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Abstract We investigate the coupling of matter to geom-
etry in conformal quadratic Weyl gravity, by assuming a
coupling term of the form L, R?, where L,, is the ordi-
nary matter Lagrangian, and R is the Weyl scalar. The cou-
pling explicitly satisfies the conformal invariance of the the-
ory. By expressing R? with the help of an auxiliary scalar
field and of the Weyl scalar, the gravitational action can be
linearized, leading in the Riemann space to a conformally
invariant f (R, L,,) type theory, with the matter Lagrangian
nonminimally coupled to the Ricci scalar. We obtain the grav-
itational field equations of the theory, as well as the energy—
momentum balance equations. The divergence of the mat-
ter energy—momentum tensor does not vanish, and an extra
force, depending on the Weyl vector, and matter Lagrangian
is generated. The thermodynamic interpretation of the the-
ory is also discussed. The generalized Poisson equation is
derived, and the Newtonian limit of the equations of motion
is considered in detail. The perihelion precession of a planet
in the presence of an extra force is also considered, and con-
straints on the magnitude of the Weyl vector in the Solar Sys-
tem are obtained from the observational data of Mercury. The
cosmological implications of the theory are also considered
for the case of a flat, homogeneous and isotropic Friedmann—
Lemaitre—Robertson—Walker geometry, and it is shown that
the model can give a good description of the observational
data for the Hubble function up to a redshift of the order of
7~ 3.
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1 Introduction

The birth of general relativity through the work by Einstein
[1] and Hilbert [2] did have a deep impact not only on physics,
but also on mathematics, leading to several extensions of the
Riemannian geometry. Almost immediately after general rel-
ativity was proposed, Weyl [3] did develop a generalization
of Riemann geometry, with the explicit goal of formulating a
unified theory of gravity and electromagnetism. The starting
point in Weyl’s approach was the observation that in vacuum
Maxwell’s equations are conformally invariant, which led
him to suggest that the gravitational field equations should
have the same symmetry. In Weyl’s geometry the covariant
derivative of the metric tensor is conjectured to be nonzero,
so that V. g,y = Qjuv = ;.8uv, Where the new geomet-
ric quantity Qj . is called the nonmetricity, while wj, is the
Weyl vector field. For a detailed account of Weyl theory and
its possible physical interpretation see [4]. Moreover, in a
Weyl geometric framework the parallel transport does not
keep the length of a vector constant. This feature of the Weyl
geometry led to Einstein’s severe criticism of its initially pro-
posed physical interpretation, based on the claim that since
the behavior of the atomic clocks would depend on their past
history, the existence of sharp spectral lines in the presence
of an electromagnetic field would be impossible.

If one gives up the interpretation of the Weyl vector field as
an electromagnetic type potential, the conformally invariant
Weyl geometry represents an important and beautiful gener-
alization of Riemannian geometry. In the following we con-
sider the Weyl field as having a purely geometric nature. The
physical investigations using Weyl geometry are built on the
fundamental assumption that conformal invariance is a basic
symmetry property of Nature. A local conformal transforma-
tion

ds? = 2%(x)ds? = Ez(x)gwdx“dx” = guvdx*dx”,

does not transform the local coordinates, but changes the
units for the measurements in space-time. The Christoffel
symbols transform under a conformal transformation accord-
ing to [5]

- )y by )y
A A Mok Wk ro &0
FMVZFMU+|:?811+ > (Sﬂ_gU?glwiI'
If &y = w, +28, /%, then I}, =T% Rl =Rl .
R,», = Ry, and F, = Fy,,, where F};, = V, 0, — V, 0.

Hence, one can consider w;, as a gauge field mediating at
different space-time points the conformal factors [6,7].
Weyl gravity was generalized by Dirac [8,9], who intro-
duced in the theory areal scalar field 8 of weight w(8) = —1.
The corresponding gravitational Lagrangian is given by

1
L= —ﬂ2R+kD“,BDM,3+cﬂ4+ZFWF’”, 1)
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where k = 6 is a constant. The Lagrangian given by Eq. (1)
has the important property of conformal invariance. The cos-
mological implications of the Lagrangian (1) were investi-
gated in [10]. An alternative Weyl-Dirac type Lagrangian
was suggested in [11], and it is given by

L = W*W,, — B*R + o 2w w; + 20w B,
+(o +6)BpB1g"" + 208 + L, )

where W, is the Weyl curvature tensor, constructed with the
help of the Weyl vector w,,, and B is the Dirac scalar field,
respectively. o and A are constants. An interesting property
of this model is that ordinary matter is created at the begin-
ning of the cosmological evolution, due to the presence of the
Dirac gauge function. Moreover, in the late Universe, Dirac’s
gauge function creates the dark energy that determines the
recent acceleration of the Universe. For other physical gen-
eralizations of Weyl theory see [12—14].

Independently of Weyl geometry, but inspired by it, the
idea of the conformal invariance of the gravitational action
in Riemann geometry has attracted a lot of attention. Gravi-
tational theories based on the action

1
Swet = / 4% /=g Cruup 0 3)

where C,,p0 is the Weyl tensor, are called conformally
invariant, or Weyl gravity type theories. They have been
investigated in detail in [15-31]. In particular, for a static
spherically symmetric metric of the form ds? = —B(r)dr? +
B~L(r)dr? + r2dQ, the theory admits vacuum solutions of
the form B(r) = 1 — 3By — B2 —3By) /r + yr + kr?,
where 8, y and k are constants [15]. It was also suggested
that Weyl gravity could explain the flat rotation curves of
galaxies without the need of introducing dark matter [15].

An important application of Weyl geometry to the study
of gravitational interaction is the f(Q) gravity theory, or the
symmetric teleparallel gravity. Initially proposed in [32], in
this theory the nonmetricity Q of a Weyl geometry is the
fundamental geometrical quantity describing all the physi-
cal aspects of gravity. This approach to gravity was extended
in [33], and is known presently as the f(Q) gravity the-
ory, or nonmetric gravity [33]. In the presence of mat-
ter the action of the gravitational field is given by S =
J(f(Q)+ Lp) /—gd*x. The physical, cosmological and
geometrical properties of the f(Q) theory have been studied
in detail in [34-53].

The role of the conformal structures in cosmology was
emphasized by Penrose [54], who, based on the observa-
tion that at the end of the de Sitter accelerating expansionary
phase, induced by the presence of the positive cosmological
constant A, the spacetime will be space-like, and confor-
mally flat, as it was the initial boundary of the Universe dur-
ing the Big Bang, introduced a cosmological scenario called
conformal cyclic cosmology (CCC). In this model the Uni-
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verse consists of eons, representing a time oriented space-
time, with their conformal compactifications having space-
like null infinities. Different aspects of the Conformal Cyclic
Cosmology were investigated in [55-61]. In particular, in
[56] a Weyl-invariant action that describes both gravity and
the standard model, with Lagrangian

_ L2 oyt
L_E(qﬁ _2H H)R(g)
ny ! i
+¢""( 50u00,9 — DuH'DH
Al 2,0\2 N 4
‘[Z(H H - o?¢?) +Z¢]+LSM, @

was investigated, where Lgy denotes the standard model
Lagrangian, without the kinetic and self interaction terms
of the Higgs doublet H, the scalar field ¢ is a singlet under
SU(2) xU (1), which does not couple to the standard model
fields, with the exception of the Higgs field, while w is a small
parameter, of the order of 10~!7, determining the Higgs vac-
uum expectation value, and the Higgs mass.

The importance of the local conformal symmetry was
emphasized by 't Hooft in [62], where it was argued that it is
an exact symmetry that is spontaneously broken. The break-
ing of the conformal symmetry may lead to a mechanism
unveiling the small-scale structure of the gravitational inter-
action. This symmetry could be as important as the Lorentz
invariance, and could help in the understanding of the Planck
scale physics. A theory of gravity based on the idea that local
conformal symmetry is an exact, but spontaneously broken
symmetry of nature was proposed in [63]. The Lagrangian
of the theory is L = Lgm + Lmatter, Where

_ ~ 1 2 A e Ay
LEM—V‘g[m (P R63 duoi0) gz |
(%)

and
1 L ~ 1 A
Lmatter = _ZF/,LVF +v—8l — 568 D/L¢DV¢

1 1 5 A
—§m2w<—2¢2 — 2R —

2 ot) + L 6
) _¢)+ ferm ()

8
where the term ¢>R> was included for restoring the con-
formal invariance of Lager, and R is the scalar curvature
constructed from g,,,,. In this model the conformal compo-
nent of the metric field can be treated as a dilaton field, and
a black hole turns into a topologically trivial, regular soliton
without horizons, firewalls, and singularities.

Conformal Weyl gravity, quadratic in the scalar curvature,
and in the Weyl tensor, was investigated, in both metric and
Palatini formulations, in [64-71]. The elementary particle
physics as well as its implications for the very early Universe
evolution were investigated. The quadratic Weyl action has

spontaneous symmetry breaking in a Stueckelberg mecha-
nism, with the result that the Weyl gauge field acquires mass.
Hence, one recovers the Einstein—Hilbert action of standard
general relativity in the presence of a positive cosmologi-
cal constant, together with the Proca action for the massive
Weyl gauge field [64]. A Weyl-invariant Lagrangian without
ghosts of the form

i1
L= ./—_g{ - %’ [g ¢F R+ 8" 8, av¢j]
1 ~ -
+(1+&) 38" Dyug; Dty — V(@))]. )

was proposed in [65], where a potential V(¢;) for the
scalars ¢; was also added, with V' a homogeneous function
V($;) = ¢} V($;/dr), k = fixed. A successful inflation is
possible if one of the scalar fields is identified as the inflaton.
Inflation in Weyl gravity coupled to a scalar field leads to
results similar to those of the Starobinsky model [72], which
isrecovered for vanishing non-minimal coupling [66]. In [67]
it was pointed out that Weyl conformal geometry may play
a fundamental role in the early Universe, where the effective
theory at short distances becomes conformal. Weyl confor-
mal geometry has a naturally built-in geometric Stueckelberg
mechanism, which is broken spontaneously to Riemannian
geometry after a particular Weyl gauge transformation (of
gauge fixing). On the other hand, the Stueckelberg mech-
anism rearranges the degrees of freedom, conserving their
number. Quadratic gravity R* + R,zw in the Palatini formal-
ism, where the connection and the metric are independent,
was investigated in [68]. The action has a gauged scale sym-
metry, or as Weyl gauge symmetry of the Weyl gauge field.
In the presence of non-minimally coupled Higgs-like fields,
the theory gives successful inflation. A comparative study
of inflation in two theories of quadratic gravity with gauged
scale symmetry, given by the original Weyl quadratic gravity,
and in a theory defined by a similar action but in the Palatini
approach obtained by replacing the Weyl connection by its
Palatini counterpart, was considered in [69]. In the absence
of matter the Palatini Lagrangian has the form

~ 1 ~
L0:4/—g{%R(F,g)z_@R[MU](F)2}9 (8)

where I" is the Weyl or Palatini connection, respectively and
&o and « are constants. The Einstein—Proca action of the Weyl
field, the Planck scale, and the metricity condition emerge in
the broken phase, after w,, acquires mass via the Stueckelberg
mechanism. For large Higgs fields inflation is possible. The
cosmological evolution of the Weyl conformal geometry and
its associated Weyl quadratic gravity was considered in [71].
In the spontaneously broken phase of Weyl gravity Einstein
gravity (with a positive cosmological constant) is recovered,
after the Weyl gauge field of scale symmetry becomes mas-
sive by Stueckelberg mechanism, and decouples. The com-

@ Springer
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parison to the ACDM model shows a very good agreement
between these two models for the (dimensionless) Hubble
function % (z) and the deceleration parameter g(z) for red-
shifts z < 3. Hence, the Weyl conformal geometry and its
associated Weyl quadratic gravity may provide an interest-
ing alternative to the ACDM standard model, and to general
relativity.

