ﬁa represents
covariant derivative with the independent connection I'* .

Equation (8) suggests that the covariant derivative V is
compatible with a new metric defined as

bV _hh;/.v Y _g‘pg,uv‘ 9)

Using the h-metric, one can obtain the independent connec-
tion I'* ,, as

[ —lh“ﬁ(ah + dvh e — 38h ) (10
w Ty nrtav v Bluv),

from which the Palatini Ricci scalar R could be constructed.
Since the h-metric is conformally related to the g-metric, one

can obtain the Palatini Ricci tensor in terms of the metric
Ricci tensor as

3 1 1
Rpw = R;,w + ﬁaud’av(b - g(vuvv(b + Eg;/.vD(f))'
(11)

Now, by substituting (11) back into the action (6), one obtains
a bi-scalar—tensor theory of gravity as

S =«? / d4xJ—_g|:(1 + @R

3
+ ﬂg’”aud)aluﬁ V@, )+ (T + I/f)Lmi|- 12)

The above action, shows a dynamical scalar field ¢ non-
minimally coupled to geometry and has the standard Brans—
Dicke kinetic term with wpp = — 3/2. The scalar field
on the other hand, lack the kinetic term, non-dynamically
determines the relation between the potential V and the mat-
ter sector. As a different viewpoint however, one can con-
sider a theory with a varying gravitational constant « 2 =
k2 4+ 4, acting as an auxiliary field. This resembles the
Chameleon mechanism since the potential is implicitly mat-
ter field dependent [96,97].

Equations of motion of the theory can be obtained by vari-
ation of the action (12) with respect to the metric tensor g,
the scalar field ¢ and the auxiliary field ¥, with the result

A+)Gu — %ngaasvw + %wwm
+ @l = VuVy)e + %g,wV = %TM, (13)
R — zD(ﬁ + izvaw“(p — Vs =0, (14)
¢ 2¢
and
Ly —Vy =0. (15)

As one can see from the above equations, since the matter
sector is non-minimally coupled to the geometric field 1,
the conservation of the energy—momentum tensor does not
hold anymore in this model. This can be easily proved by the
Noether theorem under diffeomorphism invariance [99, 100],
or by explicitly taking covariant divergence of the metric field
equation (13) with the result

K2

VAT, = ———
N P

(Tva - gvaLm)Vaw- (16)
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It is evident that the non conservative term in the right hand
side of Eq. (16) depends on the auxiliary field . As a result
the conservation of the energy—momentum tensor is retained
in the case of vanishing y. There is however another special
case where the conservation of the energy—momentum tensor
holds. We will return to this issue in the next section.

3 Cosmological implications

Let us assume that the universe can be described by an
isotropic and homogeneous FRW metric of the form

ds? = —dr® + a>(0)[dx® + dy* + d2?], (17)

where a(t) is the scale factor. Since the universe is homoge-
neous and isotropic, the matter content of the universe can
safely be assumed to be a perfect fluid with Lagrangian den-
sity

Ly =—p, (18)
and energy—momentum tensor
Tyo = (p + puyuy + pguv, (19)
where p and p are the energy density and thermodynamic
pressure and u* is the fluid 4-velocity vector.

With the above assumptions, one can obtain from the field

equation (13), the modified Friedmann and Raychaudhuri
equations as

3H?

1 [1+K2¢

_ Vg, y) .. 3¢
=154 + 3H¢ ]

P 2 46
(20)
of — 1 H.+§ﬁ_.._1+/<21//
149 ¢ 2 ¢ ¢ 2k2

respectively. The equations of motion of the scalar fields ¢
and ¢ could also be obtained as

. 3¢ 1/¢\* ¢ 1
2H———~|——<—) —4% 4 SV 22)
o+ Vy =0, (23)

(p+ p)}, 1)

where we have used Eqs. (14) and (15). Equation (16) is also
simplified to

p+3H(p+ P)=0, 24)
indicating that the energy momentum tensor is conserved

in this case. It should be noted that this conservation is a
direct consequence of the FRW symmetry and the choice of
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Lagrangian density (18). As is well-known in general rel-
ativity, the energy—momentum tensor of the perfect fluid
can be obtained from two independent Lagrangians, e.g.
L, = —p and L,, = p. However, these two choices result
in different equations in modified gravity models with non-
minimal matter-geometry couplings since the Lagrangian
density appears explicitly in the field equations. For the
present model, the right hand side of Eq. (16) can be simpli-
fied to

K24y

RHS = ————
1+ «2yr

(L + p). 25)

One can see that with the choice (18), the RHS of Eq.
(16) vanishes, resulting in the conservation of the energy—
momentum tensor. It should also be noted that this property
is only true in the background cosmology and the model
shows its non-conservative nature in the perturbative level,
even with L,, = —p.

