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Abstract We consider the geodesic deviation equation,
describing the relative accelerations of nearby particles, and
the Raychaudhuri equation, giving the evolution of the kine-
matical quantities associated with deformations (expansion,
shear and rotation) in the Weyl-type f(Q, T) gravity, in
which the non-metricity Q is represented in the standard
Weyl form, fully determined by the Weyl vector, while T rep-
resents the trace of the matter energy—momentum tensor. The
effects of the Weyl geometry and of the extra force induced
by the non-metricity—matter coupling are explicitly taken into
account. The Newtonian limit of the theory is investigated,
and the generalized Poisson equation, containing correction
terms coming from the Weyl geometry, and from the geom-
etry matter coupling, is derived. As a physical application
of the geodesic deviation equation the modifications of the
tidal forces, due to the non-metricity—matter coupling, are
obtained in the weak-field approximation. The tidal motion
of test particles is directly influenced by the gradients of the
extra force, and of the Weyl vector. As a concrete astrophysi-
cal example we obtain the expression of the Roche limit (the
orbital distance at which a satellite begins to be tidally torn
apart by the body it orbits) in the Weyl-type f(Q, T) gravity.
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1 Introduction

The twentieth century has seen the birth of General Relativity
(GR) and of Quantum Mechanics (QM), which are consid-
ered as the most two successful theories describing the nature
and properties of the physical world, on scales ranging from
the microscopic to the cosmological one. General Relativ-
ity, a geometrical theory of gravity, one of the fundamental
interactions that shape the Universe, has provided an excel-
lent description of the observational data [1], and has led to
new insights into the problems of space and time, and their
relation with the physical Universe. The recent detection [2]
of the gravitational waves has again proved the existence of
the excellent correspondence between experimental data and
the theoretical predictions of GR in a range extending from
weak to strong gravitational fields. The introduction of Rie-
mann geometry into GR has provided a powerful mathemat-
ical framework to describe the properties of the gravitational
field. However, despite its remarkable success, a number of
recent observational results have raised some questions about
the absolute validity of standard GR, which may still present
some limitations especially on astrophysical scales exceed-
ing the Solar System one. The two fundamental problems
facing present day gravitational theories, and, in particular
General Relativity, are the dark energy and the dark matter
problems, respectively. For recent reviews on the dark energy
and dark matter problems see [3—13]. To fix the theoretical
imperfections of standard General Relativity, two important
physical components, the dark matter and the dark energy,
are introduced in the cosmological scenario in a rather ad hoc
way, with the major goal of explaining and adapting the stan-
dard gravity model to describe realistic physical situations,
related to the motion of massive particles around galaxies,
and to solve the problem of the accelerated expansionary
state of Universe. We may call the approach based on the
introduction of two new physical components in the overall
matter/energy balance of the Universe the dark component
model [14].

However, a second approach to gravitational phenomena
is also possible, and it is called the dark gravity approach
[14]. In this approach one assumes that both dark matter and
dark energy can be explained by changing the nature of the
gravitational force. Many modified theories of gravity, going
beyond the standard GR model have been proposed in order
to build a fundamental framework for the explanation of the
mysterious dark matter and dark energy [15], and to give
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a solution of the present observational-theoretical contra-
dictions and conflicts. In the framework of the Riemannian
geometry one can naturally generalize the Einstein—Hilbert
action by substituting the Ricci scalar R with an arbitrary
function f(R). This leads to the f(R) modified theory of
gravity [16-23]. There are two approaches in f(R) grav-
ity, namely, the metric formulation, in which the metric is
considered as the only dynamical variable, and the Palatini
formulation, in which the connection is considered as another
independent variable, beside the metric tensor. One can find
detailed discussions of the metric formulation of f(R) grav-
ity in [24-29], and for the Palatini formulation in [30-32],
respectively. The most obvious drawbacks of f(R) theory is
that the scalar field in the Palatini formulation is not dynam-
ical, which implies that no new degrees of freedom can be
introduced, resulting in the existence of infinite tidal forces,
which generally are physically impossible [33]. On the other
hand the extra freedom introduced from the metric formula-
tion would lead to contradiction with the observational results
obtained in the Solar System [34,35].

To allow for the generation of long-range forces and simul-
taneously passing the Solar System test, in [36—40] a new
approach to gravitational effects was proposed. In this theory,
called Hybrid Metric-Palatini Gravity, the Einstein—Hilbert
action is supplemented with a correction term inspired by the
Palatini formulation. Another interesting and important mod-
ification of gravity is the inclusion of a non-minimal coupling
of geometry and matter into the action [41-48], by using arbi-
trary functions of the scalar curvature and Lagrangian density
of matter (in the f (R, L,,) gravity theory [47]), or by con-
sidering a gravitational Lagrangian of the form f (R, T') [48],
where T is the trace of the matter energy—momentum ten-
sor. In these classes of theories the covariant derivative of the
energy—momentum tensor is always non-zero, which implies
non-geodesic motion of test particles and the appearance of
an extra force. For a recent review of some modified gravity
theories in Riemann geometry one can refer to [14] and [49],
respectively.