The extremely precise determinations by the Planck satel-
lite of the temperature fluctuations of the Cosmic Microwave
Background Radiation [73,74], combined with the observa-
tions of the light curves of the distant supernovae [75], have
convincingly shown that the Universe is in a phase of accel-
erating expansion, of a de Sitter type. Additionally, other
important observational results led to the conclusion that in
the total matter composition of the Universe baryonic mat-
ter represents only around 5%, while 95% of matter con-
sists from two mysterious components, called dark matter,
and dark energy, respectively. To explain the cosmological
observational data, the ACDM model was introduced, which
is necessarily based by the inclusion in the Einstein gravita-
tional field equations of the mysterious cosmological con-
stant A, introduced in general relativity in 1917 by Einstein
[76], to build-up a static cosmological model. The ACDM
model gives a very good description of the observational
data, particularly at low redshifts. But its theoretical basis
is problematic, and there are no satisfactory explanations to
the many questions raised by the interpretation and physical
nature of A.

Therefore, it is reasonable to assume that in order to obtain
adescription of the Universe that is both physically and math-
ematically acceptable, and realistic in its confrontation with
observations, one must go outside the limits of standard gen-
eral relativity. Hence, the general relativistic Einstein field
equations that give an extremely precise description of the
gravitational physics in the Solar System, must be replaced
by a new theory of gravity. One of the possible extensions
of general relativity is represented by theories that imply
a geometry-matter coupling [77-79]. For extensive reviews
and discussions of theories with geometry-matter coupling
see [80-85]. Such a geometrical-physical approach leads to
gravitational models more complicated than standard gen-
eral relativity, and they represent an interesting possibility
for explaining the accelerating expansion of the Universe,
dark energy, and dark matter, respectively. However, these
types of theories also raise a number of extremely difficult
physical and mathematical questions.

It is the goal of the present paper to investigate an exten-
sion of the conformally invariant Weyl geometric gravity,
as introduced in [64-66], by allowing the possibility of a
conformally invariant coupling between matter and curva-
ture in a Weyl geometric framework. Under the assumption
that the matter Lagrangian is conformally invariant, the sim-
plest possibility of a curvature-matter coupling consists in

@ Springer

the addition to the gravitational action of a term of the form
L, R?, where R is the Weyl scalar constructed from the con-
tractions of the Weyl curvatures. This term is conformally
invariant, and thus the full conformal invariance of the the-
ory is preserved. After introducing the gravitational action in
Weyl geometry, with the help of an auxiliary scalar field,
the action can be linearized in the curvature in Riemann
geometry, where it takes the form of a f (R, L,,) theory,
with the matter Lagrangian coupled with the Ricci scalar. We
obtain the field equations of the theory by varying the action
with respect to the metric tensor. The divergence of the mat-
ter energy-momentum tensor turns out to be generally non-
zero, indicating that the motion of massive particles is non-
geodesic. The evolution equations of the Weyl vector are for-
mulated in analogy with the Maxwell equations of classical
electromagnetism, by introducing the electric and magnetic
Weyl vectors, thus leading to an electromagnetic type system
also containing the matter Lagrangian. The Newtonian limit
of the theory is also considered, and the generalized Poisson
equation is obtained, which allows to consider the correc-
tions of the Newtonian gravitational potential in the vacuum
coming from the Weyl geometry. As a possible astrophysi-
cal test of the theory we investigate the motion of the plan-
ets in the Newtonian approximation by using an approach
based on the use of the Runge—Lenz vector. We interpret the
non-conservation of the matter energy—momentum tensor as
describing particle production due to the geometry-matter
coup[ling, and we obtain the basic thermodynamic parame-
ters (particle number balance, creation pressure, entropy and
temperature) of this process by using the thermodynamics of
irreversible processes in open systems. The matter creation
processes are essentially controlled by the Weyl vector.

In order to consider the cosmological applications of the
theory we have performed a spatial averaging of the Weyl
vector, and of the Weyl electric and magnetic fields. As a
result of averaging the cosmological effects of Weyl geom-
etry can be described in terms of an effective radiation like
fluid, with time dependent only pressure and density satisfy-
ing the radiation equation of state. As aresult of the averaging
of the cosmological field equations one obtains a system of
generalized Friedmann equations, describing the evolution
of the Universe in a homogeneous and isotropic Friedmann—
Lemaitre—Robertson—Walker geometry. The system of cos-
mological equations is studied numerically, and its solutions
are fitted with the observational data, thus allowing to obtain
the optimal values of the model parameters.

The present paper is organized as follows. After a brief
review of Weyl geometry, the action of the conformally
invariant f (R, L,,) theory is introduced in Sect.2. After
linearizing the action, the gravitational field equations as
well as the Weyl field equations are derived. The Newto-
nian limit of the theory, as well as the generalized Pois-
son equation are also obtained. The divergence of the matter
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energy-momentum tensor, the expression of the extra-force,
as well as the equations of motion of massive test parti-
cles are presented in Sect. 3. Solar System constraints on the
model parameters are inferred from the study of the perihe-
lion precession of the planet Mercury, performed via the use
of the Runge—Lenz vector. The thermodynamic interpreta-
tion of the theory is outlined in Sect.4, where it is pointed
out that the present theory may involve particle creation pro-
cesses whose natural description may be done by using the
formalism of the thermodynamics of irreversible processes
in open systems. The basic thermodynamic parameters (par-
ticle creation rates, creation pressures, entropies and temper-
atures) are obtained in a general form, and in the Newtonian
approximation. The cosmological applications of the theory
are presented in Sect. 5, where the averaging procedure of the
Weyl field is also presented in detail. The averaged general-
ized Friedmann equations are solved numerically, and their
solutions are fitted to the observational data, thus allowing
to obtain the optimal values of the model parameters. We
discuss and conclude our results in Sect. 6.

In this study we use the Landau-Lifshitz [86] sign con-
ventions, and definitions of the geometric quantities.

2 Coupling matter and geometry in conformal Weyl
spacetimes

In the present section we first briefly review the fundamentals
of Weyl geometry to be subsequently used. Then the action of
the theory is presented, and the gravitational field equations
are obtained. The field equations of the Weyl vector, writ-
ten down in a form similar to the electromagnetic Maxwell
equations, and the Newtonian limit of the theory are also
considered.

2.1 Recap of Weyl geometry

The Weyl geometry is defined by classes of equivalence
(galg, wﬂ) of the metric g4 and of the Weyl vector gauge
field w,, related by the Weyl gauge transformations [70],

. s 3 1
8uv = anuv = [g;w] , Wy =Wy — aau InX,
V-g=3"J=g. ¢=x""p, ©)

where by n we have denoted the Weyl charge. Also we can
easily obtain

(] = 1 [15] =1, [4] = g [#o] = 1[50
Ll =1,[Tw] =2" [T*]=27",[p] =1, [pl =1,
) = =2 0] = =R 1] = 22,

In the above equations, and further, the square brackets
[...] denote the degree of ¥ in the conformal transforma-
tion of the physical and geometrical quantities. Moreover, p
denotes the matter energy density, p is the thermodynamic
pressure, T}, is the ordinary matter energy-momentum ten-
sor, T = —p + 3p is the trace of the energy-momentum
tensor, u,, is the four-velocity of the matter, and j, = pu, is
the matter current, respectively. L,, denotes the Lagrangian
density of the ordinary (baryonic) matter, which can be taken
equivalently as L,, = p,or L,,, = —p.

The Weyl gauge vector field is determined by the Weyl
connection l:, which can be obtained as a solution of the
equations

6)Lg/j,v = —noewygv, (10)
where « is the Weyl gauge coupling, and
@Aguv = 0pguv — f‘fxgpu - f‘Z)Lgvp' (11)

The Weyl geometry is non-metric, and Eq. (10) can be
reformulated in an equivalent form as

(6)» + nota);h) guv = 0. (12)

Similarly to gauge theory in elementary particle physics,
one can construct gauge invariant expressions in which the
partial derivative is replaced by a Weyl covariant derivative,
like, for example, in

d) — 0y + weight X o x ;. (13)

Using the permutation of indices and combining the result-
ing relations, from Eq. (10) we obtain

~ n
I, =TIk + oz (85w + Sywp — ' guy) . (14)
where
1
Do = 5 (81)8)»;; + 08 — a)»g;w) > (15)

is the Levi-Civita metric connection, and
< o
F;w =g" T\ uv- (16)

Taking the trace in Eq. (14) gives

[, =T, + 2naw,. (17)
We also introduce the field strength F,,, of @, defined
according to

Fuy = Vo, — Voo, = 8,0, — dyo,. (18)

We can compute the curvatures in Weyl geometry by using
the Weyl connection as follows,

DA A A HA T MA T

R, =0T, — 9,1, + T 0 — T4 T (19)
and

Ry =R}, R=g" Ry, (20)

@ Springer
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respectively. For the Weyl scalar we obtain
- 3
R =R —3naV,o" — 3 (na)? w ot (21)

R transforms covariantly, and ,/— gl‘?2 isinvariant. Another
important quantity, the Weyl tensor is defined as

- no -
C;va(r = C;wp(r - 4 (gup vo gvo — 8uo va
- an ~
_gupF;La - TF;wgpo’ (22)

where C, is the Weyl tensor of Riemannian geometry,
defined in four dimensions as

1
Crvpo = Rpuvpo + _<Ru0gvp + Rup&uo — Rupgvo

2
1
—Rysgup | + ER (gp.pgva - guogvp) . (23)
Hence
3 -
~2 2 2 72
C;wpo - C;u)pa E (an) F;w (24)

The tensor /—gC> Lvpo s well as all its components are
invariant with respect to the conformal transformations of the
metric.

For C2

Lvpe We find

C2

Lvpo (25)

1
= Ryuvpo R*7P7 — 2R, R* + §R2.

In the following for the Weyl charge n we will adopt the
value n = 1 only.

2.2 Conformal coupling of matter and curvature in Weyl
geometry

By using the basic
(R F2 . C? )the following action was proposed in [70]

scalars of the Weyl geometry

nvs = pvpo )
to describe the properties of the gravitational field,

so=[ |~ LR -
’ /4'52

where two coupling parameters £ and 7 have also been intro-
duced. To obtain a realistic approach of the gravitational phe-
nomena the effect of the matter must also be considered in the
action (26) via a conformally invariant Lagrangian density
L.

In the present study we consider the simplest possibil-
ity for the construction of a conformally invariant matter
Lagrangian, namely, by assuming that Ly = L,R?/41y2
where L,, is the ordinary matter Lagrangian density, with the
property [L,,] = 1, and y is a coupling constant. Hence in

1 - 1 -
4 51;— 2 /valT:|V dx (26)

@ Springer

the presence of matter the conformally invariant action for
gravity in Weyl geometry takes the form

Jjces

1 g2 O 1
:/[@ (l—l-?Lm)Rz—ZFiv— = Wa]«/ gd*x.

27
At this moment we introduce an auxiliary scalar field ¢y,
according to the definition [70],

R?> = —2¢3R — ¢.
We then substitute R — —2¢2R — ¢3 in Eq. (27). The

variation of the action (27) with respect to ¢ leads to the
equation

(U s

e Tay?

? AT 2

]

(28)

o (15 + ¢§) =0 (29)
which fixes qbg as
¢g = —R, 30)

and hence through this identification we recover the original
form of the Lagrangian as defined in the initial Weyl geom-
etry. On the other hand, gravity theories containing higher
derivative terms of the form R", are equivalent to standard
general relativistic theories with one extra scalar degree of
freedom ¢. These new scalar degree of freedom also appear
generally inin f (R) theories of gravity due to the redefinition
of the variables of the model. Considering a general gravi-
tational action of the form S = (1/2«?) [ f(R)y/—gd*x,
one can introduce a scalar field ¢ together with an associ-
ated potential V(¢) according to the transformations ¢ =
fR(R), and V() = R(®) fr(R) — f(R(¢)), respectively,
which allows to reformulate the gravitational action as S =
(1/2«%) [ [#R — V(¢)] /—gd*x. Hence, at the level of
action, R? — ¢ R — V (¢), and thus, after performing explic-
itly the calculations we obtain the relation (28).