3.1 Case I: the linear potential

In order to solve the field equations (21)—(24), one should
first specify the form of the function f(R, L,,). Let us first
consider a minimal case with linear combination of the form

SR, Lp) =aR+ BLy, (26)

where o and § are arbitrary constants. In this case, one can
easily prove from (5) that the potential V vanishes. From (23)
one can deduce that the model could not accept matter fields.
As aresult the Friedmann and ¢ equations will be simplified
to

3H2 = _L[ﬂ@fw + ¢'>)] 27)
1+¢|4¢ ’
. 3¢ 1/d\ ¢
H>=-2H--24+_(1) —4Z. 28
4¢+8(¢> 5 28)

It should be noted that the scalar-field v in this case is redun-
dant since its is always coupled to the matter field which
is vanishing here. In fact, the resulting Egs. (27), (28) are
equivalent to the hybrid metric-Palatini theory with vanish-
ing matter field and potential [80-85].

By solving the Egs. (27), and (28), one can obtain the
Hubble parameter and the scalar field ¢ as

O ey >
cl

= —— -1, 30

0 = e o (30)

where ¢; > 0 and ¢ are the constant. Equation (29) describe
a universe that is expanding with a radiation-dominated
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behavior. Since we do not have matter sources in the model,
this behavior comes from the scalar field ¢. In summary the
resulting model is decelerating and can not be accepted for
the late-time behavior of the universe.

3.2 Case II: the multiplicative potential

Let us consider a multiplicative interaction of the form

f=aR - BRILnl", (31)

where «, 8 and n are some arbitrary constants In this case,
the potetial V could be obtained from Eq. (5) as

V(g ) = w( ﬁ¢) (32)

Substituting back to the field equations (20)—(23), one obtains

1 (1462 Y [a—g\r . 342
e ) ]

1+¢ K2 2 B 4 ¢
(33)
2y 30 1[8N b v fa—g\ T
=2 4¢+8(¢) 4¢+12ﬁn( 5 ) ’
(34)
and
¢ 1
a— n
= . 35
( 5 ) P (35)

From Egs. (34) and (35), one could obtain the scalar fields ¢
and i as

. 3Bn(l n
v =3Bnp""! (4H2 +2H + M

242
x [3H2(,3(n(1 +w) —2)p?
—2a(n(l 4+ w) — 1)) +2¢HD, (36)
and
¢ =a—pp". (37)

where we have used the conservation equation (36) and w is
the equation of state parameter of the baryonic matter p =
wp.

Itis worth mentioning that any modified gravity model can
be express as a dark energy model by rewriting the Friedmann

and Raychaudhuri equations as

1
3H? = 2 (p+ poE), (38)
K
and
i 5 1
2H +3H" = ——(p+ ppE), (39)
2k

where ppr and ppp are the dark energy (DE) energy density
and pressure. In our case, the DE components can be obtained
as

1 1 [&?y —¢ 1% 3 ¢2

zK—zpDE—m[K—z +"3H¢‘zﬂ
(40)

and

1 1 | k2y—¢ 1% 3 ¢2

ZKZPDE:H—qb[ 22 P‘E“W—m*‘ﬁ
(41)

Now, let us define the following set of dimensionless vari-
ables

L

H = Hoph, p=

p

6" Hoz”/cz" '

B= v =Ky, (42)

and transform to redshift coordinate z defined as
1

l+z=—, (43)
a

where a is the scale factor. Assuming the universe is filled
with dust with w = 0, the conservation equation (16) leads
to

p(2) = Quo(1 +2)°, (44)

where 2,0 is the current value of the matter density abun-
dance of the universe. With the above definitions, one can
obtain the Hubble parameter as a function of redshift z as

h(z) =21+ 2)7 [Qumo(e — Du1)]?