The standard GR theory is formulated in Riemann geom-
etry. Hence, an alternative avenue for searching for a gen-
eralized description of gravity is the extensions of the geo-
metrical framework on which GR is based. In an attempt
to unify gravity and electromagnetism Weyl introduced in
1918 a generalization of the Riemann geometry [50]. In the
Weyl geometry both the orientation and the lengths of vec-
tors are allowed to vary under parallel transport, while in
Riemann geometry only the variation of the orientation is
allowed. Weyl geometry represents a completely consistent
generalization of Riemannian geometry. In modern language,
the vector field introduced by Weyl, which generates a new
component in the connection, which in Weyl geometry is
no longer metric-compatible, is actually the dilatation gauge
vector. If the vector is the gradient of some function, a scale
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transformation of the form g,, = ngw,, where o is the
scale (conformal) factor, can be applied to cancel the Weyl
vector. In this case the Weyl geometry is called integrable,
and the lengths of vectors will be unchanged under a paral-
lel transport along closed paths. For a detailed discussion of
Weyl geometry see [51-53].

In an important mathematical and physical development
Cartan introduced the anti-symmetric part of the connection,
known as torsion, into the gravity theory, thus formulating an
extension of GR [54], which is known as the Einstein—Cartan
theory. The Weyl geometry can be immediately generalized
by including the torsion, which leads to the Weyl-Cartan
geometry, and a corresponding geometric theory of gravi-
tation [55-66]. For a review of geometrical properties and
physical applications of Riemann—Cartan and Weyl-Cartan
spacetimes one can refer to [67]. Another important math-
ematical development with important physical implications
is related to the work by Weitzenbock [68], who developed
a geometry with torsion and zero Riemann curvature. Since
curvature is zero, Weizenbock spaces possess the interest-
ing property of distant parallelism, known as teleparallelism.
The teleparallel approach substitutes the metric tensor, which
plays a central role as a basic physical variable in gravita-
tional theories, with a set of tetrad vectors. In this approach,
the torsion is generated by tetrad fields and it describes the
gravitational field entirely, once the torsion is properly cho-
sen to eliminate the curvature. This is the so-called teleparal-
lel equivalent of general relativity (TEGR) [69-71], which is
also known as f(T) theory, where T is the trace of the torsion
tensor. In f (T) theory, torsion completely compensates for
the curvature, and the spacetime becomes flat. Weyl-Cartan—
Weizenbock gravity (WCW) was introduced as an extension
of the teleparallel gravity models in [72]. In this approach,
the Weizenbock condition of the vanishing of the total curva-
ture is implemented in a Weyl—Cartan spacetime. Moreover,
in [73] the Weizenbock condition of the exact compensa-
tion of torsion and curvature was introduced in the action via
the Lagrange multiplier approach, in Riemann—Cartan space-
time. For a review of teleparallel gravity theory see [74].

An interesting theory, geometrically equivalent to GR,
which is also known as symmetric teleparallel gravity, was
introduced in 1999 [75]. In this geometric approach the non-
metricity Q of a Weyl geometry represents the basic geo-
metrical variable. This approach was further developed as
f(Q) gravity theory, also named as non-metric gravity[76].
Various physical and geometrical properties of symmetric
teleparallel gravity have been analyzed in [77-97].

An important extension of f(Q) theory has been obtained
in [88] by including a non-minimal curvature-matter cou-
pling into the gravitational Lagrangian, with L = f1(Q) +
f2(Q)L,, ,where f1 and f> are arbitrary functions of the non-
metricity Q. Similarly to the non-minimal couplings between
curvature and matter in Riemannian geometry [47,48], the

coupling leads to the non-conservation of the matter energy—
momentum tensor as well, which leads to a new term in the
geodesic equation, which can be interpreted as an extra force.
A Bayesian statistical analysis using redshift space distor-
tions data was performed to test a model of f(Q) gravity in
[98]. The cosmological background evolution is similar to
the ACDM one, but differences arise in the perturbations.
The best fit parameters indicate that the o8 tension between
Planck and Large Scale Structure data can be relieved in this
theory.

