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Abstract We investigate the field equations of the con-  Contents
formally invariant models of gravity with curvature-matter
coupling, constructed in Weyl geometry, using the Palatini 1 Introduction . ... ... .............. 1

formalism. We consider the case in which the Lagrangian
is given by the sum of the square of the Weyl scalar, the
strength of the field associated to the Weyl vector, and a
conformally invariant geometry-matter coupling term, con-
structed from the matter Lagrangian and the Weyl scalar.
After substituting the Weyl scalar in terms of its Rieman-
nian counterpart, the quadratic action is defined in Riemann
geometry and involves a nonminimal coupling between the
Ricci scalar and the matter Lagrangian. For the sake of gen-
erality, a more general Lagrangian, in which the Weyl vector
is nonminimally coupled with an arbitrary function of the
Ricci scalar, is also considered. By varying the action inde-
pendently with respect to the metric and the connection, the
independent connection can be expressed as the Levi-Civita
connection of an auxiliary Ricci scalar- and Weyl vector-
dependent metric, which is related to the physical metric by
means of a conformal transformation. The field equations are
obtained in both the metric and the Palatini formulations. The
cosmological implications of the Palatini field equations are
investigated for three distinct models corresponding to differ-
ent forms of the coupling functions. A comparison with the
standard ACDM model is also performed, and we find that
the Palatini type cosmological models can give an acceptable
description of the observations.
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1 Introduction

The remarkable success of Einstein’s theory of general rel-
ativity [1] and of its variational formulation [2] gave a huge
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impetus not only to gravitational physics, but also to math-
ematics. From a mathematical point of view, general rela-
tivity is based on Riemannian geometry, with the metric of
the spacetime describing all the properties of the gravita-
tional interaction. Almost immediately after the birth of gen-
eral relativity, in an attempt to unify the electromagnetic and
gravitational interactions in a fully geometric background,
Hermann Weyl proposed a generalization of the Riemann
geometry by introducing a supplementary geometric quan-
tity, called nonmetricity [3—7]. The basic idea in Weyl’s geo-
metric approach was to permit the length and orientation
of arbitrary vectors to change under parallel transport. In
Riemannian geometry, only a change in the orientation of
the vectors is allowed. The geometry obtained in this way
is called Weyl geometry, and it represents a consistent and
systematic generalization of Riemannian geometry. In trying
to provide a physical interpretation for his geometry, Weyl
identified the vector part of the connection with the poten-
tial four-vector of the electromagnetic field. However, this
identification is problematic. Immediately after the publi-
cation of Weyl’s theory, Einstein [8] pointed out that such
an identification would imply that identical atoms moving
on closed trajectories in electromagnetic fields would have
different physical properties (and sizes), implying that the
atoms would also have different electromagnetic spectra. The
change in frequency due to the size change is clearly incon-
sistent with the well-known observational properties of the
spectral lines. Einstein’s criticism led to the abandonment of
the physical Weyl theory in its initial formulation. However,
later on, Weyl proved that a satisfactory theory of the electro-
magnetic interaction is obtained by replacing the scale factor
with a complex phase. This remarkable result is at the origin
of U(1) gauge theory [9].

Even though Weyl’s geometric theory failed in its attempt
of unifying gravity and electromagnetism, as a geometric
theory it has many attractive features. It appears in many
physical contexts, for example in foundations of quantum
mechanics, elementary particle physics, scalar tensor theo-
ries of gravity, fundamental approaches to gravity, and cos-
mology. Hence, Weyl geometry has an important research
potential, yet to be fully explored, which may provide some
deeper insights into the fundamental problems of gravita-
tion, cosmology, and elementary particle physics [10—15].
Gravitational theories satisfying the requirement of confor-
mal invariance can be obtained using actions built up with
the help of the Weyl tensor Cgg, 5. The corresponding action
is given by S = —(1/4) [ Cap,sC7° /—gd*x [16-21].
Gravitational field theories described by actions of this type
are called conformally invariant, or Weyl type gravity theo-
ries, and their properties and implications have been exten-
sively investigated in the literature [16-21].

A particularly interesting theoretical issue is the possible
relation between the Standard Model of elementary parti-
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cle physics and its extensions, and Weyl geometry. The link
between elementary particle physics and geometry is pro-
vided by the concept of scale invariance, since this symmetry
may also appear at the quantum level [22,23]. All physical
scales, including the new physical scales beyond the Standard
Model, can be generated spontaneously by vacuum expec-
tation values of the fields. Moreover, scale symmetry can
maintain the classical hierarchy of scales [24,25]. The new
vector part of the connection in Weyl geometry is called, in
the modern interpretation, the dilatational gauge vector, or
the Weyl vector.

A systematic study of the relation between the Standard
Model (SM) of elementary particles and Weyl conformal
geometry was initiated and performed in [26-32] by con-
sidering a minimal embedding, with no new fields beyond
the SM spectrum and Weyl geometry. The action has the
Weyl gauge symmetry D(1), originating from the background
geometry. The model is based on Weyl quadratic gravity,
which experiences a spontaneous breaking of D(1) symme-
try by a geometric Stueckelberg mechanism, with the Weyl
gauge field acquiring mass from the spin-zero mode of the
R? term in the action.

To describe the properties of the gravitational field, as
well as physics beyond SM, in [32] the following action was
proposed

11 p2 1 2 1 ~2 4
S0=/|:47€§R _ZFHV_?CMVPU]N/_gd X, (1)

where R is the Weyl scalar, defined in the Weyl geometry,
and F v 1s the strength of the Weyl vector w),, while C oo
denotes the conformally invariant Weyl tensor.

In obtaining the gravitational field equations from a given
action, several approaches can be used. The most common
is the metric formalism, in which the action is varied with
respect to the metric tensor g,,. One can also use the Pala-
tini formalism, introduced by Einstein [33—-35], where the
metric and the connection I are considered as independent
variables. To derive the field equations, the Lagrangian is var-
ied with respect to both g and I". Finally, in the metric-affine
formalism, which generalizes the Palatini approach, the mat-
ter part of the action also depends on the connection, and is
varied with respect to it [36-39].

In the case of the Einstein—Hilbert action, the Palatini vari-
ation leads to the Einstein gravitational field equations, giv-
ing the same result as when varying the metric only. How-
ever, this is not generally true for other gravitational type
actions. For example, when used for an f(R) type gravita-
tional Lagrangian, originally introduced in [40—43], its met-
ric version in the Palatini formalism leads to second-order dif-
ferential equations instead of the fourth-order ones obtained
from the metric variation [44-56]. Moreover, in vacuum, the
Palatini formalism f(R) field equations reduce to the field
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equations of standard general relativity in the presence of a
cosmological constant. This result guarantees that the Pala-
tini type f(R) theory automatically passes the solar system
tests. Secondly, basic aspects of general relativity, such as
the presence of black holes and gravitational waves, are pre-
served in the Palatini approach. However, to date no real cri-
terion has been found indicating which variational formalism
is better to apply. On the other hand, the Palatini variational
procedure seems to be more attractive, since, when applied
to the Hilbert—Einstein action, one obtains standard general
relativity without the need to specify in advance the relation
between metric and connection.