Hence, the R? type gravitational models have the remark-
able property of allowing their linearization in the Ricci scalar
via the introduction of the scalar degree of freedom.

By substituting Eq. (28) into the action (27), with the use
of Eq. (21), we obtain

s=-[ |z (Hg >[¢)60

o? 1)
—Z¢§wﬂwﬂ + 1;} +7 Fr, + ZCiUpU}«/—gd“x.
(3D

We perform now a conformal transformation of the metric
with the conformal factor = ¢/ (¢5), where (¢7) is the
(constant) vacuum expectation value of the field ¢g [70].

2
§¢Ovﬂwu
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Hence the determinant of the metric tensor transforms as
V=& = ([0) /03) V=& R = (83/{63)) R. and @, =

+ (2/a) 0,90/ Po, respectively. Moreover, we impose the
gauge condition V,o" = 0.

For the sake of simplicity in the following we will not
write explicitly the hats on the conformally rescaled geomet-
rical quantities. Hence, the action of the gravitational theory
generated from Weyl geometry in the presence of geometry-
matter couplings takes the form

g2 L, 302,
S=—/{<1+—2Lm EMPR_TMPCO”‘CO#

3 1
+552M;}+48 Fl+—= Civpg}«/_—gd“x, (32)

= (¢g)/6E% and 1/8% =
1 + 6a?/n%. All physical and geometrical quantities in the
above action are defined in the Riemann space, but in order
to emphasize the geometric origin of F, wv» we will continue
to denote it by a tilde. Furthermore, we rescale the matter
Lagrangian by introducing a new effective matter variable
L, defined as

where we have denoted MIZ,

Ln=14+5Ly. (33)

Hence, we finally obtain the action of the conformally invari-
ant f (R, L,,) theory as

L 5 3
S:—/{L I:ZMPR_TM (,()M(,()M

1
452

1

3
+§§2M;‘;} — F2,+— Ciupa}«/—_gd“x, (34)

2.3 Gravitational field equations

By varying the gravitational action (34) with respect to the
Weyl vector w,,, it follows that w,, satisfies the generalized
system of Maxwell-Proca type equations,

- 3 2
V, F" 4+ ZM%a%s? <1 + é—L ) o’ =0, (35)
27 y?2
or, equivalently,
- 3
ViF" 4 2 Mpa?6i Ly " = 0. (36)

Due to its antisymmetry, the Weyl field strength F* sat-
isfies automatically, in Riemann geometry, the equations

Vo Eyy + VyFyo + VyFyy = 0. (37)

We consider now the variation of the action (34) with
respect to the metric tensor gM'. The variation of the

term—/—gF2, /48> = —/=gF,F" /48> = — /=g

F WI:"M g"* gV /482 gives the electromagnetic type energy-
momentum tensor associated to the Weyl field,

~ 1 -~ 1~ -
The variation of the term
1 —— 4
SC2 = _? ;w,ocf d (39
gives,
8 4
g Sc2 = —— [ Budg""'v—gd'x (40)

where B, the Bach tensor, is given by

By =ViVoCJll+ 2cl};’RM 41)

We consider now the variation of the first term in the action
(34). For the sake of simplicity we denote

1 30 wo )

Therefore we immediately obtain

[V=8LnK] = 7 (V=8Ln) K

g’”
)
+v—gLn—K. (43)

Sghv

For the first term in the above equation we find
) v —gL
( - m) K = aguv

Sghv
=3 WKQ/ g8gh’, 44)

(vV=8Lm) K5g""

where we have introduced the effective energy-momentum
tensor T,,,, defined as

2 0 (« /— gﬁm)
NATEEET
The effective energy-momentum tensor 7, is related to

the ordinary energy-momentum tensor 7,,, defined accord-
ing to

Taw = -

(45)

2 0 («/—ng)
T/w = - s (46)
NETEET
by the relation
52
ZLU = 8uv + ﬁT;w- 47

To obtain the above result we have used the identity § /—g =
—(1/2) /—g8uvg"" [86]. If the matter Lagrangian does
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not depend on the derivatives of the metric tensor, the effec-
tive energy-momentum tensor is given by

oL,
dghv’

Zw = Emg;w - (48)

The variation of the Ricci scalar can be obtained as [87]

SR =3 (8" Ruy) = Ruydg™’
+ g (vxar}w - vvarfu) : (49)
where V,, is the covariant derivative with respect to the Rie-

mannian Levi—Civita connection I", associated to the metric
g. Since the variation of the Christoffel symbols is given by

1
8T, = 5 " (Vu8gva + Vidgap — Vadgu) , (50)

we finally obtain for the variation of the Ricci scalar the
expression

SR = R;,88"" + (8w VeV — Vi V) 8gM". 51

Hence, for the variation of the second term in Eq. (43) we
find

v—8L K =—8Ln

m _Sg/“’

1 1
X |:§M12,Rwﬁg’“ + EMf,viuv“ag“”
1 3a?
—S MV, V8" %M%a)uwﬁg“”}. (52)

After partially integrating the second and the third terms
in Eq. (52), and discarding the total derivatives, we obtain

1 2
\/—gﬁmagml( = EMpI:EmRuu
o 30 wv
+(g,uvvav _Vﬂvu)»cm_ 5 »mep,wv v —888"".

(33)

Therefore, by taking into account all the previously par-
tial results, we obtain the gravitational field equations in
the conformally symmetric Weyl geometric type model with
geometry-matter coupling in the form

302

M; |:£mRW + (8w Va V¥ = Vi V) Ly — Tﬁmwﬂwu]

[ 3a? op 2172
~3 pTuv R — Twaa)ﬁg + 3¢ M,
8 -
+ FB,W — 2T =0. (54)

It is interesting to note that 7,,,, can also be interpreted as
an effective metric tensor, depending on the thermodynamic

@ Springer

properties of the matter. For the trace of the effective energy-
momentum tensor we obtain 7 = 4+ (£2/y?) T, where T =
T,f is the trace of the ordinary matter energy-momentum
tensor.

In the following we assume that the matter content of the
Universe is represented by a perfect fluid that can be char-
acterized by two thermodynamic quantities only, the energy
density p, and the thermodynamic pressure p, respectively.
Hence 7, is given by [86]

Ty = (pC2 + P) Upty — P8uv, (55)

where u,, is the four-velocity of the fluid, satisfying the nor-
malization condition u,u” = 1. Since in four dimensions

the Bach tensor is trace free, and f,ﬁw)“ = 0, by taking the
trace of the field equations (54) we obtain the scalar relation

a 30[2 2
£mR + 3VaV Em — Tﬁmw

where we have denoted w? = wy o', Equivalently, the trace
equation can be written as

1 3a? 1
<£m — ET) R —+ 3VO,V°‘/3m — T (ﬁm — §T> 602

38°M,

7 =0. (57
By eliminating the term V, V* L,, between the field equa-

tion (54) and the trace equation (56) we obtain an alternative
form of the field equation, given by

1 1 302 1
EMI% |:£m (R,w — gg,wR> — 7£m <a)ua)v — 3gﬂvw2>}

1 2 1 30{2 2 2..2
1.2 4 7 (@)
- EMPVMVVEm + ﬁBMV - T/“} = 0 (58)

The field equations can be written by introducing the Ein-
stein tensor as

1 8 1 .
Ry — =guwR+ ——5—B,, +—3%,,L
Y zg,uv +7]2M%£m ,uu+£m nv~m

1 T 31 (o 5, 5.,

Z YR =—-Z— | — M: )7,
3 (g’” /:m> 2, \ 2 T8 My ) Ty

3a? 2 1 -

()
Ty enen M2 L, v o2

where we have denoted fl,w = guwVa V¥ =V, V,.
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2.4 The Weyl vector field equations

In the conformally invariant version of the f (R, L,,) theory,
the Weyl vector satisfies the two field equations (36) and
(37), respectively. In the following we will reformulate these
equations in a form similar to the standard Maxwell equations
of the electromagnetic theory. Since F*’ = g"‘“gﬂ”Fa,g =
g gPv (Vowp — Vgwy) = VFw® — VVwh, we obtain
V, F* =V, VFie" — V,V ok
=V, V0" + Rjo’ — V¥ (V,0"), (60)
where we have used the definition of the Riemann tensor
[86],
(VuVy = Vo V,) AY = —APRG . 61)

and of its contraction,

(VuVy — V) A = —AP Ry, (62)

Hence it follows that the Weyl vector satisfies the gener-
alized wave equation

3
Do + Rjo — VY (Vo) + §M§a252£mw” =0. (63)

With the use of the gauge condition for w,, V, 0" = 0,
we obtain

3
Do’ + Rjo” + EM[%aza%mw“ =0. (64)
‘We introduce now the definitions
For = dp — dgwo = Ex, k=1,2,3, (65)

and
ij=8jwk—3ka)j=—l~?jk=—€ijk1§i,j,k=l,2,3, (66)

where €; . is the three-dimensional Levi-Civita symbol. Then
Eq. (37) gives the analogue Faraday and Gauss laws for the
Weyl field,

B+ ek Ey =0,0;B/ = 0. (67)

By introducing the electrlc and magnetic type Weyl vec-
tors E = (El, Ez, E3) and B = (Bl, Bz, B3>,Eq. (67) can
be reformulated as

=~

B > 5
In the case of a diagonal metric the inhomogeneous equa-
tion of the Weyl field, Eq. (36), can be reformulated in terms

of the electric and magnetic fields as

ak( g41 g% /= E)+ SM2?8 Ly’ —g =0, (69)

and

Lo ~ 3
eiid (8787 V=gB*) + M8 L0 =g =0, (70)
respectively.

2.5 The Newtonian limit, and the generalized Poisson
equation

In the following we will assume that the coupling constant 1
can take large enough values, and therefore we will neglect
the Bach tensor in the gravitational field equations. Then
Egs. (54) can be written in the form

R\ = — SEV VY — VIV, Loy

o (

T @w, (71)

We consider now the weak field and low velocity limit of
Eq. (71). In our approach we follow [86]. Since the motion
is slow, 0> << 1, we can neglect all spacelike components
in u*, and thus we retain only the time component, so that
u® =up = 1,andu’ = 0,i = 1, 2, 3. We further assume that
matter is pressureless, p < p, and thus the matter energy-
momentum tensor T} = pu,u* has only one non-zero com-
ponent, T(? = p. In the Newtonian limit, only the ggp met-
ric tensor component, given by goo = 1 + 2¢, gOO ~ 1,
where ¢ is the Newtonian gravitational potential, differs from
the Minkowskian values of the metric g;z = g'* = —1,
i,k=1,2,3[86].