The f(Q) gravity model was extended to include a non-
minimal coupling in the Lagrangian in [99], in which the
gravitational action L is given by an arbitrary function f of
the non-metricity Q and of the trace of the matter energy—
momentum tensor 7', with L = f(Q, T). Several cosmolog-
ical applications of the theory were considered by chosing
some simple functional forms of the function f(Q, T), cor-
responding to additive expressions of f(Q, T) of the form
fO,T) =aQ+ BT, f(Q,T) = Q"+ 1+ BT, and
f(Q,T) =—aQ — BT?, respectively, where «, 8 and n are
constants. The Hubble function, the deceleration parameter,
and the matter energy density were obtained in each case as
a function of the redshift by using analytical and numeri-
cal techniques. For all considered cases the Universe expe-
riences an accelerating expansion, ending with a de Sitter
type evolution. Gravitational baryogenesis in f(Q, T') grav-
ity was considered in [100], and it was found that f(Q, T)
gravity can contribute significantly to this phenomenon. The
various cosmological parameters in Friedmann-Lemaitre—
Robertson—walker (FLRW) geometry have been obtained in
[101] for different choices of the function f(Q, T) in terms
of the scale-factor and redshift z by constraining the energy-
conservation law. The observational constraints on the model
have been obtained by fitting the model parameters using the
available data sets like Hubble data sets H(z), Joint Light
Curve Analysis (JLA) data sets and union 2.1 compilation of
SNe Ia data sets. The various energy conditions for cosmo-
logical modelsin f(Q, T) gravity were studied in [102]. The
equation of state parameter w = —1 also supports the accel-
erating behavior of the Universe. In the considered f(Q, T)
models the null, weak, and dominant energy conditions are
obeyed, while the strong energy conditions are violated dur-
ing the present accelerated expansion. The late time cosmol-
ogyin f(Q, T) gravity was investigated in [ 103]. Constraints
on the model parameters were imposed from the updated 57
points of Hubble data sets, and 580 points of union 2.1 com-
pilation supernovae data sets. The performed analysis did
show that f(Q, T) gravity represents a promising approach
for explaining the current cosmic acceleration, and it can
provide a consistent solution to the dark energy problem.

A particular type of f(Q, T) model was considered in
[104], in which the scalar non-metricity Q,, of the space-
time was expressed in its standard Weyl form, and therefore it
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is fully determined by a vector field w,,. The field equations
of the theory have been obtained under the assumption of
the vanishing of the total scalar curvature, a condition which
was added into the gravitational action via a Lagrange multi-
plier. The cosmological implications of the theory were also
investigated for a flat, homogeneous and isotropic geome-
try, and the generalized Friedmann equations were obtained.
Several cosmological models were investigated by adopting
some simple functional forms of the function f(Q, T), and
the predictions of the theory have been compared with the
standard ACDM model.

The main goal of the present paper is to investigate some
fundamental properties of the motion of test particles in the
Weyl type f(Q, T) gravity theory, introduced in [104]. We
derive the geodesic deviation equation and the Raychaud-
huri equation in the Weyl geometry and in the presence of
the extra force that describes the effects of the non-metricity—
matter coupling. As compared to standard general relativity
a number of new terms do appear in both equations, indi-
cating the existence of a complex dynamics resulting from
the intricate interplay of the geometrical and matter factors.
The weak field limit of the theory is also considered, and the
Poisson equation, containing the corrections deriving from
the Weyl geometry and non-metricity—matter coupling are
determined. As a physical application of the obtained results
we consider the tidal force problem in Weyl-type f(Q, T)
gravity, and a generalization of the Roche limit is obtained,
under the simplifying assumption that the center of mass of
the two-body system coincides with the geometrical center
of the massive object with mass M.

The present paper is organized as follows. In Sect. 2 we
review the basics of the Weyl geometry, and we introduce
the Weyl type f(Q, T) gravity theory, and its field equa-
tions. The geodesic deviation equation is derived in Sect. 3,
while the Raychaudhuri equation in Weyl geometry and in
the presence of the extra force induced by the non-metricity—
matter coupling is obtained in Sect. 4. In Sect. 5 we consider
the weak field limit of the theory, and the generalized Poisson
equation for the gravitational potential, containing the correc-
tions due to the geometric and coupling effects, is obtained.
The properties of the tidal forces, as well as the expression
of the Roche limit in Weyl geometry and in the presence of
extra force, are also investigated. We discuss and conclude
our results in Sect. 6. Some mathematical results used in the
derivation of the main relations of the paper are summarized
and detailed in Appendix A.

2 Geometrical preliminaries and the basics of the
Weyl-type f(Q, T) gravity theory

In the present section we briefly review the fundamentals of
the Weyl geometry, and of the Weyl-type f(Q, T) gravity.

@ Springer

2.1 Quick start for Weyl geometry

In the differential geometry of the Riemann spaces the con-
nection describes the properties of the parallel transport, the
fundamental concept used for the characterization of the
various mathematical aspects associated to the geometrical
objects in curved space-times. In order to keep the tensor
properties of the differentiation operation acting on a vector,
some new terms, containing the connection, must be intro-
duced to ensure the tensorial nature of the differentials of
a vector. Hence, in Riemann geometry the covariant deriva-
tives of the contravariant and covariant vectors are given by
[105-107]

VyAH = 3,A* + T AV, A,
=0,A, — T, Ay 1)

In Riemann spaces, the connection is of Christoffel type,
it is compatible to the metric g, so that V, g,, = 0, and it
is given by

A 1 Ao
r w = Eg <8ugv<7 + 0v8uo — 8agpw)o (2)

With this connection the parallel transportation in a Rie-
mann space will preserve the length of the vectors, and only
the orientation of the vector is changed. In 1918 Weyl pro-
posed a new geometry [50] by introducing a connection with
the property that under parallel transportation both the orien-
tation and the magnitude of a vector change. The connection
in Weyl geometry is no longer metric-compatible. Moreover,
a new vector field, known as the Weyl vector field, is intro-
duced, allowing one to write the Weyl connection as [52,53]