Quadratic gravity with Lagrangian R? + R[zlw] was inves-
tigated in the Palatini formalism in [30] by considering both
the connection and the metric independently. The action has
a gauged scale symmetry (or Weyl gauge symmetry) with
respect to the Weyl gauge field w, = T, — ', where ',
and I', are the traces of the Weyl and Levi-Civita connec-
tions, respectively. In this approach, the underlying geometry
is non-metric due to the presence of the R[ZW] term acting as
a gauge kinetic term for w,,. This theory has a spontaneous
breaking of gauged scale symmetry and mass generation in
the absence of matter. Interestingly, the necessary scalar field
¢ is not added ad hoc, but it appears naturally from the R>
term. By absorbing the derivative term of the Stueckelberg
field, the gauge field becomes massive. In the broken phase,
the Einstein—Proca action of w;, of mass proportional to the
Planck scale M ~< ¢ > and a positive cosmological con-
stant are obtained. Below the Planck scale, w, decouples,
the connection becomes Levi-Civita, and the metricity con-
dition and Einstein’s general relativity are recovered. These
results remain valid in the presence of a non-minimally cou-
pled Higgs-like scalar field.

A comparative study of inflation in two theories of
quadratic gravity with gauged scale symmetry was per-
formed in [30]. Specifically, the original Weyl quadratic grav-
ity and a theory defined by a similar action but in the Palatini
approach were obtained by replacing the Weyl connection
by its Palatini counterpart. These two theories have differ-
ent vectorial non-metricities, induced by the gauge field w,,.
In the absence of matter, these theories have a spontaneous
breaking of gauged scale symmetry, where the necessary
scalar field is of geometric origin and some of the quadratic
action. The Einstein—Proca action, the Planck scale, and the
metricity appear in the broken phase after the Weyl vector
field acquires mass through the Stueckelberg mechanism and
then decouples. In the presence of nonminimally coupled
matter, the scalar potential is similar in both theories. For
small field values, the potential is Higgs-like, while for large
field values inflation is possible. Both theories have a small
tensor-to-scalar ratio » ~ 1073, slightly larger in the Palatini
case. For a sufficiently small coupling parameter & < 1073,

Weyl’s theory gives a dependence r (ng) similar to that in
Starobinsky inflation [57-59].

It was pointed out in [60] that the model of the cos-
mic inflation with an asymptotically flat potential could be
obtained from the Palatini quadratic gravity, formulated in
Weyl geometry, by adding the matter field in such a way
that the local gauged conformal symmetry is broken in both
kinetic and potential terms.

A possible way to explain the recent cosmological data
indicating the presence of an accelerated expansion of the
universe and of dark matter (for a review of the observa-
tional evidence for acceleration, see [61]) is to postulate that
at galactic and extragalactic scales, Einstein’s general the-
ory of relativity must be replaced by a more general action
that describes the gravitational phenomenology beyond the
solar system [62,63]. Hence, observational evidence seems
to strongly point towards the necessity of going outside the
strict limits of general relativity, and for looking to new grav-
itational theories that may solve (or account) for the dark
energy and dark matter problems. Therefore, the Einstein
gravitational field equations that provide a very good expla-
nation of the gravitational processes in the solar system must
be replaced by a new set of field equations.

A possible generalization of the standard Einstein the-
ory is represented by gravitational theories implying a
curvature-matter coupling [64—70]. In this type of model,
the Hilbert—Einstein action of standard general relativity
S = [ (R/2k* + L,,) /—gd*x, where R is the Ricci scalar
and L,, is the matter Lagrangian, is replaced by more gen-
eral actions of the form S = [ f (R, L) \/—_gd4x [66], or
S = f f(R,T) \/—_gd‘lx [67], where T is the trace of the
matter energy—momentum tensor. Similar couplings between
matter and geometry are also possible in the presence of non-
metricity and torsion [68—70]. For in-depth reviews and dis-
cussions of theories with curvature-matter coupling, see [ 71—
75]. The curvature-matter coupling approach leads to gravita-
tional theories having a much richer physical and mathemat-
ical structure as compared with standard general relativity.
They also provide interesting explanations for the accelerat-
ing expansion of the universe and possible solutions for the
dark energy and dark matter problems, respectively. But these
types of theories also face a number of very difficult mathe-
matical and physical problems. For the Palatini formulation
of the f (R, L,,) theory, see [76].

For the f (R, T) gravity theory [67], in which a nonmin-
imal coupling between the Ricci scalar and the trace of the
energy—momentum tensor is introduced, its Palatini formula-
tion was investigated in detail in [77] by considering the met-
ric and the affine connection as independent field variables.
For this type of theory, the independent connection can be
expressed as the Levi-Civita connection of an auxiliary met-
ric, depending on the trace of the energy—momentum tensor
and related to the physical metric by a conformal transfor-
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mation. The field equations also led to the non-conservation
of the energy—momentum tensor. The thermodynamic inter-
pretation of the Palatini formulation of the theory was also
discussed. The cosmological implications of the theory were
also explored for several functional forms of the function f,
and it was shown that the models could give an acceptable
description of the observational cosmological data.

An investigation of the coupling between matter and
geometry in conformal quadratic Weyl gravity was per-
formed in [78]. To construct the physical model and the
gravitational action, a coupling term of the form L,, RZ was
assumed in the Lagrangian, where R is the Weyl scalar. It
is important to note that this coupling explicitly satisfies
the conformal invariance of the theory under the assump-
tion that the matter Lagrangian is conformally invariant. By
expressing R? using an auxiliary scalar field and of the Rie-
mannian Ricci scalar, the gravitational action can be lin-
earized, leading in the Riemann space to a conformally invari-
ant f (R, L,,) type theory, with the matter Lagrangian non-
minimally coupled to the Ricci scalar.

The gravitational field equations of the theory can be
obtained in the metric formalism, together with the energy—
momentum balance equations. Similarly to other theo-
ries with geometry-matter coupling, the divergence of the
matter energy—momentum tensor does not vanish, and an
extra force, depending on the Weyl vector and the matter
Lagrangian, does appear in the geodesic equations of motion.
The theory can be interpreted thermodynamically as describ-
ing irreversible matter creation from the gravitational field.
The generalized Poisson equation and the Newtonian limit of
the equations of motion were also considered in detail. Con-
straints on the magnitude of the Weyl vector can be obtained
from the study of the perihelion precession of a planet in
the presence of an extra force, and an explicit estimation of
the numerical value of a constant Weyl vector in the solar
system is obtained from the observational data of Mercury.
The cosmological implications of the theory have been con-
sidered for the case of a flat, homogeneous and isotropic
Friedmann-Lemaitre—-Robertson—Walker geometry. It turns
out that the conformally invariant f (R, L,,) model gives a
good description of the cosmological observational data for
the Hubble function up to a redshift of the order of z =~ 3.