In the weak field/small velocity limit we obtain R8 ~
R ~ Ag [86]. In this limit we can also neglect in the
field equations all derivatives with respect to the time. More-
over, Vo VLyy = (1/4/=8) 9 (V=889 Ln) ~ —ALp,
where in the Newtonian limit \/—¢ ~ 1, and £,, does not
depend on time. Moreover, in the following we assume that
Ly = p, Ly = 1+(£2/y?) p, and that the time-like compo-
nent of the Weyl vector field is dominant, so that w* ~ a)oa)o.
As for the effective energy-momentum tensor of matter, in
the Newtonian limit its Tgp component is given by

2
100%t8=1+2¢+%,0. (72)

We also assume that the components of the Weyl vector
have a very small variation in space, at least on the scale
of the Solar System, and in the vicinity of the Sun [88,89].
Hence, it follows that the electric E‘k = —0drwo and magnetic
—€ij «Bi=0; jwi — Okw; Weyl vectors have negligibly small
values in the Solar neighborhood, Ek ~ 0, and Bk ~ 0.
Hence, we also neglect the 00 component of the Weyl field

@ Springer



219 Page 10 of 22

Eur. Phys. J. C (2022) 82:219

- 52 32
energy-momentum tensor, by taking To(w)0 x (E + B ) ~

0.
Hence, under these approximations, from Eq. (71) we

obtain
2 2
(1452 )Aw Ve (Fore o)
2
+6(§ M, - >(p+—Ap
+3( a)—i—EM) (73)

2.5.1 Corrections to the Newtonian potential

In the limit of the weak geometry-matter coupling the cou-
pling constant y takes very large values, and thus, in the low
density, and vacuum, limit, the generalized Poisson equa-
tion, determining the Newtonian potential in the linear repre-
sentation of the conformal Weyl geometry with nonminimal
matter-geometry is given by

0[2 2
A<p=6<s2M},—7 )¢+3( W+ & M2>. (74)

In the limit of the vanishing Weyl vector, and of the
effective cosmological constant SZM[%, we recover the stan-
dard vacuum Poisson equation for the Newtonian potential
Ag = 0, with the spherically symmetric solution given by
¢(r) = —C/r, where C is an integration constant. In the
following we neglect the term proportional to the potential
in the generalized Poisson equation, that is, we assume that
the condition

20?24+ E2M
2 (g2Mg - aw2/2) '

By considering for the gravitational potential its Newtonian

¢ << (75)

expression ¢ (r) = |GMg/r|, the above constraint can be
reformulated as
E2M?% — aw?/2
>y | (76)
aw /2 +EM;

where rg = 2GMp ~ 3 x 103 cm, is the gravitational radius
of the Sun. Assuming «w?/2 >> £2M, the validity of the
approximation is restricted to the range r >> r,, corre-
sponding to the standard Newtonian regime.

Hence, in spherical symmetry Eq. (74) becomes

1 d [/ ,do(r) 302 , 5 5
) == M
Tar (r i ) 7@ (r) +3§°M,, 77

and it has the general solution

@ Springer

If in some finite region of the space-time w? can be approx-

imated by a constant, then the gravitational potential is given
by

2.2
o)==+ (“2“’ gsz,) 2 (79)

2

Hence, the presence of the Weyl vector induces important
corrections into the gravitational potential, and these mod-
ifications could lead to some observational or experimental
tests for the confirmation of the presence of Weyl geometry
in the Universe.

3 Energy-momentum balance, equations of motion and
solar system tests

We consider now the covariant divergence of the field equa-
tions (54). The divergence of the Bach tensor vanishes iden-
tically, V, Bl' = 0. For the divergence of the energy-
momentum tensor of the Weyl field we obtain

- 1
v, T+ = 5

1 -~ ~ ~ ~ - -
x <§FM VyFiy — FFY Fy — F Y, F’“\) . (80)
With the use of Egs. (36) and (37), we obtain immediately

- 3
v, TH = EazazM};cmwv. (81)

We proceed now to the calculation of the divergence of
the matter energy—momentum tensor. In order to do so, we

will use the geometric identity [90]
(V,,D —-0vy) ﬁm = _Ruvvuﬁm’ (82)

where OJ = V, V¥. By taking now the divergence of the field
equation (54), we obtain

3 2

6a2wuw“VM£m
2R — 3a2w? + 6‘§2M[27

= Q. (83)

Hence, inconformal f (R, L,,) type theory with geometry-
matter coupling generally the matter energy-momentum ten-
sor is not conserved, and the degree of non-conservation is
described by the vector Q. If under some special conditions
0, = 0, the theory becomes a conservative one.

By taking into account Eq. (48), the divergence of the mat-
ter energy-momentum tensor can be written in the equivalent

form
AL
V, T =2g" aga": V, In (R -

30 2 2142
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_ ba 20, "V, Loy (84) 3.2 Variational principle for the momentum balance
2R —3a%w? + 652M3° equation, and the Newtonian limit

3.1 Energy and momentum balance equations

To obtain the energy balance equation in conformal f (R, L,,)
gravity we multiply both sides of Eq. (83) by u*. For the left
hand side we obtain

u Vo T*" = u, vy (p + p)uu” +uy (p + p)
xV, @hu") —u,V*p
=u'Vy(p+p)+(p+p)
X (upu’Vour + u,utVou') — p

=p+ (o + p) Vou", (85)

where we have used the definition p = u*V, p = dp/ds,and
the relations u, u* = 1, and u,u"V,u" = 0, respectively.
Hence we have obtained the energy balance equation for the
conformally invariant f (R, L,,) theory as

2
. 4
p+(p+p)Vyuut = é—zuuQ“. (86)
In the following we denote V,u* = 3H. Hence the
energy-balance equation takes the form
2
P30+ PH = unQ". (87)

We introduce now the projection operator 4, defined
according to

hy =8 —u"uy, (88)
with the basic properties

uyhy =0,y Vyu, = Vyu, (89)
and

h"*V, = (g"A — u”u’\) V, = V* —u*u'v,, (90)

respectively. After multiplying Eq. (83) with %}, we obtain
the momentum balance equation of the theory, representing
the (non-geodesic) equation of motion of massive test parti-
cles, as

d2xk hvk )/2
Ao A
vt = Gt = S [
:=f , ©n

where f* can be interpreted as the extra force acting on mas-
sive test particles moving in the Weyl geometry. The extra
force satisfies the condition of being perpendicular to the
four-velocity, f*u; = 0. Equation (91) indicates that in the
presence of the conformally invariant geometry-matter cou-
pling the motion is non-geodesic, and the dynamical motion
of particles become more complicated than in standard gen-
eral relativity.

The equation of motion of massive test particle in conformal
Weyl gravity with geometry-matter coupling, Eq. (91), can
be also derived with the use of the variational principle

A =8/Lpds =8/\/5,/g,wu“u"ds =0,

where §), and L, = \/6 /guvutu” are the action and the

Lagrangian density for test particles, respectively, with v/®
a yet unknown quantity that must be obtained through com-
parison with the equation of motion (91).

To prove this result we begin with the Euler—-Lagrange
equations that give the trajectories of the action (92),

92)

d (oL, oL,

—|=—=)—-—=—=0 93

ds <8u)‘> dx* ©3)
We obtain successively

oL

—2 = Jou, (94)

du*

and

oL, 19,

m:-x/_g,muu W (95)

respectively. Then after a simple calculation we find the equa-
tions of motion of the test particles as given by

d2x*
ds?

By comparing Eq. (96) with the equation of motion
Eq. (91), it turns out that the explicit form of /@ can be
obtained as a solution of the equation,

vy Vo =

+ T’ + (W’ — g) VylnV/e =0. (96

1
N )

When Q, — 0, we recover the geodesic equation of the
standard general relativistic motion. If we adopt for L,, the
expression L,, = p, then

97

1
8Lm =38p = 5 (p+ P huvdg"”, (98)
and
ALwm &
g = 2,2 (0 +p)huv, (99)

respectively, and the energy—-momentum balance Eq. (84)
takes the form
52 30[2
V, T} = > (p+p)hiV, In( R — Taﬂ +38°M;
62w, wt VL
2R — 3a2w? + 652M12,'

(100)
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In the static spherically symmetric limit, and in the case
of a pressureless fluid, we obtain

V2

&2
Under the assumption of small velocities and weak gravita-
tional fields, the only surviving component of the projection

operator is h{ = 1, and thus from Eq. (97) we obtain the
function +/® as given by

302
Q, ~ ph"V, In (R — T“’z + 352M§> ) (101)

3 2
VO ~R-— %cﬁ +382M2. (102)

3.2.1 The Newtonian limit of the equation of motion

The variational principle given by Eq. (92) can also be used
to investigate the Newtonian limit of the equations of motion
of the test particles in the conformally invariant Weyl grav-
ity with geometry-matter coupling. In the limit of the weak
gravitational fields and low particle velocities, the space-time
metric can be approximated as
1')'2

ds = 1+2¢—62dt%<1+<p—7)dt, (103)
where ¢ is the Newtonian potential, and v is the usual tridi-
mensional velocity of the fluid.

Taking into account the first order of approximation, the
equations of motion of the particle in a weak gravitational
field can be derived as
. dv S
QZEZ_V(DZQN‘FQE,
where a is the total acceleration of the system and ay =
—V(C/r) = C/r? is the Newtonian gravitational accel-
eration, while ag is the extra-acceleration induced by the
presence of Weyl geometric effects. By taking into account
Eq. (79) we obtain for the extra-acceleration induced due the
coupling between matter and curvature in Weyl gravity the
expression

(104)

2
- o
lag| ~ (7& + 52M§> r. (105)
It is interesting to note that the extra-acceleration induced
by the conformal gravity model of Weyl geometry has the
opposite sign with respect to the Newtonian acceleration,
that is, it has a repulsive effect.

3.3 Solar system tests of conformal f (R, L,,) gravity

To obtain an estimate of the effects of the extra-force in con-
formal f (R, L,,) gravity, induced by the coupling between
geometry and matter, we investigate the orbital parameters
of the motion of the planets around a central massive object

@ Springer

(the Sun). The motion of massive test particles in a gravita-
tional field can be studied in a simple way with the help of
the Runge-Lenz vector, defined as [91,92]

-

A=7xL—aye, (106)

where v is the velocity of the planet of mass m with respect to
the Sun, u = mMg/ (m + Mg) is the reduced mass, cg =
GmMg, p = v is the relative momentum, 7 = re, is the
two-body position vector, and

-

L=7xp=urbk, (107)

is the angular momentum of the planet, respectively. In the
following M, denotes the Solar mass.

Alternatively the Runge—Lenz vector can be represented
as,

. (I?
A=|— —ao]e —rLéy.
ur

(108)

The derivative of A with respect to the polar angle 6 can be
obtained as [91,92],

dA  L[dV()  ao]-
— = ) 109
o " |: dr r2 ] “ (109)

where V (r) is the potential of the central force.

In the case of an elliptical orbit of eccentricity e, period
T, and major semi-axis a, the equation of the trajectory of
the test particle is given in the Newtonian approximation by
(93]

L*\ |
—— )r~" =1+ecosh.
o

(110)

Since at the perihelion 7 = 0 and 6 = 0, for the magnitude

~12
A

of the Runge—Lenz vector we obtain A= ewgi, and

2.2 ;
e“ayy, respectively.

We model the gravitational field in the Solar System by
a potential term consisting of two components, the Post-
Newtonian potential,

(111)

o o
Ven(r) = —— —3—2,
r mr

and the extra contribution arising from the conformal cou-
pling between geometry and matter. Hence we obtain first
dA 7 o -
— =7 | 6—= +mag(r) | e, 112
0 [ 0+ mar(r) | & (112)
where we have assumed that 1 ~ m, an approximation that
works very well within the range of the Solar System. For a
variation of 6 of 2, the change in the direction A¢ of the
perihelion of a planet is given by

. Axdd
Adk = Td‘), (113)
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and it is found in a general form as

B 1 2
Ap = — /
@oe Jo

Explicitly, the perihelion precession is obtained as,

. dA

A x —|d6. (114)
do

1 L (-e)?

- 3/a 2
Ap =247 (?) Ty
/2,, ag [L* (1 +ecos0)™" /may]
X
0 (1 +ecos 9)2

+
1—e2  8m3me

0s 0d6,
(115)

where we have used the relationag /L = 27 (a/T) /+/1 — €2
[93]. The first term of the above relation gives the expression
of the standard general relativistic precession of the perihe-
lion of the planets, The second term represents the contri-
bution to the perihelion precession of the planets due to the
presence of the extra-force generated by the Weyl geometric
effects.