1

2

x [4(a — Q) + (2 = 3m) Q1 — 2a)2] . 45)
where we have defined

Q1 = (1 +2)>Q",. (46)

@ Springer
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In the case of vanishing 8 or vanishing n, the above expres-
sion reduces to

hoo (1422,

which is identical to the case of linear potential we have
discussed in the previous subsection.

It should be noted that since h(z = 0) = 1 from the
definition (42), one obtains the parameter « as

1 )
o= E[Qmo —1—(GBn—2)B92",

— \/(1 — Qo) (1 = Qo + 6nBQ;'10):|. (47)

As aresult, we have two model parameters ,3 and n which we
will obtain from the cosmological data in the next section.

4 Statistical analysis

In order to obtain the evolution of the Hubble parameter from
(45), one should specify the optimal values for the cosmo-
logical and also model parameters Hy, £2;,0, 7 and 8. We will
obtain the best fit values of these parameters by performing
the Likelihood analysis using three different combinations of
the following datasets.

4.1 The cosmic chronometers

The cosmic chronometer (CC) approach provides a direct
and model-independent method for determining the Hubble
parameter H (z) by measuring the differential age evolution
of passively evolving, massive early-type galaxies. In this
method, the Hubble parameter is written as

1 dz
14zdt

H(z) = — (43)

The value of Hubble parameter H(z), can then be inferred
from the measurement of age difference between two nearby
galaxies separated by a small redshift interval Az. This
method is independent of the cosmological model. In this
paper we employ the 31 CC data points [101-108] which
assumed to be independent. It should be noted that the covari-
ance matrix between these data can also be found by assum-
ing a specific stellar population synthesis (SPS) model for
the underlying galaxy population [109] which we will not
consider in this paper since it partially breaks the model-
independence of CC method. The contribution of CC dataset
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to the total likelihood is

Hopbs,i — Hun,i 2
X(2:c=z<—0”0_ “) : (49)
]

i

where i labels the data points, Hops,; are the observational
estimates of the Hubble parameter reconstructed from differ-
ential ages, Hy, ; are the theoretical predictions of the model
at corresponding redshifts, and o; denotes the reported lo
uncertainties.

4.2 The Pantheont

The Pantheon™ compilation [110] represents the most updated
and homogeneous collection of Type la supernova (SN Ia)
distance measurements, consists of about 1500 spectroscop-
ically confirmed SNe Ia spanning the redshift range 0.001 <
Z < 2.26, combining observations from 18 different sur-
veys. Pantheon™ improves the Pantheon dataset by enhancing
the photometric calibration and refining light-curve fitting.
Here we employ the Pantheon™ dataset without the SHOES
Cepheid calibration [111], so the absolute magnitude M is
assumed to be a free parameter which we will inferred from
the fitting. It should be noted here that since the Pantheon™
dataset used here is not externally calibrated, the Hy ten-
sion (the discrepancy between Planck-inferred value and the
SHOES-calibrated local distance-ladder value) can not be
tested here. We will return to this point in the following.

The Pantheon™ measurements are not independent and
the covariance matrix is provided in [110]. The contribution
of the Pantheon™ dataset to the total likelihood is

Xlgantheon'*' = ['U“Obs - ﬁ'th]T C_l [laobs - ﬁ«th] s (50)

where C is the covariance matrix of the Pantheon™ data.
4.3 The DESI(DR2) BAO

We use the Baryon Acoustic Oscillation (BAO) measure-
ments from the second data release of the Dark Energy Spec-
troscopic Instrument (DESI DR2) [4]. The dataset includes
BAO observables extracted from several tracers of large-
scale structure, namely the Bright Galaxy, the Luminous
Red Galaxy and the Emission Line Galaxy samples and also
quasars, covering the interval 0.2 < z < 2.4. The DESI
DR?2 analysis reports BAO measurements in terms of dis-
tance ratios, typically of the form

Dm(z)  Du(z)  Dy(z)
rd ’ rq ’ rd ’

(S

where Dy (z) is the comoving angular diameter distance,
Dy (z) is the Hubble distance, and Dy (z) is the spherically
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Table 1 The parameter constraints of the ACDM and non-minimal HMP models for the CC+Pantheon™, CC+BAO abd CC+Pantheon™+BAO
dataset combinations. We have also reported the fitted value of the derived parameter « and also the reduced sze 4 for completeness