It is the goal of the present paper to consider the Palatini
formulation of the conformally invariant f (R, L,,) grav-
ity theory proposed in [78], which intrinsically contains a
curvature-matter coupling. The gravitational action is con-
structed directly in the framework of Weyl geometry, with
the Lagrangian density given by the sum of the square of
the Weyl scalar R (the analogue of the Ricci scalar in Weyl
geometry), the strength F),, of the geometric field associ-
ated with the Weyl vector w,,, and a conformally invariant
geometry-matter coupling term L,, R2, constructed from the
matter Lagrangian and the Weyl scalar. After substituting
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the Weyl scalar R in terms of its Riemannian counterpart R,
one obtains a quadratic action defined in Riemann geometry,
which contains a nonminimal coupling between the Ricci
scalar and the matter Lagrangian. For the sake of generality,
we consider in our analysis a more general Lagrangian in
which the Weyl vector is nonminimally coupled to an arbi-
trary function of the Ricci scalar. By varying the action inde-
pendently with respect to the metric and the connection, it
turns out that the independent connection can be expressed as
the Levi-Civita connection of an auxiliary Ricci scalar- and
Weyl vector-dependent metric. This metric is related to the
physical metric by means of a conformal transformation. We
obtain the field equations in both the metric and the Palatini
formulations. The cosmological implications of the Palatini
field equations are investigated for three distinct theoretical
models corresponding to different (simple) forms of the cou-
pling functions. The conformally invariant quadratic Weyl
model is investigated in detail. A comparison with the stan-
dard ACDM model is also performed. Our main findings
indicate that the Palatini type cosmological models can give
an acceptable description of the cosmological observations,
at least up to a redshift of the order of z ~ 2.

The present paper is organized as follows. In Sect. 2, after
a brief review of the fundamentals of Weyl geometry, the
gravitational action in the presence of conformally invariant
and an arbitrary geometry-matter coupling are written down,
and the field equations are obtained by varying the action with
respect to both metric and connection. The Palatini formula-
tion of the conformally invariant f (R, L,,) gravity theory is
presented in detail in Sect. 3. The cosmological implications
of the Palatini formulation of the f (R, L,,) gravity theory
are presented in Sect. 4. We discuss and conclude our results
in Sect. 5.

2 Gravitational field equations in quadratic Weyl
geometric gravity

In this section, after briefly reviewing the fundamentals
of Weyl geometry, we introduce the simplest conformally
invariant gravitational action in Weyl geometry in the pres-
ence of matter, constructed from the square of the Weyl scalar
R and the strengths of the Weyl vector F,,». Moreover, we
add to the gravitational action a geometry-matter coupling
term of the form L,, R2. This action can be reformulated in
the ordinary Riemann geometry by taking into account the
straightforward relation between the Weyl and Ricci scalars.
Moreover, the gauge condition on the Weyl vector is also
imposed, and thus we obtain a gravitational action, defined
in the ordinary Riemann geometry, which contains the square
of the Ricci scalar, the coupling between the Ricci scalar and
the square of the Weyl vector, some other contributions from
the Weyl geometry, and the geometry-matter coupling term.
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The field equations for this model are derived by using both
metric and Palatini formalisms.

2.1 Basics of Weyl geometry

We begin our investigation of the Palatini formulation of the
quadratic Weyl gravity in the presence of geometry-matter
coupling by presenting first some basic elements of Weyl
geometry. In the (pseudo)-Riemannian space in which Ein-
stein’s gravitational field equations are formulated, the metric
tensor g, satisfies the metricity condition Vg4 = 0. From
this condition one can immediately obtain the Levi-Civita
connection, as given by

(g = —gpﬁ (008 + 0ugpy — 0pGun)- 2

By taking v = p and summing over, we obtain I'), =
'), = 0, In /=g, where —g is the square root of the deter-
minant of the metric tensor g. Weyl conformal geometry, as
well as the corresponding gravity theory, is characterized by
the presence of a vectorial non-metricity, which implies that
the covariant divergence of the metric tensor does not vanish,
as in the Riemann geometry. Hence, the basic properties of
the Weyl geometry follow from the non-metricity condition

Viguy = —)8uv 3)
where w; is the Weyl vector field. From this definition we

immediately obtain w, = (—1/4)g"’ ngw, By using the
definition of V in the Weyl connection I‘W, we obtain

%Ag;w = akguv - fﬁxgpv - f‘fkgltp- 4)

After performing a cyclic permutation of the indices, we find

~ 1 o o -
o =T(@) + 5 8 (Vaguw = Viugur = Vogaw). ()

By taking into account Eq. (3), we obtain the Weyl con-
nection

- 1
[ = Thu(8) + 5| @08 + 0,88 — gue” | ©)

The Weyl connection I’ ﬁy is symmetric, with the property
[/, = 'S, Hence, it follows that the standard Weyl geom-
etry is rorsionless. Additionally, I" is invariant with respect
to the Weyl local gauge transformation €2 (x) of the metric

Suv

g;w = Qz(x)gp.v’ vV —§ = 94\/ —8- @)

With respect to these geometric transformations, the Weyl
gauge field w, transforms according to the rule

Oy = w, — 0, In Q. 8)

Equations (7) and (8) define a local gauged scale trans-
formation. Using the relation g"‘ﬂ Vigup = 2V In /—g, for
the Weyl vector field we obtain the simple expression

1 -
w) = —5 V)\ an—_g. (9)

We now take v = p in Eq. (6), and after summing over,
we find

T, =Tu(g) + 2wy, (10)

The Riemann and Ricci tensors in Weyl geometry, as well
as the Weyl scalar, are defined similarly to their definition in
Riemannian geometry, but with the replacement of the Levi-
Civita connection I ﬁu (g) by the Weyl connection I’ ﬁv. Thus,
we obtain

— 8,1, + T}, T, =T, Th,. (11)

A
;wo(r g)_a F Vo T o ap = v

and

Ry (T.g)=R%,;, (T, g). R(T, g) = g""Ruo (T, 2).

12)

Since T is invariant under the gauge transformations (7)
and (8), it follows that the Riemann and Ricci tensors of the
Weyl geometry are also scale-invariant. Due to the presence
of g"V in the Weyl scalar curvature R(f, g), the Weyl scalar
also transforms covariantly according to

.- 1 -
R, g) = 5 R(T. 8). (13)

Using the expression of I, we finally obtain
R(T, ¢ =

3
R, g) — 3V, 0" — Eg’”a)ua)v, (14)

where R(I", g) is the Riemann scalar curvature, while V0"
is defined by the Levi-Civita connection.

2.2 Conformally invariant Weyl gravity

Before beginning the in-depth investigation of the Palatini
formulation of the conformally invariant Weyl gravity, we
first need to mention that the Ricci tensor R[,w] has an anti-
symmetric component R,y = (1/2) (Ruy — Ryy.), given
explicitly by

@ Springer
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~ 1 ~ ~
Ryt = 5 (8.7 — 0,15, (15)

If one introduces the Weyl gauge field w, = (1/2)

(f‘ﬂ — F,L), then one can easily show that Rj,,] takes the
form of the strength tensor of a Maxwell type field,

Ry} = 30y — dyoy, = Fup (o). (16)

In the following we will consider the simplest version of
the Weyl conformal gravity in the presence of matter, with
action given by

o (ot tn) = f (35 (1)~ L

4&/2L R2(1”“ )]J—T;d%, (17)

where £ and y are two coupling constants. By taking into
account Eq. (29) for Ry, we obtain the following action
for the conformally invariant Weyl type gravitational theory
in the presence of matter

Sw (f“, 2, Lm,a)) - f [%ELZ <1 - i—sz> 72 (f,g)
I

Fy, (a)):| J—gd*x. (18)

The action (18) is defined in Weyl geometry, with the
field strength tensor F,, given by F,, = V,0, — V,0, =
Vywy, — Vywy.