We consider now the application of Eq. (115) to the simple
the case in which the Weyl type geometric acceleration can
be considered (approximately) as a constant, g A constant,
an approximation that could be valid for small regions of
the space-time. By assuming that ag is a constant, from of
Eq. (115) we obtain for the perihelion precession of a planet
the expression

61GMy  2ma*N1— €2

ad = a(l—e?) GMg e

(116)

where Kepler’s third law, T2 = 472> / G M, was also used.

We apply now Eq. (116) to the case of the planet Mer-
cury, for which a = 57.91 x 10'! ¢cm, and e = 0.205615,
respectively. For the mass of the Sun we adopt the value
Mo = 1.989 x 103% g. With the use of these numerical
values from the first term in Eq. (116) we obtain the stan-
dard general relativistic value for the precession angle of

Mercury, (A&)GR
other hand the observed value of the planet’s precession is
(Aq;) e 43.11 £ 0.21 arcsec per century [94,95].

0obs

Hence, the difference (Ad;) = (A(fb) e <A¢~>>G =
0.17 arcsec per century can beEinterprete(i) eis coming erom
other physical effects. Therefore, the observational con-
straints imply that the value of the constant extra-acceleration
ap must satisfy the condition ap < 1.28 x 10~2 cm/s2. This
value of ag, obtained from the Solar System observations
under the assumption of its constancy, is somewhat smaller
than the value of the extra-acceleration ag ~ 1078 cm/s2,
necessary to explain the “dark matter” properties. By using
the expression of the Weyl type extra-acceleration as given
by Eq. (105), we obtain the following constraint on the Weyl

= 42.962 arcsec per century. On the

gravity parameters (¢, &, w),

(%a)2 +E2M? <2.455 x 107 cm 2,

117
p) ‘Mercury ( )

It is interesting to note that the term £2M?2, corresponding
to the cosmological constant, gives in the above relation a
contribution of the order of 10™°¢ ¢cm™2, and thus, to fully
explain the Mercury perihelion precession, one cannot rule
out the possibility of the presence of some extra gravitational
effects acting at both the Solar System and galactic levels.
Of course, the assumption of a constant extra-force may not
be correct on larger astronomical scales, and thus a full con-
frontation of Weyl geometric gravity with observations may
require a more complicated approach.

4 Thermodynamic interpretation of the conformal
f (R, L,,) gravity theories

For the sake of completeness we briefly discuss a pos-
sible thermodynamic interpretation of the Weyl geometry
inspired conformal quadratic f (R, L,,) gravity theory. The
non-conservation of the matter energy-momentum tensor in
the Weyl geometric background strongly suggests that, due
to the specific conformal matter-curvature coupling in the
present version of the f (R, L,,) theory, particle generation
processes may take place on a microscopic scale, both locally,
as well as during the cosmological evolution. It is interest-
ing to note that this effect is also present in quantum field
theories in curved space-times, as discussed extensively in
[96-100]. In quantum field theory particle creation from the
gravitational field is a consequence of the time variation of
the field. In particular, the finite regularized average value
of the energy-momentum tensor of a quantum scalar field
in anisotropic cosmology, including both particle creation
and vacuum polarization, was obtained in [98,99]. However,
in conformal f (R, L, ) gravity this phenomenon is gen-
eral, and not restricted to time variability. Hence, conformal
f (R, L,,) theory, which naturally contain matter creation,
could lead to an effective semiclassical equivalent descrip-
tion of quantum field theoretical processes in gravitational
fields. In the following in the discussion of particle creation
we use the approach introduced in [101].

4.1 Thermodynamic quantities in the presence of particle
creation

The presence of particles creation in a classical physical the-
ory is a direct consequence of the fact that the covariant diver-
gences of the basic thermodynamic and physical quantities,
including the energy-momentum tensor, the particle, energy
and entropy fluxes, respectively, do not vanish. In this case,
the balance equilibrium equations must be reformulated in
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order to explicitly include particle creation processes in the
basic evolution equations [102—104]. The balance equation
for the particle flux N* = nu*, where n is the particle num-
ber density, becomes in the presence of particle creation from
the gravitational field,

V,N" =i +3Hn = n®, (118)

where O is the particle creation rate. If the condition ® < H
is satisfied, matter creation can be neglected in any physical
model. We also introduce the entropy flux vector S, defined
as S* = su" = nou™, where by s we denote the entropy
density, while o represents the entropy per particle. In the
presence of particle creation welf obtain the divergence of
the entropy flux as

V. S¥ =né +no® > 0. (119)

If ® = 0, the entropy is conserved, and the thermodynamic
process is adiabatic. For a particular thermodynamic model
in which o can be taken as constant, we find

V,.S* =no® =50 > 0. (120)

The above relation indicates that if the entropy per particle is
a constant, the variation of the entropy is exclusively deter-
mined by the gravitational matter production effects. By tak-
ing into account that § > 0, from Eq. (120) it follows that the
particle production rate ® must satisfy the condition ® > 0.
Hence, particles can be generated from gravitational fields,
but the opposite process is forbidden. In the presence of mat-
ter production from gravity the energy-momentum tensor of
a fluid must be also adjusted to make it consistent with the
second law of thermodynamics. This can be done by adding
to the equilibrium component 7¢q" a new term AT*”, so that
[105]

Tty _ Te;év + ATHY, (121)

where ATH" denotes the adjustment due to particle pro-
duction. In an isotropic and homogeneous geometry, ATH*"
should be representable via a single scalar quantity. Hence,
generally we can write [105]

ATS =0, AT! =—Psl,i,j=12,3, (122)

where P, denotes the creation pressure, adynamical quantity
that describes phenomenologically the effects of the gravi-
tational matter production on a macroscopic thermodynamic
system. In a fully covariant representation we have [105]

ATH = —P.h" = —P, (g™ — utu”), (123)

arelation from which we immediately obtain u,, V,, AT CV~”
= 3H P.. Hence, in the presence of matter production, the
total energy balance equation u,, V, T ©9*V = 0, which fol-
lows from Eq. (121), immediately gives

6+3H (p+ P+ P)=0. (124)
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The thermodynamic quantities must also satisfy the Gibbs
law, which can be formulated as [103]
s

nfd( ):ana:d,o—
n

p+p

dn, (125)
where T is the thermodynamic temperature of the system.

4.1.1 Conformal f (R, Ly,) gravity and irreversible
thermodynamics

With the use of some simple algebraic transformations the
energy balance equation (87) of the conformally invariant
f (R, L,,) theory can be rewritten as

p+3H (p+ P+ P) =0, (126)
where the creation pressure P, is defined as

2
PC = _%THMI‘“QM. (127)

Then the generalized energy balance Eq. (126) can be
obtained by taking the divergence of the total energy momen-
tum tensor 7#" of the conformal f (R, L,,) gravity, defined
as

T = (o + P + P)ulu’ — (P + Po) g"". (128)

By assuming that particle creation is an adiabatic process,
with & = 0, the Gibbs law gives
) n
/0=(/0+P);=(0+P)(®—3H)' (129)
With the use of the energy balance equation we obtain

immediately the relation between the matter production rate
and the creation pressure as

o 3P _ y_zuMQ“.

p+p  Ep+p
Hence in the conformal f (R, L,,) gravity theory for the
particle creation rate we find the general expression

(130)

6= — 6a2a)uu“va“Lm (131)
"~ (p+ PR —302w? +652M2)

In obtaining the above expression, we have used the relation
u, h*” =0, and

Ldl — T = (p + p)ht, (132)
which is true for a perfect fluid with Lagrangian L,, = p.
The condition ® > 0 imposes an important constraint on the
physical parameters of the theory. By assuming for the matter

content of the theory pressureless dust, with p = 0, we obtain
the following general cosmological constraint that must be
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satisfied for all times in the linear/scalar representation of the
conformal f (R, L,,) theory,

m
08, (133)
p+p

The divergence of the entropy flux vector can be obtained
in terms of the creation pressure as

—3ncHP, y? no

VvV, S* = = u
: p+p Ep+p

(134)

nQ".
4.1.2 The temperature evolution

We consider now the evolution of the temperature in an open
thermodynamic system with matter production. To consis-
tently describe the time evolution of the relativistic fluid,
we introduce the two parametric equations of state for the
matter density and pressure, which generally are given by
p=pn Tand p = pn,T), respectively. Then we imme-
diately find

) 0 °
'=<—'0> fz+(—’i) T.
on )y AT ),

With the use of the energy and particle balance equations
we obtain

(135)

0
—3H(,0+P+Pc)=<—p> n(© —3H)
on )5
0 2
+(—’3> 7. (136)
aT /,
With the use of the thermodynamic identity [105]
(57) (&)
T|—|) =p+p—n|—]) , (137)
(BT n P on /7

Equation (136) gives for the temperature evolution of a rel-
ativistic fluid in the presence of particle creation the relation

~| ~

I
—
|
SIS
~
S

= 3HC [V—M - 1}, (138)
E23H(p + p)

where cf = (dp/dp), is the speed of sound in the newly

created matter. If (dp/dp), = ¢2 = constant, for the

A
temperature-particle number relation we obtain the simple

expression T ~ nes.
4.1.3 The case w = —1
In the thermodynamical approach developed in the previ-

ous Sections we have assumed that particles are created in
the form of ordinary baryonic matter, and therefore w =

p/p = 0. Nevertheless, the open systems irreversible ther-
modynamic interpretation of the linear/scalar quadratic con-
formal f (R, L,,) gravity can be also extended to the case
w < 0. Next, we will investigate this problem, and we will
show that our thermodynamical results, in the sense of reg-
ularity and well-definiteness, are also valid even in the case
of w = —1, that is, for matter satisfying the equation of state
o+ p =0][106].
We consider again the temperature evolution equation,

T _ <8p> 7
7 \op/), n’
and we will show that it is still valid even if w = p/p =

—1. To establish this result, we begin with the perfect-fluid
energy-momentum balance equation

(139)

2

. Y
p+3(p+pH= g—zuuQ“. (140)
When w = —1, Eq. (140) becomes
2
p= g—zuuQ“ = -3HP.. (141)

By assuming adiabatic particle production, with ¢ = 0, the
Gibbs law gives

) n
p=(p+P)_ =0 (142)

From the above two equations, we immediately obtain

o=P.=0. (143)
Since p = p (n T), we have
d 0 B
b= (—p) i+ (—’f) T =o0. (144)
on ) § aT /,

By taking into account the thermodynamic identity (137) for
p + p = 0, we obtain

-~ (0P a
oT ) » on)f

Hence itimmediately follows that Eq. (139) with (dp/dp),
is valid even for w = —1, and generally for any negative val-
ues of w. For w = —1, from Eq. (139) it follows that nT is
a constant, or 7 ~ 1/n. This relation indicates if the density
of the ’dark energy” particles is extremely low, their thermo-
dynamic temperature is very high. If the dark energy parti-
cle number density is high, their temperature is very low. If
n — 00, the temperature of the system made of dark energy
particles tends to zero.

(145)
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5 Cosmological applications

In order to investigate the cosmological implications of the
linear/scalar quadratic conformally invariant f (R, Lj,,) the-
ory, we consider that the Universe is isotropic and homo-
geneous, and that its geometry can be described by the
Friedmann-Lemaitre—Robertson—Walker (FLRW) metric,

ds? = di2 — a8 jdx dx’ = a2 () (dn2 - 5,-jdx"dx-/) ,(146)

where a(t) is the dimensionless scale factor, and 7 is the
conformal time, defined as dr = adn, or n = [dr/a(?).
Moreover, we also introduce the Hubble function, defined
as H = a/a = (1/a*) (da/dn), where a dot denotes the
derivative with respect to the cosmological time ¢. For the
baryonic matter content of the Universe, we assume that it is
represented by a perfect fluid, with matter Lagrangian L,, =
p, and energy-momentum tensor with components given in
the comoving frame by

T}' = diag(p, —p, —p, —p). (147)
where p is the energy density of the cosmological matter,
and p is the pressure. In the following, we will consider the
late time behavior of the model, and consequently we will
assume that the Universe is filled by dust with equation of
state of the form p = 0.