I, =T% + guw* = 8hw, — 8wy, A3)

w

where in the following the tilde indicates the quantities
defined in the Weyl geometry. With the use of the Weyl con-
nection one can immediately obtain the fundamental result
that the covariant derivative associated with the connection
FAW, when applied on the metric tensor, gives a non-zero
value,

6)uguv = Zw)\g;w, %g‘“’ = —ZwAg’“. @)

In the standard representation of the Weyl geometry the
variation of the length of a vector under parallel transport is
given by

81 = low, 8x", 5)

where [ is the length of the vector before transportation.
Thus the variation of the length of a vector under transport
along a closed loop is

81 = lgW,, 85", (6)
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where §s"" is the area surrounded by the loop, and W, is
given by

W = Vow, — Vyw, = Vyw, — Vyw,. (7

In Weyl geometry one can define a curvature tensor in
the same way as in Riemann geometry, with the use of the
intrinsic connection,

2V Vi Ay = R%,, Ac (8)
2V VAt = =R, A% )

The explicit expressions of the curvature tensor in Weyl
geometry can be obtained as

Rﬂvka = R;wka + v Wis + 2vkw[ﬂgv]o
42V, Wgulr + 2wkw[/Lgv]a
+2w, WivEulr — zwawag)»[ugv]m (10)

By contracting the first and the third indices of the curvature
tensor, we find

Ry = Rys +2wywy +2Vow, + Wy
+gvo(vawa - 2wawa)- (1D

Finally, contracting the remaining two indices one can
obtain the scalar curvature as

R=R/=R+6(V,w" —w,w"). (12)

In order to develop some physical applications we intro-
duce two types of non-metricities as follows:

Qkuv = —wag;w = _6Aguw (13)
Qkuv — _zwkg/w — @)»g/w. (14)

Moreover, the scalar non-metricity Q is defined as
0= —g (L“ﬂMLfa - L“ﬁaLﬁv> , (15)

where L’\W is given by

1
LAW - nga (Quov + Quop — Qo) - (16)

Hence we can rewrite the connection in Weyl geometry as

I 2 2

Fuvzruv+L;1,U' (17)
With the use of Egs. (13) and (16), we obtain for the scalar

non-metricity the expression (see Appendix Al for the cal-

culational details)

0 = 6w’ (18)

The explicit expressions of the covariant derivatives for
some vector and tensor quantities in Weyl geometry are given
in Appendix A2.

2.2 The Weyl-type f(Q, T) gravity theory

A particular model of the general f(Q, T') theory was intro-
duced in [104], and it is based on the following action:

S = /d4xa/—g|:/<2f(Q, T)— %W,“,WW

1 -
P TRICRSY: +cm}, (19)

where we have denoted k> = 1/167 G, and m is the mass
of the particle associated to the vector field w,. More-
over, by £,, we have denoted the ordinary matter action.
In the action (19), the second and third terms are the kinetic
energy and the mass terms associated to the Weyl-type vector
field, respectively. As for the first term, giving the gravita-
tional Lagrangian, it is taken as an arbitrary function of the
non-metricity Q and of the trace T of the matter energy—
momentum tensor.

Moreover, in the present approach, we assume the van-
ishing of the total scalar curvature, and we impose in the
total action the Weizenbock condition with the help of the
Lagrange multiplier ». We impose this condition in order to
follow the essential ideas of the teleparallel approach to grav-
ity. The action (19) generalizes the GR equivalent symmetric
teleparallel gravity theory, or f(Q) theory, by introducing
a matter—geometry coupling, in a similar manner as in the
f(R, T) theory, and adding an extra matter distribution for
the particles associated with the Weyl vector field. However,
it should be mentioned that the present theory is different
from f (R, T) theory due to the presence of a boundary term,
and hence it can be seen as a generalized equivalent theory
of GR, in the sense discussed in [89].

In the case where f(Q,T) = Q, and if we have a van-
ishing mass m = 0, the theory reduces to the symmetric
telleparallel equivalent to GR, as is fully developed in [76].

By first varying the total action (19) with respect to the
vector field w#, we obtain the generalized Proca equation
that describes the evolution of the vector field w,, in the Weyl
geometry,

VW, — (mz 123 fp + 121) wy = 6V, A, (20)

where fo = df(Q, T)/0Q. Next, we vary the action with
respect to the metric tensor, and with the use of the Weizen-
bock condition, that is, after omitting the terms that explicitly
contain R, we obtain the generalized field equation of the

@ Springer
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Weyl-type f(Q, T) gravity as follows:

1
5 (T + Suv) = f1 (Tuov + Opv)

_ 1y 2
= 2K S8uv + 6k” fow wy

+ A (R,w — 6w, w, + 3gWpr/’) + 38w’ V,A
— 6w VA + gl — V, VA, 21

where in the field equations we have denoted by fr the partial
derivative of f with respectto T, fr = df/0T, and where
we have introduced the energy-momentum tensor S, asso-
ciated to the Weyl type vector field, defined according to