After substituting R (f‘, g) with its Riemannian counter-

part obtained from Eq. (14), we find the corresponding action
in Riemann geometry as given by

SR (Fa ga Lma (1))

11 2
=ae [{ (- at) [P oo

_3R(T, g) (a)2 + ZVMa)“> +9 (Vo)

9
+90°V, 0" + Zw4:| lw}«/_ dx, (19)

where we have denoted w? = guvowr .

By performing a gauge transformation of the Weyl vector
field, we can always find a gauge in which V, " = 0. Hence,
by imposing the gauge condition on the Weyl vector, the
action in the Riemann geometry becomes

@ Springer

SR (F’ g’ Lmv CL))

11 2
=a?/{0‘%hﬂh““@

—3R (T, g)w* + Zw“] Fy, }«/_d“ (20)

For the sake of generality, and with the main goal of con-
sidering the Palatini versions of the Weyl gravitational theo-
ries constructed generally from Weyl geometry, in the follow-
ing we consider a general action, not necessarily conformally
invariant, which in the equivalent Riemann geometry can be
formulated as

1
S:/{zfl [R(g. DI G (L) + f2[R(2, D)1 G (L) &
+§G<Lm) - —F2 }v gd'x, @1

where f;(R),i = 1,2, and G (L,,) are arbitrary functions of
the Ricci scalar R = gV R,w and of the matter Lagrangian.
The only condition for the functions f;(R), i = 1,2, and
G (L) is the requirement that they are analytical functions
of the Ricci scalar R and the matter Lagrangian L,,; that is,
they must possess a Taylor series expansion about any point
R and L,,. The conformally invariant Weyl geometric gravity
is a particular case of the action (21).

From its mathematical definition it turns out that the Rie-
mann tensor Iéﬁv 5, is constructed entirely in terms of the Rie-

mannian connection T . The Ricci tensor is defined according
to [79,80]
Ry =0,T}, —0,T}, + T, 5, —T%T5,. (22)
In the Palatini approach, the gravitational action is for-
mally the same as in the standard general relativistic case,
but the Riemann tensor and the Ricci tensor are constructed
with the independent connection . The variational proce-
dure consists in varying the action independently with respect
to both the metric and the connection. Thus, the connection
f‘ﬁv is obtained by varying the gravitational field action, and

it is not directly constructed from the metric by using the
Levi-Civita formalism.

2.3 Gravitational field equations

In the following we will consider the field equations obtained
from the action (21) in the Palatini formalism. In order to do
so we need to vary the gravitational action independently
with respect to the metric and the connection.

In the following we define the Ricci scalar in terms of the
two independent variables (g, I') as
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R =g""R,,, (23)

with Ry, defined in Eq. (22).
We also introduce the matter energy—momentum tensor
of the matter according to the definition

Ty = ——2 S(V_gL’"), (24)

v—g gt

thus obtaining

SL, 1 1
5ghv = _ETMU + zLmguv- (25)

2

2.3.1 The metric field equations

By taking the variation of the action (21) with respect to
the metric only, and taking into account that g and I" are

independent variables, thus keeping the connection constant,
we immediately obtain

1 _ 9
|:§f1,(R) + fz/(R)w2i| Ry + L(R)wyw, + szwll«wu
l l 2 2 4
) [Zfl(R) + L(R)w™ + 2% :|glw

1(1 9
+3 [Efl(R) + H(R)w* + Zw“}

G'(Lm)
G (Lm)

X

(Linguv = Tiv)

- T =0, 26
2G (L) ™ (26)
where by a prime we have denoted a derivative with respect
to the argument f/(R) = dfi(R)/dR,i =1,2,G’' (L) =
dG (L) /dL,,, and we have denoted

-~ 1 ) ~
() _ 2
T =g g g (V=sFi)- @7

Alternatively, the metric field equations can be written as

= G (L)
R,y + 7 [2f2(R)+9w2]a)va
K G' (Ly) 1~
—— (1= =L ) g + Ty | — =T =0,
2F [( G (L) )g” - ’”} Fom
(28)
where we have denoted
F(R% L) = [ AR +2/®| G Ln). @9

and

K (R Ln) = [ﬁ(R) + 2/ (R)w* + gw“} G (L),
(30)

respectively.
2.3.2 Variation with respect to the Weyl vector

By taking the variation of the action (21) with respect to the
Weyl vector w, we obtain the evolution equation

V™ 42 f5(R)G (L) 0" +9G (Ly) 0’0’ = 0. (31)

In Riemann geometry, the Weyl field strength tensor F*,
due to its antisymmetry properties, automatically satisfies the
equations

Vo Fyv + VyuFyo + VyFyy = 0. (32)

By using the mathematical relations FX’ = g¥HghV
Fop = gt ghv (Vaw,g — V,ga)a) = VHte’ — VYo, we
immediately find

V" =V, Vi0" -V, VoH
= Vu Vi — Rjof — V" (V,0t), (33)

where the definitions of the Riemann tensor [79],

(VuVy = Vo V) AY = —APR% . (34)

and its contraction,
(VuVy = V, V) A* = APRg,, 35)

where used. Therefore, it follows that the Weyl vector satis-
fies the generalized wave equation

O’ — RjoP +2£(R)G (L) @ +9G (L) 0’0’ = 0,
(36)

where the gauge condition for w,, V,w" = 0, has also been
used.

2.3.3 Variation with respect to the connection

In the Palatini formalism, the next step in obtaining the field
equations requires the variation of the action with respect to
the independent connection I'. The variation can be done by

using the Palatini identity

SRy =V, (8T}:,) =V, (8T7,) (37)

@ Springer
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where V;, is the covariant derivative associated with the con-
nection I. In the following, we assume that the Weyl vector
w, as well as the Weyl field strength ﬁlw and the matter
Lagrangian L,,, are independent on the connection I.

By taking the variation of the action (21) with respect to
the connection I, we obtain

88 1 - -
= E/B’“’ [Vs (8T%,) — V,. (8T5,)] v/—gd*x, (38)

where we have denoted

1
BN — [Ef{(R) + fz/(R)aP} G (L) g"". (39)

Integrating by parts, we immediately find

§S 1 [ - _ }
F =3 / Vi [V=g (B"8T), — BYsTY,)] d*x
+%/% [V=g (B""s} — B*'84)] 8T%,d*x. (40)

InéS/ ST , the first term is a total derivative, and thus it
can be removed. Hence, the variation of the action (21) with
respect to the connection becomes

Vi [v=g (B*s) — B*sE)] = 0. (41)

One can further simplify Eq. (41) by taking into account
that when o = v, V,L(«/—gB’“‘) = 0. Substituting back to
Eq. (41), one obtains

Vo [V=R [ AR +2A® | G L gt =0, @)

or equivalently,
Vo i./—gF (R, o, Lm) ¢l =o, (43)

where F is defined in Eq. (29).