5.1 Cosmological equations of the Weyl vector

In a cosmological geometry described by the flat Friedmann—
Lemaitre—Robertson—Walker metric, the Weyl vector field
equations take the form

0 =~ 0 0

8)C_UFMU+8V U/L"’au va=0’ (148)

1

J= F’“’)+ SM26P8 L' =g = 0,
A/ 8x“ (
(149)
where
0 B B B

Fo=aop| 5 0 B B (150)

—E, By 0 —B
—E3—B, By 0

E;, Bi
Minkowski geometry. We represent the Weyl vector as w;, =

(aza)o, aZJ)). Hence we obtain the equations describing the
cosmological evolution of the Weyl field as

with the vector fields ( ) defined in the ordinary

1
———(azB)—i—VxE—O (151)
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V.B=0, (152)
3 1 0 =
Vx B+ ——a’E + =M?2a*8*a*Lnd> = 0 (153)
a? oy 2
> 3
V- E = S Mpa?stal Lo = (154)

5.2 The energy—momentum tensor of the Weyl field

Since the FLRW geometry is isotropic, Weyl vector fields
can exist in such Universe only if one assumes that they have
a random distribution, and an averaging procedure is per-
formed. Thus, we suppose that the Weyl electric and mag-
netic fields satisfy the following conditions [107-109],

(E)=0. (B)=0. (EiBj)=0.
@£»=%@3%,@£J=%@v%,

where (X), representing the spatial average of a quantity X
on a given volume and at a fixed time, is defined as

(155)

(156)

(X) = — lim /«/_Xd3 i (157)

V() V—Vo

Hence, the 00 component of the energy-momentum tensor

. 52 52
of the Weyl field, 7% = (a®/48?) (E +B ) becomes

- () a? =2 32
()= () + (7)) 5
while the diagonal components, given by
= (@) a2 %2 32

(159)

are obtained as

~ 1/~
(70) = 3 (750 o (160)

Hence we have obtained the important result that the con-
tribution of the Weyl vector to the cosmological dynamics
can be modelled via a Weyl fluid, with effective energy den-
sity p,, and effective pressure p,, and energy-momentum
tensor given by

T\ = (o + Po) Uplty — Pugpuv. (161)
where

Pw 1 =2 =2
PwZ?,PwZW(<E >+<B >> (162)

Now, let us consider the covariant divergence of the vector
field equation (36). Noting the antisymmetric nature of the
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tensor F,,, one obtains

0"V, (Ly) =0, (163)
where we have used the gauge condition V, " = 0. The
matter Lagrangian of a perfect fluid is L,, = p, which
depends only on 1 in FRW universe. As a result, the above
relation implies that on top of the FRW space-time, one has
wp = 0. (164)
In terms of the Weyl vector field w,,, the averaged cosmo-
logical electric and magnetic fields can be obtained as

B=Vxa (165)
= I o 5.
E= 7 @) (166)

By assuming that the the fields @, B and E are weak and
very slowly in space, and also ¢ < 1, one can see that the
magnetic field vanishes, and from (153) we obtain for the
time variation of the Weyl electric field the relation

Ey
=

oS

(167)
a

where E o 1s an integration constant. Now, by taking the space
average, we obtain

__Lm
482 a%
5 2
where pg = (E( ) is a constant.
From Egs. (166) and (167) we immediately obtain

Pw (168)

a’d = Eon + Ej, (169)

where E| is an integration vector. Since w, = a? (wp, ®),
we obtain

1 ye
(wiw;) = a* {viw)) = 3d* (&%) 8

[(E3) o +2(Eo - Ed)n+ (E3)] &

<(Eon + El) ‘ (Eon + El)>5ij
(mdij.

1
3
1
3
X (170)

5.3 The generalized Friedmann equations

In order to obtain the cosmological field equations for the
FLRW metric (the generalized Friedmann equations), one
should take an average of the metric field equations (54), by
following the procedure outlined in Eq. (157). As aresult we
obtain

(4H? —2M7&%a” — 30 X)(E%p + v*)

2y%po

482Hp — —2 L0
MR Trerere

=0, (171)

and
&0 — 2y H + (282p — ) (H2 _ %oﬁX)

. .3 v*po

2 2 2,252 2

—&°Hp — -M - ——— =0, (172

§°Hp é‘p+2 Y Eta 6M35%a? (172)
respectively. In obtaining the above equations, we have used
the relation (170), which can be reformulated equivalently
as a differential equation, with the function X obtained as a
solution of the second order ordinary differential equation,

. 2
X — 300 = 0. (173)
We now define a set of dimensionless quantities
Hon=t, H = Hoh, p=——p,
on oh. P =7 v i
. EHIM? s Ho
§=—>—, po=—7p0, 8=—F7—",
y H, «/EMpouS
%-ZMZ _ 2
j=_—L X="_x, (174)
2H; 4H,

where H is the current value of the Hubble parameter. The
field Eqs. (171), (172) and (173) are then simplified as

£0

(h* —ya® —3X)(1+3p) +3hp — = =0, (175)
a
Q2=3p)h+ (1 —6p)Hh>—3X)+3h+1p
- _ 3 4_
+ M =0, (176)
a
= p0
x_ P 177
052 (I77)

5.4 Comparison with the observational data

In order to compare the model with observational data, we
transform the above equations into the redshift coordinates
defined as 1 + z = 1/a, giving d/dt = —(1 + z)h(z)d/dz.
Noting that the dimensionless Hubble parameter /(z) has
the property h(z = 0) = 1, one can obtain the following
constraint on the model parameters

— 7 —p0+3Q2mo(l —7)
3(1 +32,0)

We estimate the values of the model parameters Hy, y

- 1
X(z=0)=

and pg and X (z = 0) = X by using the observational data
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Table 1 Best fit values of the linear model parameters Ho, 7, po and
X together with their 1o and 20 confidence intervals

Parameter Best fit value lo interval 20 interval
Hy 67.47 67.47 £ 1.41 67.47 +2.76
y 0.012 0.012 £0.05 0.012£0.10
00 0.026 0.026 £ 0.002 0.026 £ 0.005
};(0 —0.199 —0.199 £ 0.011 —0.199 £ 0.022

on the Hubble parameter in the redshift range 0 < z < 2,
as presented in [110]. We fix the value of the current value
of the matter density $2,,0 to be equal to its ACDM value
Qmo = 0.305.

Also, since the constant § appears only in the evolution Eq.
(173) of the function X as a modulator of the constant g, we
assume a fixed value § = 0.1 in the following calculations.

We use the likelihood analysis of the model based on the
data on Hy. The likelihood function in the case of n indepen-
dent data points can be defined as

L =Loe /2, (178)

where L is the normalization constant, and X2 is defined as

0; — T\
2 i i
x _z(—m ) ,

i

(179)

where i indicates the number of data, O; are the observational
values, T; are the theoretical values and o; are the observa-
tional errors associated with the i th data. In the present model
we have

1 0; — HoT; \*
L=L06Xp —EZ 0'— 5
1

i

(180)

By maximizing the likelihood function, one can find the
best fit values of the parameters. In Table 1, we have summa-
rized the result of the Maximum likelihood analysis together
with their 1o and 20 confidence interval.

The deceleration parameter and the matter density are
given by

/ —

h
g=(+5. Pim

=Rt (18D

where the prime denotes the derivative with respect to the
redshift. We have plotted the evolution of the Hubble param-
eter, of the deceleration parameter, and of the matter density
as a function of redshift in Figs.1 and 2. One can see that
the model could satisfy the observational data for the Hub-
ble function very well, and it can reproduces almost exactly
the predictions of ACDM model for 4 (z) up to a redshift of
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z &~ 3. At a qualitative level the behavior of the deceleration
parameter of the ACDM model is also recovered from the
model. However, there are major differences in the behaviors
of the matter densities, and of the matter density parameter,
which show significant quantitative and qualitative differ-
ences as compared to ACDM. One possible explanation for
the difference is that in the present model matter is not sim-
ply represented by p, but it has an effective meaning, with
the contributions from the Weyl field and geometry-curvature
coupling also giving some contributions to the “matter”” con-
tent of the Universe.

6 Discussions and final remarks

In formulating the first geometric theory of gravity Einstein
extensively used the already known results of metric Rie-
mannian geometry, in which the variation of the angles in the
initial and final state of a vector rotated on a closed path is
given by the curvature tensor. From a purely geometric point
of view several extensions of Riemannian geometry can be
considered, which lead to the introduction of new geomet-
rical objects. One of these new objects is the torsion [111],
giving the non-closure of a parallelogram formed when two
vectors are transported along each other. Finally, Weyl [3]
considered geometries in which the variation of the length
of a vector during parallel transport gives rise to the non-
metricity of the space-time. From a physical point of view
the main goal of Weyl’s approach was the geometric uni-
fication of gravity and electromagnetism. Einstein strongly
criticized Weyl’s physical theory, and this criticism led to
the abandonment of the unified field theory approach pro-
posed by Weyl. However, in 1929 Weyl [112,113] showed
that electrodynamics is invariant under the gauge transfor-
mations of the gauge field, and of the wave function of the
charged field. Hence gauge theory, fundamental for particle
physics, was born from Weyl’s geometry. Another funda-
mental idea initially discussed by Weyl is the concept of
conformal invariance. This is a highly attractive idea, simi-
lar to the gauge principle in elementary particle physics that
enriched so much contemporary physics. Global units trans-
formations are analogous to global gauge transformations
or global internal-symmetry transformations. The extension
of units transformations to the local level, and the require-
ment of conformal invariance of physical laws is similar to
the promotion of gauge and internal invariances to the local
level by the introduction of gauge fields. Maxwell’s equa-
tions, the massless Dirac equation, the massless scalar field
equations, the electromagnetic, weak, and strong interactions
between elementary particle fields are all conformally invari-
ant. Therefore, microscopic physics is conformally invariant
in its entirety. However, Einstein’s gravity is not.
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Fig. 1 The evolution of the Hubble function (1 4 z)% (left panel), and
of the deceleration parameter ¢ (right panel) as a function of redshift
for the best fit v.alues (long-dashed line), for y = 0.1 and best fit val-

ues for pg and Xo (dotted line), for po = 0.021 and best fit values for

S S S S S S S S S S S S E S S S

Fig. 2 The evolution of the matter density p,, (left panel) and of the
matter density parameter €2, (right panel) as a function of redshift for
the best fit values (long-dashed line), for y = 0.1 and best fit values for

Hence, we do have another fundamental difference between
the (geometric) world of particle physic/s, and the (geomet-
ric) world of the gravitational interaction. Since abandoning
the conformal invariance of elementary particle physics is at
least problematic, a possible bridge between quantum field
theory and gravity can be constructed by imposing the princi-
ple of conformal invariance in Einstein gravity. This approach
inevitably leads to the necessity of the extensive use of Weyl
geometry to model gravitational phenomena.