1
Suv = _Zgﬂ‘)Waﬁ weP 4 W WP

1
—inglwwpw'o +m2wﬂwv. (22)

As is customary, the energy—-momentum tensor 7}, of the
ordinary matter is defined as

2 8y —&Lm)

T

(23)

The tensor ® ,,, is obtained from the variation of the energy—
momentum tensor with respect to the metric. By adopt-
ing the assumption according to which the ordinary matter
Lagrangian density £,, depends only on the metric tensor
components, and not on their derivatives, we obtain for ©
the simple expression

ST,
Opy = g”‘ﬁsg—“ﬁ = guvLom — 2Ty (24)
v

By contracting the indices n and v in Eq. (21), we obtain
the scalar S, given by

S =S8kt =—mPw,w". (25)

The trace of the matter energy—momentum tensor 7' can be
obtained from the equation

1
ST +9) - K2 fr (T + ©)

= 2> f + 6% fow, wH
+A(R — 6w, wh + 12V, wh) + 6w" V4 + 304,
(26)
By taking the covariant divergence of Eq. (21), and using

the constraint R = 0, we obtain for the divergence of the
ordinary matter energy—momentum tensor the expression

@ Springer

2
. K
VAT = VT = 20" Ty + wy T = m
X [2Vu(fT£m) - T — 2TMuV“fT:|
—2wh T, +w,T. 27)

Hence, as one can see from the above equation, the ordi-
nary matter energy—momentum tensor is not conserved in
the Weyl-type f(Q, T) theory. From a physical point of view
the non-conservation of the matter energy—momentum tensor
can be interpreted as indicating the presence of an extra force,
acting on massive test particles, and making the motion non-
geodesic. It should be noted that in the special case fr = 0,
the energy—momentum tensor becomes conserved, as can be
easily seen from Eq. (21). In this case the term in the action
generated by the non-minimal coupling between matter and
geometry does vanish, and the theory reduces to f(Q) coin-
cident gravity [76].

There is a special case where the denominator of Eq. (27)
vanishes identically, and therefore the field equations (21) are
not valid. This particular case corresponds to 1 + 2«2 fr =
0, giving immediately fr = —1/2«2, and f(Q,T) =
—T/2k* + C(Q), where C(Q) is an arbitrary function
depending only on the scalar non-metricity. For this form
of f(Q, T) the gravitational field equations (21) become

(Suv + guvLm)

N =

= e+ - 62C
= 2K 8y 4K2glw K=Cow,wy

+ A (Ruv — 6wuwy + 38,0 Vow”) + 38w’ Vi
— 6w, Voyh + guwh — V, VA, (28)

where Cg = dC(Q)/9 Q. The conservation equation of the
matter energy—momentum tensor reduces to the simple form

Vo (T —2L,,) =0. (29)

3 Geodesic deviation equation in f(Q, T) theory

As a first step in our further investigations of the geometric
and physical properties of the Weyl-type f(Q, T) gravity, in
the present section we derive the geodesic deviation equa-
tion in this theory, and we obtain its form by taking into
account the presence of the extra force generated by the non-
conservation of the energy—momentum tensor.

3.1 The extra force in Weyl-type f(Q, T) theory
As we have already mentioned, due to the presence of

non-metricity, in Weyl geometry the length of a vector is
no longer preserved under parallel transport. However, we
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define the four-velocity, as usual, according to the expression
ut = dx" /d&, where & is the affine parameter, which forms
a tangent bundle of congruences of timelike curves. But in
a Weyl geometry we need to normalize the four-velocity
according to [108]

' = g’ = —, £=1ex), (30)

where £(x%) is an arbitrary function of space and time coor-
dinates. With this normalization, even if we set the proper
time as dt° = —guvdxtdx”, & does not necessarily coin-
cide with t [108], and by the chain rule of differentiation we
obtain the relation dt/dé = +¢.

The presence of non-metricity, as well as its specific prop-
erties related to the background spacetime, strongly affects
the nature of the hypersurfaces orthogonal to the timelike
ut velocity field. Therefore, in Weyl geometry, a general-
ized projection tensor operator needs to be introduced by the
definition [108]

1
—Uylly. 31D

h;w = g;w 62

The generalized projection operator has the usual properties
Ry = hyy,and hy, h*Y = 3, respectively. The mixed tensor
form of the projection operator can be obtained by raising
one of its indices, and thus

1
hh™ =h) =8+ —

i (32)

For mathematical convenience, from here onwards we
denote the temporal derivative by ’, to indicate covariant
differentiation with respect to &, and the spatial derivative
D,, for a generalized tensor in Weyl geometry, respectively,
as follows: [108],

.31 /3:; —u“V T/31 -Bn (33)

o]0y
DMTfl‘ fﬂ =hrhgt RS T (34
Due to the presence of non-metricity in Weyl geometry
there exist two types of four-acceleration, denoted by A"

and a,, respectively, and defined according to

AP =yt = ' Vout = u"Vout — Cw? — 2w,uut (35)

and

ay =uy, = u’Vyuy = u"Vyu, — w,, (36)

respectively. The two accelerations are related by the impor-
tant equation,

A% = a* + Q"M uu,. (37)