Equation (42) shows that the connection I is compatible
with a conformal metric. We now introduce a new metric
hyv, conformal to g,,,, and defined according to

huw = [AR) +25(R0*| G (L) g
=F (R, ?, Lm> v (44)
Hence, we obtain
VIR = =g | FIR) + 25 (R)6?] G (L) g
= V=gF (R0 Ln)g", (45)

where 4 is the determinant of the metric /. Thus, Eq. (42)
becomes the definition of the Levi-Civita connection " of

hyy, giving

@ Springer

_ 1
r, = EW (Ovhpp + vy — Bphyy) - (46)

By taking into account the explicit form of %, we obtain

_ 1 g
D = 55 [0 (Fau) + 0u (Faup) = 8 (Fgy)]. @)

where we have denoted FF = F (R,a)z, Lm) = [fl/(R)
+2f3(R)0*] G (Ly).

In terms of the Levi-Civita connection Fﬁv associated to
the metric g,

1
Fﬁv = zg)»p (avgup + 0u8vp — 8pg;w) , (48)
I:ﬁv can be expressed as

I, =Th, +d,InvVFs,+0,InvVFs —g,,8"9, InVF.
(49)

The tensor R,w, constructed from the metric by using the
Levi-Civita connection as defined in Eq. (49), is given in
terms of the Ricci tensor Ry, by [38,39]

31
R//,v = R/uz(g) + Eﬁ (V/LF) (VVF)
1

1

The Ricci scalar and the Einstein tensor can be immedi-
ately obtained as

3 1 31
R=R(g)~3-0F +

37 (V.F) (VHF), (51)

and

_ _ 1 ~ 31
G;w = Rp,v - Eg;wR = Gp,u(g) + Eﬁ (VMF) (V,F)

1 31
-5 (V.Y — gu0) F — 1728 (N F) (V*F),
(52)

respectively, with all covariant derivatives taken with respect
to the metric g,,.

2.3.4 Gravitational field equations in the Palatini
formalism

By using the expression of the Ricci tensor given by Eq. (51),
the gravitational field equation Eq. (28) can be written as
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. 1 31
GW+§[ -3— DF+2F2 (Vi F)(VMF)}gW

G (Lm)
F

+ (Zfz(R) + 9w2>a)ua)v
B K {_ G' (L)
o |(

G (Lm)

By substituting the expression of the Einstein tensor as
given by Eq. (52) into the field equation Eq. (53), we obtain
the gravitational field equation of the Weyl geometric gravity
theory in the presence of a nonminimal coupling between
matter and geometry in the Palatini formalism as

1 -
Lm) gllv‘) + TMV} — FTIE?))) = O

(53)

31 1 1
G,w—l—ze (V.F) (VyF) — (V V)F——Fg,wDF
1 G (Ln)
+5Rgy + " [2f2(R) +9w2]wﬂwu
K G’ (Ln) G' (Ly)
—— (1 - =L — T
2F [( G (L) ) S0 G L) ’”}
1.

Taking the trace of the metric field equation Eq. (28), we
obtain

- G(L
R+

m) (2 £(R) + 9w2)w2

K a1 Gty
2F

G (Lw)
where the trace Tlﬁw) " of the energy—-momentum tensor of
the Weyl field identically vanishes, T,”’ * = 0.
By using Eq. (51), we find the equation determining R as
a function of w as

G' (Lm)
G (L)

T] =0, (55)

31

R(g)—3— DF+2F2 (VuF) (VH*F)
(Fm) (2f2(R)+9(1)2>a)2
_k |:4 (1 _ ML,,,) G (Lm)Ti| =0. (56)
2F G (L) G (Lm)

Also, the covariant divergence of the energy—momentum ten-

sor becomes

VT
4G?

9
=Gx <f2 + 5({)2) (a)avva)a + w, Ve

VaLm
G

o FG
+ (Tyy — gavL) V¥ In

—w,V¥In F + 0w,

G'K
2G
G'K

1
[(FRav - Tav) - Eg;w

A4FO0F — 6VYFV,F o
x| K+ 7 VYIn F

4G w,
ok etV

+ (5VYFV,Vy F —

3FV,0F
FG'K

+ F’V,R — FV,K)

36G2w* wt
G,—K(wvvuwa + waF;w)' (57

As one can see from Eq. (57), the covariant divergence
of the matter energy—momentum tensor is not conserved in
the Weyl geometric formulation of f (R, L,,) theory. This
result is similar to the one obtained in the metric case [78],
and it is essentially a direct consequence of the presence of
the geometry-matter coupling. From a physical point of view,
this result can be interpreted as describing irreversible parti-
cle production, and an energy transfer from gravity (geome-
try) to matter [73]. This creation process may play an impor-
tant role in cosmology and may also provide a mechanism to
explain the late acceleration of the universe [77].

3 Palatini formulation of quadratic Weyl gravity with
matter-curvature coupling

The general formalism developed in the previous sections can
be immediately applied to the case of conformally invariant
actions. In the particular case of the simplest conformally
invariant Weyl action (20), with

1 _
fi(R) = @Rz( g. 1), (58)
1
£(R) = g2 —R(g.T), (59)
and
52
G(Lw)=1— 5Ly, (60)
Y

respectively. Then we obtain immediately

5 _ 1 R B w? _ g2
F (R,a) ,Lm) =5 (; 7) <1 ﬁLm>, (61)
and
2 1 2 1 2 4
52
« (1 - ﬁLm>, 62)
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respectively. The conformally related metric 4, is given by

1 (R o g2
hyuy = @ ? - 7 1 - ﬁLm 8uv- (63)
3.1 Palatini formulation of quadratic Weyl gravity in
vacuum

If we neglect the effect of the matter by taking L,, = 0, then
G (Ly)=1,and

F (R, a)2> - 6;—2 (R — ;&) , (64)
and

1 (R? Y 9 4
K(Rw) 4§2< w>+5w, (65)

respectively. The metric field equations of the Palatini for-
malism of the quadratic Weyl geometric gravity take the form

3 2 —
R =S ) Ry —

—41-1 (R2 —30’R + 54a)4)

3
E(R — 36a)2)a)uwv

guv — 6E2T@ = 0. (66)

Iy

The metric h, conformal to g, is obtained as

1 3
By = — | R — Z0? ) guvs (67)
6&2 2

and it depends on the Ricci scalar as well as the Weyl vector.
The Palatini field equation (68) can be written down straight-
forwardly, as well as the scalar equation (66) relating R and
o, and they are given by

31 1 1
G+ 372 (V.F) (V, F)—F(V V)F——Fg,wDF
1 ., 1 K
+§ng + F[9w — @R]wﬂwv YA
1 -~
(@ _
—FTH‘;’ =0, (68)
and
R—3— DF+§l(v F)(V“F)—i—l 9?
2F FU?
1 , 2K
——R) ~ o, (69)
42 F
respectively.