In the present paper we have considered one of the sim-
plest conformally invariant Weyl geometric models, initially
introduced and studied from an elementary particle physics
perspective in [64—66], by including a new feature in the
gravitational action, namely, the ordinary matter content. We
have assumed a matter Lagrangian L,, given in terms of the

w
O T T T T

1.0 15 2.0 25

7 and Xo (dashed line) and for Xg = —0.22, 5o = 0.021 and best
fit value for y (dot-dashed line) respectively. The solid red line corre-
sponds to the ACDM model. The error bars indicate the observational
values [110]

1.0F T T T T T =]
08} 1
06} 1
g
c | ]
04t 1
02t \\ 1
00t -
) S Y T T [N S S S [N ST T ST S [T S T ST SN Y ST S ST SN N SO SO S S |
0.0 05 10 15 20 25 3.0

[30 and );(0 (dotted line), fqr po = 0.021 and best fit values for y and

X (dashed line) and for Xg = —0.22, 5o = 0.021 and best fit value
for y (dot-dashed line) respectively. The solid red line corresponds to
the ACDM model

basic thermodynamic parameters of matter, the energy, den-
sity, or the pressure, respectively. However, in order to build
a conformally invariant gravitational theory in presence of
matter a coupling between matter and curvature is neces-
sary. To maintain the conformal invariance in Weyl geom-
etry of the gravitational theory we have adopted the sim-
plest possible matter-geometry coupling, expressed by a term
of the form L,, R2. Hence the present theory is quadratic
in the Weyl scalar R. The mathematical formalism can be
significantly simplified by using the linear/scalar represen-
tation of quadratic Weyl gravity [64—66], which allows to
formulate the theory in Riemann geometry as a particular
version of the already considered f (R, L,,) type theories
[79,82], in which the gravitational action is represented as
an arbitrary function of the (Riemannian) Ricci scalar, and of
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the matter Lagrangian. The theory introduced in the present
paper imposes a specific restriction on the theory, namely,
the requirement of conformal invariance.

After introducing the action of the theory in Weyl geome-
try, its representation as a linear/scalar model in Riemannian
geometry was obtained. The field equations of the theory
have been derived, and their various consequences have been
discussed. In particular, it turns out that the divergence of the
matter energy-momentum tensor does not generally vanish.
Hence, this interesting property of the f (R, L,,) gravity the-
ories does also appear in their conformally invariant versions.
We have briefly considered a thermodynamical interpretation
of this effect, in terms of the irreversible particle creation by
the gravitational field. Such an interpretation also imposes
some strong constraints on the non-conservation vector Q.
We have also considered the Newtonian limit of the theory,
and obtained the generalized Poisson equation Eq. (73). In the
linear approximation, as compared to the standard Poisson
equation, two new terms does appear in the vacuum equa-
tion. The first one is proportional to the Newtonian potential
itself, while the second is a new (free) term containing the
Weyl vector, and the (effective) cosmological constant.

We have investigated the effects of the free term

3 (aa)2/2 + SZM?,) at the Solar System level, under the

simplifying assumption @w?> = constant by considering

the problem of the perihelion precession of Mercury. By
attributing the (very small) differences between the pre-
dictions of general relativity and observations to the pres-
ence of Weyl geometric effects a Solar System constraint
on the product a>w?/2 can be obtained. Another set of con-
straints on the same quantities was obtained in [71] from
a cosmological approach, giving azwg(O) ~ 0.22H02 and
&'2 (da)g/dz)2 |.=0 ~ 1. 24H , where Hy is the present value
of the Hubble function.

It is interesting to note that keeping the term propor-
tional to the potential in the generalized Poisson equa-
tion drastically modifies the potential. By denoting 0 =
6 (ézMIZ, — a2w2/2>,andx =3 (aw2/2 + 52M§>,respec—
tively, in spherical symmetry Eq. (74) can be written as

1 d2

— (rg) —op — x =0. (182)

This form of the Poisson equation is valid values of r that do
not satisfy the constraint (76), that is, for values of the radial
coordinate closer to the event horizon of the compact object.
By assuming that the Weyl vector is constant, the general
solution of the generalized Poisson equation is given by

\/Er g_\/gr
+C pat

X e
<P(V)=—;+C1 (183)

where Ci and C, are arbitrary constants of integration. If
the condition ¢ > 0, or, equivalently, §2M2 > o’w?/2,
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is satisfied, we obtain a Yukawa type gravitational potential

@(r) = C,%——, induced by the presence of the Weyl geo-
metric effects. However, since & 2MIZ7 can be interpreted as
a cosmological constant, the effects of the exponential cor-
rection to the gravitational potential are negligibly small, at
least at the level of the Solar System.

As we have already mentioned, and discussed in detail,
in the conformally invariant f (R, L,,) theory, the ordinary
matter energy-momentum tensor 7}, is not conserved, and
generally V,, 7"V # 0. Conservative models in which the
matter energy-momentum tensor is conserved, V, T#*" = 0,
can be obtained by imposing the condition Q, = 0, which
would give a strong constraint on the Weyl vector w,,, which
could be obtained in terms of the Ricci scalar and of the
thermodynamical properties of the ordinary matter. On the
other hand, the possible non-conservation of 7}, has deep
physical and astrophysical implications. One of its important
consequences is the non-geodesic nature of the motion of free
particles in a gravitational field, with the dynamical evolution
taking place in the presence of an extra-force induced by the
conformally invariant matter-curvature coupling.

In the Newtonian limit, the total acceleration d of an object
moving in a gravitational field can be writtenas a@ = dy +dg,
where dy is the usual Newtonian gravitational acceleration,
given by ay = —GM7/r3, where M is the mass creating
the field, and df is the extra-acceleration. The acceleration
equation immediately gives dg - ay = (a* — 5N —az) /2,

anday = (Ziz — ajzv — aE) [a/ (2aE a)]+C X A, Tespec-

tively, where the arbitrary vector C can be taken as zero
without any loss of generality. Finally, we can express the
total acceleration as @ = agay, Where we have denoted
1/ag = (1/2) (lal / lag)) (1 — ay /a* — ag /a®).

Hence, it turns out that the total gravitational acceleration
of amassive object moving in the field created by a mass M is
directly proportional to its Newtonian acceleration. Interest-
ingly enough, a relation of this type, called the radial accel-
eration relation (RAR), was found from the observations of
the rotation curves of hydrogen clouds moving around the
galactic center [114—117]. The radial acceleration relation
is an observational/empirical relation pointing towards the
possible existence of a relationship between the centripetal
acceleration agps(r) = rot(r) /r due to the presence of dark
matter in galaxies, and the acceleration ap,(r) = Vbar /r of
the baryonic matter. The RAR empirical relation is given by

Abar
Aobs = f Abar,
at

where f(x) is a fitting function to be determined from obser-
vations, and a4 is a constant representing an acceleration
scale. In the conformally invariant f (R, L,,) the function
f (apar/ay) corresponds to ag, and thus may open some
new possibilities for the observational test of the theory.

(184)
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An important testing field of the conformally invariant
f (R, Ly,) is cosmology. The presence of the Weyl vector
induces an anisotropy in the cosmological expansion, and
in order to maintain the isotropic and homogeneous nature
of the Universe, an averaging procedure for the Weyl field
is necessary. After taking spatial averaging it turns out that
the energy-momentum tensor associated to the Weyl vector
takes the form of a radiation fluid, satisfying an effective
equation of state of the form p = p/3. A similar averag-
ing procedure applied to the components of the Weyl vector
leads to the system of generalized Friedmann Eqs. (171) and
(172). The condition for the accelerated expansion has also
been obtained. Depending on the numerical values of the
model parameters, we obtain a large variety of cosmologi-
cal models. We have also performed a detailed comparison
with the observational data, as well as with the predictions of
the ACDM model. For specific values of the model param-
eters we find a good description of the observational data
for h(z), and a good concordance with the ACDM model at
both low (z < 1) and higher (z & 3) redshifts. The concor-
dance is not so good for the deceleration parameter, and the
matter density. However, the present investigations indicate
that conformally invariant f (R, L,,) gravitational models,
theoretically consistent with the basic principles of the ele-
mentary particle physics, could lead to a novel understanding
of the intricate dynamical properties of the Universe.

Acknowledgements We would like to thank the two anonymous
reviewers for comments and suggestions that improved our work. The
work of TH is supported by a grant of the Romanian Ministry of Educa-
tion and Research, CNCS-UEFISCDI, project number PN-III-P4-ID-
PCE-2020-2255 (PNCDI III).

Data Availability Statement This manuscript has no associated data
or the data will not be deposited. [ Authors’ comment: All data generated
or analysed during this study are included in this published article [and
its supplementary information files]].

Open Access This article is licensed under a Creative Commons Attri-
bution 4.0 International License, which permits use, sharing, adaptation,
distribution and reproduction in any medium or format, as long as you
give appropriate credit to the original author(s) and the source, pro-
vide a link to the Creative Commons licence, and indicate if changes
were made. The images or other third party material in this article
are included in the article’s Creative Commons licence, unless indi-
cated otherwise in a credit line to the material. If material is not
included in the article’s Creative Commons licence and your intended
use is not permitted by statutory regulation or exceeds the permit-
ted use, you will need to obtain permission directly from the copy-
right holder. To view a copy of this licence, visit http://creativecomm
ons.org/licenses/by/4.0/.

Funded by SCOAP3.

References

1. A. Einstein, Sitzungsberichte der Preussischen Akademie der
Wissenschaften zu Berlin, p. 844 (1915)

10.
11.
12.
13.
14.
15.
16.
17.
18.
19.
20.
21.

22.

23.

24.

25.
26.
217.
28.
29.
30.
31.
32.
33.

34.
3s.

36.

37.
38.

39.

40.

41.

42.

43.

44.
45.

46.

47.

D. Hilbert, Nachrichten von der Gesellschaft der Wissenschaften
zu Gottingen Mathematisch Physikalische Klasse 3, 395 (1915)
H. Weyl, Sitzungsberichte der Koniglich Preussischen Akademie
der Wissenschaften zu Berlin 1918, 465 (1918)

H. Weyl, Space, Time, Matter (Dover, New York, 1952)

E. Scholz, (2017). arXiv:1703.03187

V.A. Berezin, V.I. Dokuchaev, Y.N. Eroshenko, A.L. Smirnov,
(2021). arXiv:2107.06160 [gr-qc]

V.A. Berezin, V.I. Dokuchaev, Physics 3, 814 (2021)

P.A.M. Dirac, Proc. R. Soc. Lond. A 333, 403 (1973)

P.A.M. Dirac, Proc. R. Soc. Lond. A 338, 439 (1974)

N. Rosen, Found. Phys. 12, 213 (1982)

M. Israelit, Gen. Relativ. Gravit. 43, 751 (2011)

R. Utiyama, Progress Theor. Phys. 50, 2080 (1973)

R. Utiyama, Progress Theor. Phys. 53, 565 (1975)

M. Nishioka, Fortsch. Phys. 33, 241 (1985)

P.D. Mannheim, D. Kazanas, Astrophys. J. 342, 635 (1989)

P.D. Mannheim, Found. Phys. 24, 487 (1994)

P.D. Mannheim, Found. Phys. 26, 1683 (1996)

P.D. Mannheim, Found. Phys. 30, 709 (2000)

P.D. Mannheim, Found. Phys. 37, 532 (2007)

P.D. Mannheim, Found. Phys. 42, 388 (2012)

J. Sultana, D. Kazanas, J. Levi Said, Phys. Rev. D 86, 084008
(2012)

C. Cattani, M. Scalia, E. Laserra, I. Bochicchio, K.K. Nandi, Phys.
Rev. D 87, 047503 (2013)

D. Cutajar, K. Zarb Adami, Mon. Not. R. Astron. Soc. 441, 1291
(2014)

B. Hoseini, R. Saffari, S. Soroushfar, Class. Quantum Gravity 34,
055004 (2017)

C. Kiefer, B. Nikolic, Phys. Rev. D 95, 084018 (2017)

J.R. Villanueva, F. Tapia, M. Molina, M. Olivares, Eur. Phys. J. C
78, 853 (2018)

H. Xu, M.-H. Yung, Phys. Lett. B 793, 97 (2019)

T. Islam, Mon. Not. R. Astron. Soc. 488, 5390 (2019)

Y. Heydarzade, Eur. Phys. J. C 79, 923 (2019)

1. Oda, Mod. Phys. Lett. A 35, 2050304 (2020)

R.A. Konoplya, Phys. Rev. D 103, 044033 (2021)

J.M. Nester, H.-J. Yo, Chin. J. Phys. 37, 113 (1999)