Parameter ACDM model Non-minimal HMP model

CC+PNT CC+BAO CC+PNT+BAO CC+PNT CC+BAO CC+PNT+BAO
Ho 66.552+1-701 69.0837] 532 68.49911-607 67.082115%° 69.71512181 67.04011:992
Qmo 0.35707 90189 0.298179:008> 0.31039:007 0.2712F3:0296 0.292079:0123 0.316970:014
B - - - 121170438 23331052 115710304
n - - - 0.6897004% 0.697+9020 0.72370:22
M —19.45210:953 - —19.404 1095 —19.426700% - —19.43115:051
rq - 146.99713337 146.87473353 - 146.792734% 146.82173373
@ - - - —1.0906 103002 —1.325870:186¢ —1.083870:0674
X 1.044 0.608 1.046 1.046 0.693 1.044

averaged distance. The quantity rq denotes the sound horizon
atthe drag epoch which we will assume to be a free parameter
and infer from the fitting process. Defining the vector

S (DM(Z) Dy (z) Dv(Z))

X =
rd rd rd

the BAO contribution to the likelihood is then given by the
x? function as

- N T N >
X%AO = [Xobs - Xth] c! [Xobs — Xth] , (52)

where C is the covariance matrix.
In this paper, we will use three different combinations of
the datasets, namely

e CC+Pantheon™,
e CC+BAO,
e CC+Pantheon™+BAO,

The likelihood function can then be defined as
L = Loe */2, (53)

where L is the normalization constant with corresponding
loos function for each case.

By maximizing the likelihood function, the best fit values
of the parameters Hy, 2,0, 11, 8, M and and ry at 1o confi-
dence level is summarized in Table 1. We have also reported
the fitted values of the derived parameter o defined in (47)
and also the reduced sze 4 defined as

2 -
Xred - dOf

where dof is the number of degrees of freedom. From the
table one can find that we have a good fit for datasets CC +

Pantheon™ and CC + Pantheon™ + BAO. However, the
CC + BAO dataset is overfitted due to small number of data
points.

The corner plot for the values of parameters with their
lo and 20 confidence levels for the non-minimal hybrid
metric-Palatini (NMHMP) is shown in Fig. 1. We have also
reported the corner plot of the cosmological parameters for
both NMHMP and ACDM models.

As one can see from the figures, the model parameters n
and B are correlated. In Fig. 2, we have plotted the Pearson
correlation matrix for the parameters Hy, $2,,0, 11, 8, M and
rq. The Pearson correlation matrix quantifies the degree of
linear dependence between the parameters and defined as

cov(x;, X;
rij = M’ (54)
(T,'(Tj

where r;; denotes the ij component of the matrix obtained
from the parameter pair (x;, x;). Here cov is the covariance
and o is the standard deviation.

One can see that the model parameter n is moderately
correlated with parameters 8 and also with the matter abun-
dance €2,,,0. Increasing the value of the parameter n leads to
a decrease in the parameter 8 and an increase in €2,,0. As a
result, larger values of the exponent n will result in more mat-
ter abundance in the present energy budget of the universe.
It is in fact reasonable since increasing n makes the non-
minimal coupling stronger, thereby producing more matter.
It should also be noted that there is also a strong correla-
tion between the cosmological parameters M and r4. Such
a result is generic in cosmology, and the NMHMP model
exhibits the same behavior.

4.4 The cosmological results

Let us now consider the late-time cosmological evolution of
the NMHMP model using the results obtained in the previous

@ Springer
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NN NMHMP: CC+Pantheon+BAO
W NMHMP: CC+PNT
W NMHMP: CC+BAO

MW A\CDM: CC+Pantheon+BAO
W NMHMP: CC+Pantheon+BAO

-193F

-194

-195

-196

\

A\
-
) -
>

VANt

65 70 75 02 03 04
Ho Qmo

1 2 3 4 060 065 070 075 -196-195-194-193
B n M

140 145 150 155 62 66 70
o

74 0275 0.300 0.325 0.350 -19.5 -19.4 -19.3 140 145 150 155
Ho Qo M s

Fig. 1 The corner plot of the values of parameters with their 1o and 20" confidence levels for the NMHMP model (left) and together with ACDM

model (right)