From these two types of acceleration we can obtain some
pure geometrical relations. Multiplying the two acceleration
vectors by u,,, we obtain

"
Aluy,

(6% + = Q,mu“u u’, (38)

1
2
1
atuy — (% — —Qﬂuku“uvuk. (39)
2 2
For the sake of clarity we mention that (02 = u* @M (02).
With the above definitions, the geodesic equation in Weyl
geometry takes the following form, where generally the extra
force f* gives the supplementary acceleration induced by the
non-minimal curvature—matter coupling:

ut = u’Vyut = + F“Auvu)‘ = f* (40)

The energy—momentum tensor of a perfect fluid can be
defined in a Weyl spacetime according to [108]

(p+p)

Tuv =~

Uylhy + pguv- 41

The four-velocity u* of the perfect fluid must be &-
parameterized according to the definition of velocity in Weyl
geometry, and it obeys the normalization condition (30). The
details of the derivation of the generalization of the perfect
fluid model in Weyl geometry can be found in Appendix A3.

Now multiplying with the projection operator the covari-
ant divergence of the energy—momentum tensor in the Weyl-
type f(Q, T) theory, we obtain the important correspon-
dence between the matter energy—momentum tensor 7}, and
the four-acceleration A* as

p—i—ﬂ

h"’”V"T,w = — O""Puyuy)

_P2'24,0 |:(62)/ + QMV}LM/LMVM)L}WO

+h?'Vyp + B QK p. (42)

With the use of Egs. (35) and (40), from Eq. (42) we can
obtain the expression of the extra force in Weyl-type f(Q, T)
gravity as follows (for the calculational details see Appendix
Ad):

2
ff= ul’ = —+ phpveﬂ(T;w — P&guv)
+33 [(@2) + Q’“’)‘uﬂuvu;\]u’) + O"Puyu,. (43)

By substituting the expression of the non-metricity tensor
in the above equation, we obtain for the extra force the final
expression

2 2y/
¢ : @,

hPYH (T, —

p:
/ p+p 202

_ WP
wuuu.

(44)
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3.2 The geodesic deviation equation

Consider now a one-parameter congruence of curves x* (¢; o)
satisfying the geodesic equation for the parameter £ in Weyl
geometry for each 0 = op = constant. We introduce the
four-vectors

_0xt(0)
a do

The second temporal derivative of U* can be expressed
as

Ut " = U"§o. (45)

UM = u’Vy Vo UM) = u’V, (U*Vgur)
= (Vy VYU u” + (V,U*) (Vouryu®. (46)
Using the definition of curvature tensor, we have
P
UM = (—RY, u?
+V VoYU + U (Vyu®) (Veut)
= —ﬁ’sz“uﬂu" + UV (u’Vyuh).

Hence we obtain the geodesic deviation equation in Weyl
geometry in the presence of an extra force:

(47)

UM = —Ié’f)aﬁU“uﬁu” + UV, fH. (48)

By multiplying with §o both sides of the above equation
we are left with
" = =R n®uPu’ 40V 1 (49)

Equation (49) represents the geodesic deviation equation
in Weyl geometry in the presence of an extra force gen-
erated by the coupling between non-metricity and matter,
as follows from the mathematical and physical structure of
f(Q, T) gravity. In the special case when fr = 0, the
energy—momentum tensor becomes conserved, and Eq. (49)
reduces to the geodesic deviation equation in Weyl geome-
try, as considered in [108]. Note that in this case the present
theory becomes equivalent to the coincident gravity theory
[76]. In the more general case where the Weyl vector also
vanishes, the space-time becomes flat and the right hand side
of Eq. (49) identically vanishes.

4 Generalized Raychaudhuri equation in Weyl-type
f(Q, T) theory

In the present section we derive the Raychaudhuri equation
in the Weyl-type f(Q, T') theory, and in the presence of an
extra force. Our approach basically follows, and generalizes,
the similar analysis performed in [108], in which the presence
of the extra force has not been taken into account.

We begin our investigation by decomposing the covariant
derivative of the four-velocity u,, into its temporal and spatial
components, according to [108],

@ Springer

1 1
Vyu, = Dyuy — e—z(uuév +ayuy) — F(ukal)uﬂuv, (50)

where Dyu, = hvﬂhlfﬁﬁux and &, = u"@ﬂuv =
u’Vyu, — Cw «- We can see that by construction we have
the relation &, u" = a,u".

Similarly, the projected covariant derivative can be decom-
posed into

1 1
Dyu, = 5(9 + E—zaauo‘)hw + o + Opy, (@28
where
- 1
0 = g""Vyu, = D*u, — g—zauu“
= Viu, — 2w,u" (52)

is the “volume” scalar in Weyl geometry. We can also con-
struct the scalar D*u, = h*'V,u,,.