@ Springer

3.2 Palatini formulation of the linear/scalar representation
of Weyl geometric gravity

An alternative and equivalent description of the dynamical
properties of gravitational theories based on the action (18)
was considered in [32] (see also references therein), and it
is based on the introduction of an auxiliary scalar field ¢y,
according to the definition

R®>+242R + ¢3 = 0. (70)

After substituting R? — —2¢gl§ - qﬁg into the action 18
and performing its variation with respect to ¢, we obtain
the equation

b (R+@3) =0, (1)
which gives for q‘)g the expression
¢8 = —R. (72)

Therefore, through this substitution, we re-obtain the origi-
nal form of the Lagrangian as introduced in the initial Weyl
geometry. By substituting Eq. (70) into the action (18), using
Eq. (14) we obtain

- 1 - 1
SR (g, F) = / {252 |:¢0 R (g, F) — Eq&%V”wﬂ

4
—i@%wuw“ n ‘i’z} +3 Fjv}J_ d*x. (73)

The action (73) is a particular case of the general action
(21), corresponding to f1(R) = 0 and f>(R) = R, respec-
tively. Hence, all the previous results obtained for the Pala-
tini version of the field equations derived for (21) can now be
applied to the linear/scalar version of quadratic Weyl gravity
by taking into account the particular forms of the functions
f1 and f>. The Palatini formulation of the theory for this
case was investigated extensively in [30,60], where it was
shown that the basic results obtained in the metric case also
remain valid in the Palatini formulation of the theory. More-
over, in the presence of the non-minimally coupled scalar
field (Higgs-like) with Palatini connection, the theory gives
successful inflation, and a specific prediction for the tensor-
to-scalar ratio 0.007 < r < 0.01 for the current spectral
index ng (at 95% CL) and N = 60 e-folds. The obtained
value of r is slightly larger than the value corresponding to
inflation in Weyl quadratic gravity of similar symmetry, due
to the presence of different forms of the non-metricity. Hence,
one can establish a relation between non-metricity and infla-
tionary predictions that enables the testing of the theory by
using future CMB observations.
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4 Cosmological applications

We will now investigate the cosmological applications of the
Palatini formulation of the conformally invariant f (R, L)
theory. In the following we consider a homogeneous and
isotropic universe, described by a flat FLRW spacetime, with
a line element given by

ds? = —dr® + a(1)*>(dx? + dy? + dz?), (74)

where a(t) is the scalar factor. Moreover, at this time we intro-
duce the Hubble function, defined according to H = a/a.
We assume that the matter content of the universe can be
described as a perfect fluid, with Lagrangian L, = —p,
where p is the matter energy-density, with the correspond-
ing energy—momentum tensor, defined in a comoving frame
given by

T} = diag(—p, p. p. p). (75)

We also assume that the Weyl vector in the FLRW universe
has only a temporal component Ag, and therefore it is given
by

A/,L = (A()s 07 09 O)' (76)

This choice is suitable for cosmological applications,
since it maintains the isotropy and homogeneity of the space-
time. The Friedmann and Raychaudhuri equations of the
Palatini formulation of the Weyl geometric f (R, L,,) grav-
ity theory can be obtained straightforwardly from Eq. (68),
and they are given by

1 G 1K
3H? = ZA29A2 —2f))— + ——
) 0(9Ag f2)F+2F
anb 3(EY L3KG L (77)
F a\F aFGPTPs
and
) 1 G 1 _F
H=—-A29A2 —2f)— + —~H—
20( 0 fz)F+2 7
N N> 1F IKG’( ) 78)
A\ F 2F 4Frg TP

respectively. Also, the equation of motion of the Weyl vector
can be written as

Ao +3HAo+3HAg+ G(9AL —2f) = 0. (79)

In the following, instead of the time variable 7, we use the
redshift coordinate z, defined as

1
l+z=—, (80)
a

and define the dimensionless Hubble function according to

H

h=—,
Hy

81)
where Hj is the current value of the Hubble parameter H =
aja.

To describe the decelerating/accelerating nature of the

cosmological evolution, we use the deceleration parameter
g, defined in the redshift space as

(142z)dh(z)
h(z) dz

g=-1+ (82)

4.1 Simple cosmological toy models

We will consider first some simple solutions of the cosmo-
logical system of evolution equations Eqs. (77)—(79).

As a first example, we adopt for the functions fi, f> and
G the following simple forms

f1=Ot, fz:ﬂR, GZJ/, (83)

where «, 8 and y are constants.
4.1.1 de Sitter solution

The cosmological model described by the functions (83) has
an exact solution, corresponding to constant Weyl vector,
given by

A 2 H L 4
0= -4, 0= o4,
2B

3
As one can see from the above solution, o and § should
be constant, but y remains arbitrary.

(84)

4.1.2 Models with constant Ag
By assuming that the temporal component of the Weyl vec-

tor is a constant, the model (83) has a nontrivial solution,
corresponding to

2 1 3
Ap = ./ — 4, = ——, 85
0 \/;Ol 14 15 (85)

and with the dimensionless Hubble function given by

1
h(z) Z\/E [(6—e)(1+2)%+€], (86)
where we have denoted
3Ja

@ Springer
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0.0 0.5 1.0 1.5 2.0 25 3.0

Fig. 1 The Hubble function /(z) and the deceleration parameters ¢ (z) of the model (83), corresponding to the best-fit values of € (dashed), e = 3.2
(dot-dashed), and € = 4.6 (dotted). The solid line corresponds to the ACDM model, and the error bars indicate the observational data with their

€1Irors

In order to find the best-fit value of the parameter €, we
use the likelihood analysis using the observational data on
the Hubble parameter in the redshift range z € (0, 2). In the
case of independent data points, the likelihood function can
be defined as
L = Loe */2, (88)
where Ly is the normalization constant, and the quantity x>
is defined as

X2=Z<—Ola. Tl) :

i

(89)

Here, i is the number of data points, O; is the observa-
tional value, 7; represents the theoretical values, and o; rep-
resents the errors associated with the ith data point obtained
from observations. By maximizing the likelihood function,
the best-fit values of the parameters € and Hy at 1o confi-
dence level can be obtained as

€ =3.8837021,

Hy = 67.0513057. (90)

The redshift evolution of the Hubble function and of the
deceleration parameter g for this model are represented in
Fig. 1. As one can see from the figure, despite its simplicity,
the present model can give an acceptable description of the
observational data, and at low redshifts it also reproduces the
predictions of the standard ACDM model for the behavior of
the Hubble function. However, some differences do appear
in the evolution of the deceleration parameter which, once
the quality of the observational data improves, may be able to
provide further cosmological tests of the Palatini formulation
of the f (R, L,,) theory. In Fig. 2 we have shown the corner
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Fig. 2 The corner plot for the toy model (83)

plot corresponding to the above estimation of € and Hy which
shows the best-fit values of the model parameter together with
their 1o and 20 confidence intervals.