-0.06

-0.04

Ho Qmo B n rq M

Fig. 2 The Pearson correlation matrix of between the parameters of
the NMHMP model. Moderate correlation of the model parameter n
with 8 and 2,0 can be seen from the figure

subsection. In the following, we will only use the complete
CC + Pantheon™ + BAO result. In Fig. 3 we have plotted
the Hubble parameter as a function of redshift z together with
the relative difference of the Hubble parameters in NMHMP
and ACDM models.
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Fig. 3 The behavior of the rescaled Hubble parameter H /(1 + z) (top
panel) and the difference between the two models (bottom panel) as a
function of the redshift for the best fit values of the parameters as given
by Table 1. The shaded area denotes the 1o error. Dashed lines represent
ACDM model. The error bars correspond to the observational data of
the Cosmic Chronometers dataset

First of all, one can see that the NMHMP theory behaves
very similar to the ACDM model. However, there are some
minor differences that we are going to explore in details. The
minimum of the Hubble parameter diagram represents the
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Fig. 4 The behavior of scalar fields 1/_/ (dashed line) and ¢ (solid line)
as functions of the redshift for NMHMP model for the best fit values of
the parameters as given by Table 1. The vertical dashed line represent
acceleration to deceleration transition redshift

time of deceleration/acceleration transition. It can be seen
from the figure that this transition takes place at earlier times
(larger redshifts) than the ACDM model. This means that
the accelerated phase of the universe in NMHMP theory is
a little older than its ACDM counterpart. Also, one can see
that the NMHMP plot lies below the ACDM curve most of
the time, getting above only in redshifts z € (0.5, 1). Usu-
ally, phantom/quintessence dark energy models has a prop-
erty that its Hubble plot lies below/above the ACDM curve.
This suggest qualitatively that the NMHMP theory describes
a dark energy model with a phantom-quintessence transi-
tion. In the bottom part of the Fig. 3, we have also plotted
the difference between the Hubble parameters of NMHMP
and ACDM models, showing that the difference is growing
in the early times.

InFig. 4, we have plotted the behavior of the scalar fields ¢
and v as functions of the redshift z. As was mentioned after
the action (6), the scalar field 1} controls the non-minimal
matter-geometry coupling and the scalar field ¢ coupled to
the Palatini scalar curvature. One can see from the figure that
the scalar field v/ is nearly vanishing through time, starting
to decrease at late times. This implies that the non-minimal
matter-geometry coupling in the NMHMP model is only
important at late times and responsible for the late time accel-
erated expansion of the universe. On the other hand, the scalar
filed ¢ decreases with redshift, becoming nearly zero at the
present time. As a result, the scalar field ¢ is less responsible
for the acceleration of the late time universe.

In order to dive deeper into the transitions discussed above,
let us consider higher order derivatives of the Hubble param-
eter. In Fig. 5 we have plotted the deceleration parameter
defined as

0.6

T T T T T
0.0 0.5 1.0 15 2.0 2.5 3.0
z

Fig. 5 Thebehavior of the deceleration parameter g as a function of the
redshift z for NMHMP model for the best fit values of the parameters
as given by Table 1. The shaded area denotes the lo error. Dashed
lines represent ACDM model. The vertical dashed line denotes the
deceleration to acceleration phase transition redshift

/

q=—1+(1+z)%. (55)

The dashed line represents the ACDM behavior. One can
see from the figure that the deceleration to acceleration tran-
sition takes place at redshift z &~ 0.66 and as we have noted is
earlier than its ACDM counterpart which occurs at z & 0.64.
Also, it is evident that the acceleration of the universe in
NMHMP theory is smaller than the ACDM model at present
time. From the deceleration parameter, one can also infer
another important information. As can be seen from the fig-
ure, we have ¢ > — 1 signaling the behavior of quintessence
for the model. This suggests that the phantom era in the dark
energy sector is not strong enough to make the whole universe
experience phantom-like acceleration. We will come back to
this point in the following. As a final point we mention that
the NMHMP model predicts also lower deceleration in the
matter dominated phase of the expansion. In summary, one
can see that the non-minimal coupling in this model behaves
slightly weaker than the ACDM model.