In a Weyl geometry and in the presence of non-metricity
the shear tensor is defined according to

Ouv = Dy

~ 1 1
= h(fhlj‘)v,gux - —<9 + e—zaau"‘)hlw, (53)

3

while the vorticity tensor is introduced based on the definition

wpy = Dpuy) = %(Dvuu — Dyuy). (54)

The shear tensor is symmetric and trace-free due to its
construction. As for the vorticity tensor, it is naturally anti-
symmetric. Thus, based on these mathematical properties, we
find that the following relations are always satisfied: oﬂu =
0= a),f, owtt’ =0=awyu’, oyh"*’ =0 = w,,h"’ and
owor’ =0.

From Egs. (50) and (51) we obtain the explicit expression
of the covariant derivative of u,,:

- 1 1
Vouy, = 5(0 + E—Zaau“>h,w +ou + o
1 I,
_e_z(”usv +ayuy) — £_4(u A )y Uy, (55
while for the covariant derivative of u* we find
- 1 1 1
VVuht = §<9 —+ E—zaauo‘)h“” - Z—z(u“fv +a*u")
1
—F(u“aa)u“u” + 0" uy + o™’ + "’.  (56)

Raychaudhuri’s equation is a purely geometrical relation,
and it immediately follows from a set of fundamental geo-
metric relations, known as Ricci’s identities. In a Weyl space-
time and in the presence of non-metricity, the definition of
the curvature tensor is
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VYo =V Vu, = RE up. (57)

We multiply both sides of Eq. (57) with g*”u*, thus obtaining
AV T O AV T O _ D B, L AV
g u vV, Vouy — g7 u"Vy,Vyu; = —Rgynulut gt (58)

The first term on the left hand side of Eq. (58) can be
evaluated as

g“u“@ﬂﬁvuk
, 1 1 AU
:9—5 O—i—g—zaau u"Qu

1 2
—u"a"* Qi — W(Q — Z_zaaua)uuuvuk Qv
1
+£—2<sk + aMutu’ Q s, (59)

while the second term on the left hand side of Eq. (58) eval-
uates to

g“u“@vﬁﬂu;h
1, - 2
= —39 + V“au — ﬁBaau“
2 1 1 2
+W(aau“)2 - §<9 + E—zaauo‘)u“QV,}M + g—zaag"‘

1 2
30 (9 - e—2aau“>u“u”uk O

1
+E—2(u“‘§” + a“u”)quW,\ — oo™ + w0t

— (@™ + ") Qi (60)

Hence in Weyl geometry the left hand side of Eq. (58)
finally reads

gkvuﬂﬁﬂﬁuuk - g)‘”u"ﬁuﬁﬂu;h
1, - 26 2 ,
= 9/ + 59 - V“aﬂ + ﬁaau“ — ﬁ(aaua)

2

__ao(é:a + GMVGMV - a);wwlw + (Uﬂv + wlw)u)Lpr)»

gz
1 1 @\, Ay 1 1 a1
+§ 9+£—2aau ”Qvu_§ 9+€—20au u”Qu

1
A A A
0™ Quun + 55 (W0 a = au" i) Qi

(ZZ)/ / 1 (32)/ 2
=|:9— —wyut +§ 9—%2 — wyu

1
+o, 0" — wet’ — VE 42wk f, + e—zf"vﬂﬂz

(EZ)/ / (62)/ 2
+|: S wuu“} — [ Tz —wﬂu“] .

(61)

The right hand side of the above equation can be evaluated
as

Iémwuﬁu“g“ = Ry utu” + uu"v, 0%
' u"V* Qe — O, Qpanutu’
= Ryutu’ + 2utu’V,w,
+2(wyut)? — VHw, + 20w, wh.
(62)
With the use of Egs. (61) and (62) we finally obtain the Ray-

chaudhuri equation in Weyl geometry, and in the presence of
an extra force

/
|:9 — ZwMu“]

1 (62)/ M 2

52 / 2
+|:(2£; — wuu“] — Ryyutu®

1
-0’ + ot + VHf — ﬁf"vuﬁ — 2wy f*

—2(wyut)? — 2utu’ Vywy + 2V w, — 200w, wh.
(63)

It is worth mentioning again that the effect of the non-
minimal matter—geometry coupling f(Q, T) will enter into
the Raychaudhury equation (63) through the expression of
the extra force, given by Eq. (44). As we have mentioned
earlier, in the case of minimal matter—geometry coupling
fr = 0, the above equation reduces to the generalized Ray-
chaudhuri equation in the coincidence gravity theory [76]. As
is well known, the coincidence gravity is a generalization of
the symmetric teleparallel gravity [76]. In this sense, Eq. (63)
with fr = 0 could be considered as the Raychaudhuri equa-
tion of the generalized symmetric teleparallel equivalent to
GR.

The special case with zero extra force of the Raychaud-
huri equation has been obtained and discussed in [108]. The
first three lines in Eq. (63) have analogous forms to the simi-
lar terms in modified gravity theories with geometry—matter
coupling formulated in Riemann geometry [109]. The Ray-
chaudhuri and optical equations for null geodesic congru-
ences with torsion were investigated in [110].