4.2 Conformally invariant models

Let us now consider a quadratic conformally invariant Weyl
geometric cosmological model, obtained by assuming for the
functions f1, f>, and G the forms

fi =aR?,

fo=B. G=1—-yLy. oD

For the sake of simplicity, we will assume that the matter
Lagrangian has the form L,, = p. For a dust-dominated uni-
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Table 1 The best-fit values of the parameters «, 8, and Hy for the
conformally invariant quadratic Weyl geometric model (91)

Parameter Best fit lo CI 20 CI

o —-0.73 —0.73 £0.02 —0.73 £0.04
B —1.22 —1.22£0.04 —1.2240.08
Hy 67.64 67.64 £ 1.41 67.64 £2.77

verse, the Raychaudhuri and the Weyl vector field equations
can be simplified to

8642 — 9A% 1 48« [3H(6H2 v H 4+ 9HH + H)] —0,
(92)

and
Ao+ 3(HAg+ AgH) + 943 —2BA0 =0, (93)

respectively. The Friedmann equation is algebraic with
respect to the energy density, and it can be used to obtain
p in terms of the Hubble function H, and Ag. Now, let us
define the set of dimensionless variables

t = Hypt, H = Hph, Ay= HyAo
_ Pm _ 2,42 > B
= , =6k’ H?y, =, 94
P =3 12 Y ov, B 12 (94)

where Hy is the current value of the Hubble parameter, and
k% = 1/167G. Transforming to the redshift coordinate z,
one can solve numerically the Eqgs. (96) and (97) to obtain
the evolution of 4 and Ay.

To find the best-fit value of the parameter €, we employ
likelihood analysis using the observational data on the Hub-
ble parameter in the redshift z € (0,2) [81]. The best-fit

Fig. 3 The Hubble function /(z) and the deceleration parameter ¢ (z)
for the conformally invariant quadratic Weyl cosmological model (91),
for lower 20 limit (dashed), best fit (dot-dashed), and upper 20 limit

values of the model parameters o and 8 and of the Hubble
parameter Hy are summarized in Table 1.

InFigs. 3 and 4 we have plotted the evolution of the Hubble
function 4 and of the deceleration parameter g, together with
the dust abundance ,, = p/h? and the re-scaled temporal
component of the Weyl vector Ag/h2, as functions of the
redshift coordinate z.

We have assumed the lower 2o limit (dashed), best fit
(dot-dashed), and upper 2o limit (dotted) of the parameters
o and B as given in Table 1. Also, the initial conditions we
have chosen are A'(0) = 0.45, 1 (0) = 0.75, A¢(0) = 0.3,
and Ai)(O) = 0.2, respectively. It should be noted that the
value of the parameter y is chosen in such a way that the
current value of the dust density abundance becomes equal
to its ACDM value 2,,0 = 0.305.

As one can see from Fig. 3, the conformally invariant
geometric Weyl model can give an acceptable description of
the observational data, and it reproduces the predictions of
the ACDM model at low redshifts. However, very important
differences do appear in the matter behavior, on both a quan-
titative and qualitative level, which may indicate the presence
of very serious discrepancies between the present model and
ACDM. The temporal component of the Weyl vector is a
monotonically decreasing function of the redshift, and its
evolution does not depend significantly on the variation in
the numerical values of the model parameters.

4.3 Cosmology of the conformally invariant quadratic
Weyl geometric model

We now consider the general conformally invariant Weyl
geometric cosmological model, with for which the functions
f1, f> and f3 are given by

051 P 4

0.0 £

-0.5F 4 A

(dotted) of the parameters « and f as given in Table 1. The solid line cor-
responds to the ACDM model, and the error bars are the observational
data with their errors
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Fig. 4 The redshift evolution of the dust density abundance 2,,(z)
and of the Weyl vector Ag(z) for the conformally invariant quadratic
Weyl cosmological model (91), for lower 2o limit (dashed), best fit

1
1282

1 g2
——R.G=1-5Ly.
14

R%, o =
2 822

N 95)

In the following, we will assume that the matter Lagrangian
has the form L,, = p. For a dust-dominated universe, one
can obtain the Raychaudhuri and Weyl equations as

4H +36HH +8HBH? + H) +4H? + 48H*H
—4A3H +10H AgAg — 6H* A}

+2A0A¢ + 2435 — 987 A} = 0, (96)

and

. . . 3 .
Ao +3(HAo + AoH) + 55 QH + H*) Ao+ 943 =0,
97)

respectively. Similarly to the previous case, the Friedmann
equation is algebraic with respect to the matter-energy den-
sity, and it can be used to obtain p in terms of the Hubble
function, and Ag. Now, let us define the set of dimensionless
variables,

t = Hyt, H = Hph, Agp= H()Ao
_ Pm — Y

= —, = —, 98
b= sen? VT 3HoE? ©8)

where H) is the current value of the Hubble parameter and
k> =1/16m G. As we have already pointed out in the previ-
ous section, the coupling constant & is dimensionless. Trans-
forming to the redshift coordinate z, one can solve numeri-
cally the system of Egs. (96) and (97), respectively, to obtain
the evolution of 4 and Ay.

To find the best-fit value of the parameter €, we use again
the likelihood analysis, using the observational data on the

@ Springer

030F ]
,‘\’ ]
Foa
RN ]
0.25 - \ 4
[ A3 ]
F “ o
o 0.20: W bl
= : .
=} L ‘% ]
I<T o1sf o i
[ Yo,
b "V’
o010 Ve, b
t ST i
[ Sz
L LT
L e 1
0.05[ ST G
Bl n n n n 1 n n n n 1 n n n n 1 n n n n 1 n n n n 1 n n n n 1=
0.0 05 1.0 15 20 25 3.0
z

(dot-dashed), and upper 2o limit (dotted) of the parameters « and B in
Table 1. The solid line corresponds to the ACDM theory

Table 2 The best-fit values of the parameter & and of the present day
value of the Hubble function Hy for the general conformally invariant
quadratic Weyl model (95)

Parameter Best fit lo CI 20 CI
& —1.77 —1.77 £0.38 —1.77+£0.76
Hy 70.91 7091 £ 1.48 7091 £2.91

Hubble parameter in the redshift range z € (0, 2) [81]. The
best-fit values of the model parameter & and the Hubble
parameter Hy are summarized in Table 2.

In Figs. 5 and 6 we have plotted the evolution of the Hub-
ble function A(z) and of the deceleration parameter g(z),
together with the dust abundance 2, = p/ h2, and the re-
scaled temporal component of the Weyl vector Ag/h?, as a
function of the redshift coordinate.

In the Figs. 5 and 6 we have presented the lower 2o limit
(dashed curve), the best fit (dot-dashed curve), and the upper
20 limit (dotted curve) of the parameter &, as given in Table 2.
The initial conditions we have chosen are h'(0) = 0.47,
R"(0) = 0.71, Ag(0) = 0.21 and Ay(0) = —0.3, respec-
tively.

It should be noted that the value of the parameter y is
chosen in such a way that the current value of the dust density
abundance becomes equal toits AC D M value 2,0 = 0.305.

Similarly to the previous cases, the model gives a good
description of the behavior of the Hubble function and of
the observational data with respect to both observations,
and the ACDM model. Significant differences do appear at
higher redshifts on the order of z &~ 3. The evolution of the
matter-density parameter €2, is significantly different from
its behavior in the ACDM model, on both quantitative and
qualitative levels. The matter density reaches a maximum
value at a redshift of z &~ 0.9, and during the different phases
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Fig. 5 The Hubble function %(z) and the deceleration parameter ¢ (z)
for the general quadratic conformally invariant Weyl geometric model
(95), for lower 20 limit (dashed), best fit (dot-dashed), and upper 2o
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Fig. 6 The dustdensity abundance 2, (z) (left panel) and the re-scaled
temporal component of the Weyl vector Ag(z) (right panel) for the gen-
eral conformally invariant Weyl geometric case (95), for lower 2o limit

of the evolution the matter density can be both a time increas-
ing or a time decreasing function.