In Fig. 6 we have plotted the jerk parameter j which can
be written in redshift coordinates as

) dq
Jj(@) =2q +q+(1+z)d—z, (56)

as a function of redshift and also as a function of the decel-
eration parameter.

The jerk parameter as a third derivative of the scale fac-
tor can determine the slope of the Hubble parameter curve.
Larger values of the jerk parameter, represent higher slope
and an increase in acceleration of the universe. The horizon-
tal dashed line in Fig. 6 are the ACDM behavior and we
have split the deceleration/acceleration regimes. One can see
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Fig. 6 The behavior of jerk as a function of redshift z (left) and as a function of the deceleration parameter ¢ (right) for the NMHMP gravity
model for the best fit values of the parameters as given by Table 1. The shaded area denotes the 1o error. Dashed lines represent ACDM model

Q(z)

0.0 0.5 1.0 15 2.0 2.5 3.0

Fig. 7 The behavior of the DE energy density (left panel) and the DE
pressure (right panel) as a function of the redshift for the NMHMP
model for the best fit values of the parameters as given by Table 1. The

from the figure that the NMHMP model has larger jerk at
earlier times than the ACDM model, becoming smaller at
late times. Usually models with phantom/quintessence dark
energy component has a bigger/smaller jerk parameter than
their ACDM counterparts. As was also inferred from previ-
ous plots, we have a ACDM crossing in the NMHMP theory
suggesting that the dark energy component of the model has
a phantom-quintessence transition. It is also evident from
these figures that the phantom behavior should occur at ear-
lier times.

The true and exact dark energy (DE) behavior of the
NMHMP model can be obtained by analyzing the DE energy
density and pressure (40)—(41). In Fig. 7 we have plotted the
behavior of the energy density and pressure of the dark energy
sector as a function of the redshift. In the energy density dia-
gram, the increasing (dotted) line represents the behavior of
the baryonic matter and the decreasing (solid) line represents

@ Springer
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shaded area denotes the 1o error. Dashed line represents the total value
of the matter abundance and the dotted lines denote the baryonic matter
contribution

the DE behavior, summed up to unity (the dashed line). One
should note that the plotted curves are universal in all DE
models with conservative matter sector; dark energy density
increases as we reach the present time causing the acceler-
ated expansion of the universe. The DE pressure on the other
hand is a negative increasing function of the redshift, resem-
bling the well-known behavior of cosmological constant with
PDE X —PDE.

In order to understand the detailed behavior of DE sector,
in Fig. 8 we have plotted the evolution of DE pressure as a
function of DE energy density and also the equation of state
of the DE sector wp g defined as

PDE
a)DE = .
PDE

(57)

It is evident from the figure that the DE sector in fact
experience a quintessence to phantom transition at redshifts
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Fig. 8 The evolution of DE pressure as a function of DE energy density
(left panel) and of the DE equations of state parameter as a function of
redshift (right panel) for the best fit values of the parameters as given by
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Fig. 9 The behavior of the effective equation of state parameter as a
function of the redshift z for the NMHMP model for the best fit values
of the parameters as given by Table 1

about z &~ 0.86. As aresult the DE sector is mostly phantom-
like, changing to quintessence at late times. Also, one can see
from these figures that the DE behaves very similar to the cos-
mological constant at late times; mostly in the quintessence
regime.

Although the DE sector behaves phantom-like at late
times, the effective behavior of the whole universe is gov-
erned by both DE and baryonic sectors. In Fig. 9, we have
plotted the effective equation of state parameter, defined as

PDE

_—, (58)
Pm + PDE

Deff =

as a function of redshift z. As one can see from the figure, the
deceleration to acceleration transition takes place at redshifts
around z &~ 0.66 as we have obtained earlier from the deceler-
ation parameter. Also, the universe accelerates quintessence-

T T T T T
0.0 0.5 1.0 15 2.0 2.5 3.0
z

Table 1. The dashed lines represent the behavior of the ACDM model.
Also, the quintessence-phantom transition redshift is denoted as a ver-
tical line in the right plot

like at the present time. We have also plotted the behavior of
the universe in the near future, with z < 0, As can be inferred
from the figure, the universe will accelerates phantom-like in
the future.