J. Beltran Jimenez, L. Heisenberg, T. Koivisto, Phys. Rev. D 98,
044048 (2018)

J. Beltran Jimenez , T.S. Koivisto, Phys. Lett. B 756, 400 (2016)
A. Golovney, T. Koivisto, M. Sandstad, Class. Quantum Gravity
34, 145013 (2017)

M. Adak, Int. J. Geom. Methods Mod. Phys. 15, 1850198-269
(2018)

A. Conroy, T. Koivisto, Eur. Phys. J. C 78, 923 (2018)

A. Delhom-Latorre, G.J. Olmo, M. Ronco, Phys. Lett. B 780, 294
(2018)

L. Jarv, M. Riinkla, M. Saal, O. Vilson, Phys. Rev. D 97, 124025
(2018)

T. Harko, T.S. Koivisto, E.S.N. Lobo, G.J. Olmo, D. Rubiera-
Garcia, Phys. Rev. D 98, 084043 (2018)

1. Soudi, G. Farrugia, V. Gakis, J. Levi Said, E.N. Saridakis, Phys.
Rev. D 100, 044008 (2019)

M. Hohmann, C. Pfeifer, J. Levi Said, U. Ualikhanova, Phys. Rev.
D 99, 024009 (2019)

K.F. Dialektopoulos, T.S. Koivisto, S. Capozziello, Eur. Phys. J.
C179, 606 (2019)

J. Lu, X. Zhao, G. Chee, Eur. Phys. J. C 79, 530 (2019)

R. Lazkoz, E.S.N. Lobo, M. Ortiz-Baiio nd V. Salzano,Phys. Rev.
D 100, 104027 (2019)

J. Beltran Jiménez, L. Heisenberg, T.S. Koivisto, Universe 5, 173
(2019)

Y. Xu, G. Li, T. Harko, S.-D. Liang, Eur. Phys. J. C79, 708 (2019)

@ Springer


http://creativecommons.org/licenses/by/4.0/
http://creativecommons.org/licenses/by/4.0/
http://arxiv.org/abs/1703.03187
http://arxiv.org/abs/2107.06160

219 Page 22 of 22

Eur. Phys. J. C (2022) 82:219

48.

49.

50.

S1.

52.
53.

54.

55.
56.
57.
58.
59.

60.

61.
62.
63.
64.
65.
66.
67.
68.
69.
70.
71.
72.
73.

74.

75.
76.

71.
78.
79.
80.

81.
82.

J. Beltran Jiménez, L. Heisenberg, T.S. Koivisto, S. Pekar, Phys.
Rev. D 101, 103507 (2020)

J Beltran Jimeénez, L. Heisenberg, D. Iosifidis, A. Jiménez-Cano,
T.S. Koivisto, Phys. Lett. B 805, 135422 (2020)

Y. Xu, T. Harko, S. Shahidi, S.-D. Liang, Eur. Phys. J. C 80, 449
(2020)

W. Khyllep, A. Paliathanasis, J. Dutta, Phys. Rev. D 103, 103521
(2021)

R.-H. Lin, X.-H. Zhai, Phys. Rev. D 103, 124001 (2021)

J.-Z. Yang, S. Shahidi, T. Harko, S.-D. Liang, Eur. Phys. J. C 81,
111 (2021)

R. Penrose, Cycles of time: an extraordinary new view of the
universe (Bodley Head, London, 2010)

V.G. Gurzadyan, R. Penrose, Eur. Phys. J. Plus 128, 22 (2013)

1. Bars, P.J. Steinhardt, N. Turok, Phys. Lett. B 726, 50 (2013)
R. Penrose, Found. Phys. 44, 873 (2014)

P. Tod, Gen. Relativ. Gravit. 47, 17 (2015)

A. Araujo, H. Jennen, J.G. Pereira, A.C. Sampson, L.L. Savi, Gen.
Relativ. Grav. 47, 151 (2015)

U. Camara da Silva, A.L. Alves Lima, G.M. Sotkov, J. High
Energy Phys. 2016, 90 (2016)

P. Nurowski, Class. Quantum Gravity 38, 145004 (2021)

G. ’t Hooft, Int. J. Mod. Phys. D 24, 1543001 (2015)

G. ’t Hooft, (2015). arXiv:1511.04427

D.M. Ghilencea, JHEP 03, 049 (2019)

D.M. Ghilencea, H.M. Lee, Phys. Rev. D 99, 115007 (2019)
D.M. Ghilencea, JHEP 10, 209 (2019)

D.M. Ghilencea, Phys. Rev. D 101, 045010 (2020)

D.M. Ghilencea, Eur. Phys. J. C 80, 1147 (2020)

D.M. Ghilencea, Eur. Phys. J. C 81, 510 (2021)

D.M. Ghilencea, (2021). arXiv:2104.15118

D.M. Ghilencea, T. Harko, (2021). arXiv:2110.07056 [gr-qc]
A.A. Starobinsky, Phys. Lett. B 91, 99 (1980)

Y. Akrami et al., Planck 2018 results. I. Overview and the cosmo-
logical legacy of Planck. Astron. Astrophys. 641, A1 (2020)

N. Aghanim et al., Planck 2018 results. VI. Cosmological param-
eters, Astron. Astrophys. 641, A6 (2020)

A.G. Riess, Nat. Rev. Phys. 2, 10 (2019)

A. Einstein, Sitzungsberichte der Koniglich Preussischen
Akademie der Wissenschaften, Berlin, Part 1, p. 142 (1917)

O. Bertolami, C.G. Boehmer, T. Harko, F.S.N. Lobo, Phys. Rev.
D 75, 104016 (2007)

T. Harko, E.S.N. Lobo, S. Nojiri, S.D. Odintsov, Phys. Rev. D 84,
024020 (2011)

T. Harko, E.S.N. Lobo, Eur. Phys. J. C 70, 373 (2010)

T. Harko, E.S.N. Lobo, Galaxies 2014, 410 (2014)

T. Harko, F.S.N. Lobo, Int. J. Mod. Phys. D 21, 1242019 (2012)
T. Harko, F.S.N. Lobo, Extensions of f(R) Gravity: curvature-
matter couplings and hybrid-metric Palatini theory, Cambridge
monographs on mathematical physics (Cambridge University
Press, Cambridge, 2018)

@ Springer

83.
84.
85.
86.

87.

88.
89.
90.
91.
92.
93.
94.
95.
96.
97.
98.
99.
100.
101.
102.

103.
104.

105.
106.
107.
108.
109.

110.
111.

112.
113.
114.
115.
116.

117.

T. Harko, F.S.N. Lobo, Int. J. Mod. Phys. D 29, 2030008 (2020)
Z. Haghani, T. Harko, Eur. Phys. J. C 81, 615 (2021)

T. Harko, N. Myrzakulov, R. Myrzakulov, S. Shahidi, Phys. Dark
Univ. 34, 100886 (2021)

L.D. Landau, E.M. Lifshitz, The classical field theory (Pergamon
Press, New York, 1975)

V.A. Rubakov, D.S. Gorbunov, Introduction to the theory of the
early universe: hot big bang theory (Worls Scientific, New Jersey,
2017)

J. Kluson, M. Oksanen, A. Tureanu, Phys. Rev. D 89, 064043
(2014)

K. Van Aelst, E. Gourgoulhon,
arXiv:2103.01827 [gr-qc]

T. Koivisto, Class. Quantum Gravity 23, 4289 (2006)

B.M. Barker, R.F. O’Connell, Phys. Rev. D 10, 1340 (1974)

C. Duval, G. Gibbons, P. Horvathy, Phys. Rev. D 43, 3907 (1991)
L.D.Landau, E.M. Lifshitz, Mechanics (Butterworth-Heinemann,
Burlington, 2005)

Y. Xu, Y. Yang, Q. Zhang, G. Xu, Mon. Not. R. Astron. Soc. 415,
3335 (2011)

R.S. Park et al., Astron. J. 153, 121 (2017)

L. Parker, Phys. Rev. Lett. 21, 562 (1968)

L. Parker, Phys. Rev. 183, 1057 (1969)

Ya.B. Zeldovich, A.A. Starobinsky, Zh. Eksp, Teor. Fiz. 61, 2161
(1971)

Ya.B. Zeldovich , A.A. Starobinsky, Sov. Phys. JETP 34, 1159
(1972)

S.A. Fulling, L. Parker, B.L. Hu, Phys. Rev. 10, 3905 (1974)

T. Harko, Phys. Rev. D 90, 044067 (2014)

1. Prigogine, J. Geheniau, E. Gunzig, P. Nardone, Proc. Natl. Acad.
Sci. 85, 7428 (1988)

M.O. Calvao, J.A.S. Lima, I. Waga, Phys. Lett. A 162,223 (1992)
J. Su, T. Harko, S.-D. Liang, Adv. High Energy Phys. 2017,
7650238 (2017)

J.A.S. Lima, I.P. Baranov, Phys. Rev. D 90, 043515 (2014)

J. Wu, G. Li, T. Harko, S.-D. Liang, Eur. Phys. J. C 78,430 (2018)
V.A. De Lorenci, R. Klippert, M. Novello, J.M. Salim, Phys. Rev.
D 65, 063501 (2002)

C.S. Camara, M.R. de Garcia Maia, J.C. Carvalho, J.A.S. Lima,
Phys. Rev. D 69, 123504 (2004)

M. Novello, E. Goulart, J.M. Salim, S.E. Perez Bergliaffa, Class.
Quantum Gravity 24, 3021 (2007)

H. Boumaza, K. Nouicer, Phys. Rev. D 100, 124047 (2019)
F.W. Hehl, P. von der Heyde, G.D. Kerlick, J.M. Nester, Rev. Mod.
Phys. 48, 393 (1976)

H. Weyl, Proc. Natl. Acad. Sci. USA 15, 323 (1929)

H. Weyl, Z. Phys. 56, 330 (1929)

S.S. McGaugh, F. Lelli, J.M. Schombert, Phys. Rev. Lett. 117,
201101 (2016)

F. Lelli, S.S. McGaugh, J.M. Schombert, M.S. Pawlowski, Astro-
phys. J. 836, 152 (2017)

C. Di Paolo, P. Salucci, J.P. Fontaine, Astrophys. J. 873, 106
(2019)

K.-H. Chae, F. Lelli, H. Desmond, S.S. McGaugh, P. Li, J.M.
Schombert, Astrophys. J. 904, 51 (2020)

FH. Vincent, (2021).


http://arxiv.org/abs/1511.04427
http://arxiv.org/abs/2104.15118
http://arxiv.org/abs/2110.07056
http://arxiv.org/abs/2103.01827

	Coupling matter and curvature in Weyl geometry: conformally invariant f(R,Lm) gravity
	Abstract 
	1 Introduction
	2 Coupling matter and geometry in conformal Weyl spacetimes
	2.1 Recap of Weyl geometry
	2.2 Conformal coupling of matter and curvature in Weyl geometry
	2.3 Gravitational field equations
	2.4 The Weyl vector field equations
	2.5 The Newtonian limit, and the generalized Poisson equation
	2.5.1 Corrections to the Newtonian potential


	3 Energy–momentum balance, equations of motion and solar system tests
	3.1 Energy and momentum balance equations
	3.2 Variational principle for the momentum balance equation, and the Newtonian limit
	3.2.1 The Newtonian limit of the equation of motion

	3.3 Solar system tests of conformal f(R,Lm) gravity

	4 Thermodynamic interpretation of the conformal f(R,Lm) gravity theories
	4.1 Thermodynamic quantities in the presence of particle creation
	4.1.1 Conformal f(R,Lm) gravity and irreversible thermodynamics
	4.1.2 The temperature evolution
	4.1.3 The case w=-1


	5 Cosmological applications
	5.1 Cosmological equations of the Weyl vector
	5.2 The energy–momentum tensor of the Weyl field
	5.3 The generalized Friedmann equations
	5.4 Comparison with the observational data

	6 Discussions and final remarks
	Acknowledgements
	References