Thus, further precise observations of the matter density
behavior at higher redshifts may provide a powerful test of the
validity of the conformally invariant Weyl type cosmological
models with curvature-matter coupling.

5 Discussion and final remarks

In the present paper we have investigated the Palatini version
of a generalized f (R, L,,) type gravity model, originating
in the conformally invariant gravity theory proposed by Weyl
more than 100 years ago, based on his generalization of the
Riemann geometry. The present theory, constructed ab ini-
tio from Weyl geometry, contains a supplementary curvature
matter term as compared with the original Weyl theory and

2
24

Aol

0.4

limit (dotted) of the parameter & in the Table 2. The solid line corre-
sponds to the ACDM model, and the error bars are the observational
data with their errors
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(dashed curve), best fit (dot-dashed curve), and upper 20 limit (dotted
curve) of the parameter £ as given in Table 2. The solid line corresponds
to the ACDM model

most of its extensions. This term can be added in a confor-
mally invariant way to the gravitational action so that the
conformal invariance of the theory is not broken.

The requirement of the conformal invariance of the phys-
ical laws is a fundamental concept in theoretical physics,
as initially suggested by Weyl [3-6]. A highly attractive
idea, conformal invariance is analogous to the gauge prin-
ciple in the physics of elementary particles, where it played
a fundamental role in the advancement of modern physics.
There are strong similarities between the global transforma-
tions of units and the global gauge transformations. The laws
governing the realm of the elementary particle physics are
conformally invariant, which is not the case for Einstein’s
gravity. This aspect represents another important difference
between microphysics and the gravitational interaction. A
bridge between elementary particle physics and gravitation
can be constructed via the Weyl geometry, which naturally
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contains the principle of conformal invariance. The simplest
fully conformally invariant theory of gravity contains in its
action a quadratic term in the Weyl scalar, as well as the con-
tribution coming from the strength of the Weyl field. Once
a conformally invariant matter Lagrangian term is added,
the resulting theory is fully conformally invariant. However,
generally, the matter Lagrangian is not conformally invari-
ant, and to ensure the conformal invariance of the theory in
the presence of matter, a coupling of the matter Lagrangian to
curvature is also necessary. The metric version of this theory
was constructed and investigated in [ 78], where its cosmolog-
ical implications were also considered. In the present paper
we have extended the Weyl geometric f (R, L,,) theory by
assuming arbitrary couplings between matter and Weyl geo-
metric terms, couplings that may not guarantee the conformal
invariance of the considered models. However, even in the
presence of a broken conformal invariance, theoretical grav-
ity models based on Weyl geometry may prove relevant for
the interpretation of the present day observations.

To construct a f (R, L,,) type Weyl geometric model we
begin with the simplest possible conformally invariant action
containing the square of the Weyl scalar, the strength of the
Weyl vector, and a matter-curvature coupling term. Because
of the straightforward relation existing between the geomet-
ric terms in Weyl and Riemann geometries, Weyl models
can be equivalently reformulated in Riemann geometry. In
the case of the quadratic Weyl action, the equivalent grav-
itational action in the Riemann geometry contains a term
proportional to R?, coupled with matter, a term containing
the Ricci scalar, multiplied by »?, and also coupled with mat-
ter, plus some other terms originating in Weyl geometry. In
our analysis we have generalized this model by considering
arbitrary functional couplings instead of the R? and R terms
in the action.

To obtain the field equations, we have considered the inde-
pendent variation of the action with respect to the metric
and the independent connection. As a first result of these
variations it follows that the independent connection T is
compatible with a conformal metric h,, given by h,, =
F (R, @?, Lm) &uv» with the conformal factor F a function
of the Ricci scalar, the matter Lagrangian, and the square of
the Weyl vector. The metric £, is now assumed to be the
physical metric, and the associated Levi-Civita type connec-
tion can be represented in Riemann geometry as the sum of
the Levi-Civita connection of the metric g plus corrections
terms coming from the conformal factor F. Once the form
of the connection is known, the geometric quantities and the
Einstein field equations can be easily obtained, thus leading
to the Palatini formulation of the generalized Weyl geometric
gravity in the presence of curvature-matter coupling.

As a possible test of the Palatini formulation of the Weyl
geometric type f (R, L,) theories, we have investigated
their cosmological implications. The cosmological evolution

@ Springer

equation (generalized Friedmann equations) can be obtained
in their general We have considered three specific models,
based on particular choices of the functions fi, f> and G
that determine the mathematical structure of the theory. The
first (toy) model corresponds to an action of the form

1 9
S = / |:§ay + By Ro?* + Zyw4 ~2 Wi| J—gd*x,
99)

in which the matter Lagrangian has been approximated by a
constant. The corresponding cosmological model admits a de
Sitter solution, corresponding to a constant temporal compo-
nent of the Weyl vector. A second class of solutions obtained
from the action (99) correspond to models with varying Hub-
ble function, having fixed values of Ay and y. Despite their
simplicity, these models can give an acceptable description
of the observational data for the Hubble function, and can
reproduce rather well the behavior of the Hubble function up
to redshifts of z ~ 1.

The second (toy) cosmological model we have considered
is derived from the action

1 9
S:/|:§oz(1—yLm)R2+ﬂw2+Z(1—yLm)w4

—ZFjU}/_d“ (100)
with «, B and y constants. The Palatini version of this model
leads to third-order differential equations for the evolution of
the Hubble function. However, the model can describe well
the low redshift observations, but the differences between
the predictions of this model and those of the ACDM model
increase significantly with the redshift. The behavior of the
matter density parameter is very different as compared with
the ACDM model, suggesting the existence of periods in
which the matter density increases and decreases, respec-
tively.

Finally, the third cosmological model we have considered
is based on the Palatini variation of the Weyl geometric action

_ 1 g2 > 1 g2 2
S—/[@(l‘ﬁL )R ‘@(“#m)“

9 ‘%-2 4 -2 4
+—<l——2L >a) ——F ]\/_d
4 4

i (101)

with & and y constants. This model also gives third-order
ordinary differential evolution equations for the Hubble func-
tion. The fitting with the observational data enables the deter-
mination of the model parameters. There is good concor-
dance with observational data for the Hubble function up to
a redshift of around z ~ 2. The differences between models
increase with increasing redshift. For low redshifts (z < 0.5),
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the matter density parameter of the model can reproduce the
ACDM behavior.

The temporal component Ag of the Weyl vector has sim-
ilar behavior in all three considered models, since it is a
monotonically decreasing function of redshift (a monotoni-
cally increasing function of time), indicating that it had much
higher values in the early universe. For the third considered
model, the Weyl vector takes negative values for redshifts
larger than 0.5.

To conclude, the results of our investigations performed in
the present work suggest that the Palatini formulation of the
Weyl geometric f (R, L,,) type theories of gravity may play
a relevant role in the description of gravitational processes
both at high matter densities, corresponding to the very early
universe, and at the low densities, specific to the present-day
universe. Other astrophysical and cosmological implications
of the Palatini formulation of Weyl geometric type theories
will be considered in a future study.
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