A well-known diagnostic tool for analyzing the behav-
ior of the DE sector is the statefinder analysis introduced
in [112]. In this analysis we use the statefinder pair {j, 5}
where j is the jerk parameter and s is a combination of the
deceleration parameter g as j defined as

2(j =1
32 — 1)

s =

(59)

For ACDM model, the statefinder pair denotes a point (1, 0)
in (j, 5) plane. Generally the values j < 1 and 5 > 0 indi-
cates quintessence-like behavior for the dark energy sector
but j > 1 and § < 0 indicate phantom-like behavior. In Fig.
10, we have plotted the behavior of the statefinder pair for
the NMHMP model. It is evident that the DE sector has a
quintessence-like behavior at late times, becoming phantom
at earlier times. This result is in agreement with our previ-
ous analysis of theory using higher derivative of the Hubble
function and also the DE equation of state itself. From the
statefinder diagram, we can also see that the deceleration
to acceleration phase transition occurs in the quintessence
epoch of the dark energy.

4.5 Model comparison

Let us now compare the results of the NMHMP model with
the ACDM model by defining the Bayes factor as

(60)
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Fig. 10 The behavior of statefinder curve in § — j plane for NMHMP

gravity model for the best fit values of the parameters as given by Table
1. We have also specified the ACDM point

Table 2 The evidences and Bayes factor for the ACDM and NMHMP
models

Model InZ

In BNA

ACDM
NMHMP

—900.873 £0.331
—894.365 £0.331

6.508 = 0.468

Table3 The tension between Planck 2018 data and the NMHMP model
using three difference dataset combinations. We have also included the
result for ACDM model

Dataset Hy Tension
Planck 2018 67.2710:% -
NMHMP (CC+PNT+BAO) 67047159 0.140
NMHMP (CC+PNT) 67.08" 17 0.110
NMHMP (CC+BAO) 69.72+218 1.080
ACDM (CC+PNT+BAO) 68.5011¢1 0.710

where Z4 is the marginal likelihood of model A. The
Bayes factor quantifies how strongly the data favors one
model over the other. Here we adopt the Jeffreys scale
[113] in which |In By a| < 1 indicated inconclusive evi-
dence, 1 < |InBwa| < 2.5 indicated weak evidence,
2.5 < |In Bya| < 5 corresponds to moderate evidence and
|In By a| > 5indicates strong evidence in favor of the model
with higher evidence. With our definitions, positive result
favors NMHMP model while negative result favors ACDM
model.

In Table 2 we have summarized the result of this analy-
sis, for both models. It is evident from these values that the
NMHMP model strongly favors over the ACDM model. This
means that the data are fitted better in NMHMP model and
its predictions would be more reliable than those of ACDM
model.
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Fig. 11 The 2D marginalized Hy-£2,,0 plot for the Planck data (blue)
and for ACDM (green) and NMHMP (red) with CC + Pantheon™ +
BAO dataset

Let us now consider the tension between the value of the
Hubble parameter inferred in this model compared to the
value obtained from CMB observations. From the Planck
2018 results [114] one can read the value of the Hubble
parameter as

_ +0.6002
Ho = 67.273370:902.

Now using the value of the Hubble parameter of model from
Table 1, one obtains one can see from the table that the ten-
sion of NMHMP model with the CMB data is about 0.140
which indicates that the present model is in full agreement
with the Planck observations. It should be noted here that
the well-known Hj tension is between the predictions of
Planck data and late-time observations with SHOES cali-
bration [111]. Here, as we have mentioned before, we have
ignored this tension by inferring the value of absolute magni-
tude M directly from the cosmological observations, instead
of using the SHOES calibration. As a result, there is no Hub-
ble tension present here. As a summary our dataset choice
does not test the SHOES—Planck discrepancy because it does
not incorporate the local distance-ladder calibration (Table
3).

In Fig. 11 we have depicted the 2D marginalized Hy-$2,,0
plot for the Planck data [114], and for ACDM and NMHMP
models with the full dataset CC + Pantheon™ + BAO.
One can see the full agreement of the present model with the
Planck 2018 result.
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5 Conclusions and final remarks

In this paper, we have considered a non-minimal coupling
between matter fields and geometry by assuming an arbitrary
function of the Palatini Ricci scalar and the baryonic matter
Lagrangian in a hybrid metric-Palatini theory. The hybrid
metric-Palatini theory is build as a modification of the stan-
dard general relativity, by inclusion of Palatini independent
connection as a new degree of freedom to the existing met-
ric theory. The resulting theory then has two separate parts
that can have non-minimal or minimal connection. The first
part is made of the metric tensor, mimicking the standard
GR theory, and the second part is made of a metric and also
an independent connection, which corresponds to the Pala-
tini idea. Earlier ideas couple the matter sector minimally to
the the geometry part and assume that the matter sector is
made of the metric and matter fields, but not the indepen-
dent connection. These models are proved to be identical to
a (bi-)scalar—tensor theories of gravity. In this paper on the
other hand, we have explored the possibility that the mat-
ter sector couples non-minimally to the geometry. We have
assumed that this coupling allows the matter field to inter-
act with the Palatini Ricci scalar, while leaving the metric
sector untouched. Transforming to the scalar—tensor repre-
sentation, we have seen that the model can be described as
a bi-scalar—tensor theory, where one of the scalars dynami-
cally and non-minimally coupled to geometry, mimicking the
Brans—Dicke theory, and the other is non-dynamical and cou-
ples to the matter sector. Since we have a non-minimal matter
coupling in this model, the matter sector is not independently
conserved and the evolution of the energy density depends
on the behavior of the auxiliary scalar field 1. We have seen
however, that the conservation of the energy—momentum ten-
sor can be restored on top of the FRW universe if one assumes
the matter Lagrangian to be L,, = —p.

It should be noted that since the matter Lagrangian is
coupled to the scalar field, the behavior of the matter sec-
tor strongly governed by the bi-scalar potential. As we have
seen in this paper, the linear choice for the coupling func-
tion results in a vanishing potential, which forces the model
to exclude the presence of the matter field. The behavior of
such a universe is identical to the radiation-dominated uni-
verse in standard ACDM theory, where the remaining scalar
field plays the role of baryonic matter. However, for more
complicated, non-minimal interactions between matter and
geometry, one can freely have a matter sector in the theory
and the scalar fields can be determined through the scalar
field equations of motion.

In this paper, we have considered the cosmological impli-
cations of the non-minimal case in details and obtained the
model and also the cosmological parameters by fitting the
model with three different set of cosmological data. We have
used different combinations of the cosmic chronometers, the

Pantheon™ dataset and also the DESI DR2 BAO data. In sum-
mary the model fits very well with all the datasets and as we
have seen, the Jeffreys scale indicates a strong evidence of the
present model over the ACDM model. It should be noted that
this will not allows us to fully replace the NMHMP model
with ACDM, since we have only considered the background
evolution of the model. Perturbation analysis of the model,
together with other cosmic tests should also be done to decide
which model explain the data better.

The statistical analysis of the model, reveals that the mod-
els parameter n has a linear correlation between the param-
eter B and also the abundance €2,,0. As a result, increasing
the value of n results in the decrease in 8 and also increase
in the matter abundance. This means that larger exponent in
the interaction implies more baryonic matter in the universe.

We have seen in this paper that the predictions of the
Hubble parameter in NMHMP model is very similar to the
ACDM model and the relative difference between the two
models is about 2%. However, these small differences can be
seen from the cosmological functions. In fact, we have seen
from the deceleration parameter diagram that the decelera-
tion to acceleration phase transition takes place in a slightly
larger redshifts than the ACDM model, implying that the
dark energy epoch of the NMHMP model is a little older
than its ACDM counterpart. Also, we have seen that the uni-
verse experiences smaller amount of late time acceleration
in NMHMP model. On the other hand, the DE pressure is a
dynamical and increasing function of redshift such that the
model predicts a nearly cosmological constant behavior at
late times, while the DE dilutes at earlier times. This can
also be seen from various DE diagrams we have plotted in
this paper, where the late time curves of the NMHMP model
approaches the ACDM behavior. This also implies that the
effective behavior of the universe is quintessence like in this
model mimicking the ACDM model. However, the future
behavior in NMHMP is phantom like, showing more domi-
nance of the dark energy at z < 0. In summary, one can say
that the non-minimal coupling between the matter sector and
the Palatini part of the geometry can reliably explain the late
time behavior of the universe and serves as a good candidate
for fitting late-time observational data.
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