5 Weak-field approximation, Newtonian and
post-Newtonian li,its, tidal force and Roche radius in
Weyl-type f(Q, T) gravity theory

In the present section, based on the previous mathematical
results, we will consider the weak field limit of the Weyl-type
f(Q, T) gravity theory. The generalized Poisson equation
and the expressions of the tidal force tensor are derived. As an

@ Springer
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astrophysical application of the obtained results we consider
the modifications to the Roche limit that are induced by the
assumption of the presence of non-metricity in the space-time
geometry.

5.1 The weak-field approximation

If one considers the physical situation in which the motion of
the test particles is slow, and assumes that the gravitational
field intensity created by the material particles is comparably
weak, one could easily compare generalized metric theories
of gravity with each other, with the experimental observa-
tions, and with Newtonian gravity. In this case, the first order
approximation is adequate and accurate enough to compare
the theoretical predictions of the gravitational theories with
past, present and future Solar System observations. Gener-
ally, this kind of approximation of gravitational theories, the
so-called post-Newtonian limit, is valid within the near-zone
of the system, corresponding to a spherical region with size
smaller than one gravitational wavelength.

Asafirst step in our investigation of the physical properties
ofthe f(Q, T) gravity theory, in the following we investigate
the linear approximation of the metric field, or the weak field
approximation, by assuming the decomposition of the metric
tensor,

Suv = N + Huy,  |Huw| < 1, (64)

where 7, = diag(—1,1,1,1) is the metric tensor in the
Minkowski spacetime. In Weyl geometry, by keeping only
the first order of Hy,, the connection and curvature tensor
can be, respectively, formed from their Riemann part [106],
to which we add the non-Riemannian (Weyl) components of
the connection,

~ 1
Fkﬂw = z(ava.A + au.HvA - 8AHMV)
FEuvWir — SruWy — Wy, (65)

and of the curvature tensor,

Rauﬂv
1
= E(aﬁaqua + 0,0y Hypg — 0g0q Hyy — 0,0, Hyp)

F2Vpwiaguly + 2Vow(ugalp + 2WpWiaguly
+2wvw[uga],3 - zwkwkgﬂ[agu.]v + Gau Wﬂv’ (66)

respectively. In the following Latin letters denote the spa-
tial components (i = 1, 2, 3) of the tensors, and we will use
Greek letters to indicate both spatial and temporal compo-
nents (u =0, 1,2, 3).

By assuming the metric is diagonal and time-independent,
indicating that H,,, is also a static field, one can obtain the
explicit weak-field expressions of the Christoffel part in the
curvature tensor as [106,107]:

@ Springer
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1 1
00 = —58""9vgoo & —= "8, Hoo, (67)

1 : 1 .
P = =510 Ho =0, To = —=n"diHoo.  (68)
From Eq. (66) we obtain the component of R’ 500

1
Rlyp0 = 59y Hoo. (69)
and

1
R = 5 (0,00 HS, + 8,00 HS,
—0,0, H — 3% 0y Hyy) . (70)

For the details of the calculations of the Riemann and Ricci
tensors in the weak-field approximation see Appendix A7.

5.2 Post-Newtonian analysis

In this section we will discuss in detail the Newtonian limit of
f(Q, T) gravity, by assuming that the perfect fluid filling the
space-time is non-relativistic. First of all, we will choose a
reference frame where the motion of the fluid is static. More-
over, we assume that matter has the form of pressureless dust
with the property p > p, and that the velocity of particles is
small as compared to the speed of light.

Hence we can approximate the four-velocity of the fluid
as ut = (£, u'), and u, = (—£,u;), respectively, and we
keep only the first order terms in u’. In the framework of
these approximations the matter energy—momentum tensor
T, reads

P
Ty = 72”#””' (71)
Assuming that A = A9 + §A and £ = 1 + §¢, where §A

and &¢ are perturbation variables, from Egs. (5) and (20) we
obtain the first-order perturbation of §A and 6¢:

8xMaun = 81 = —(2c% fo + 2h0) w8
= — (22 fo + 210)8L. (72)

Using the above equation together with Eq. (71), one finds
that the only non-vanishing component of the energy-—
momentum tensor is T% = p.

It should be noted that, in the Newtonian limit, one decom-
poses the tensor Hy,, as

1 1
‘D=—§H00, ‘I-’=—§Hii, (73)

where ® and W are Newtonian potentials. Also we assume
that the Weyl vector can be written as w, = (0, w;) where
w; ™~ O(E )
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From these definitions, one can see that the tensor S, in
(22) becomes second order in the perturbation variables and
does not contribute to the Newtonian limit of the theory.

Considering the metric field equations (21) at background
level, it follows that the background value of the Lagrange
multiplier A9 should be constant, and also the condition
f© = 0, where by (0) we mean the background value,
must hold.

By expanding the field equation (21) up to first order in
the perturbation parameters, and by using the background
constraints derived above, one can obtain the (00) and (i7)
components of the field equations:

200A® — 2A8% = 629Viw; + (1 + 12 f))p, (74)
3
A(AD — 4AW) — 2A8A = 9 Viw; — 5/(2 Dp. (75

Also, from the off-diagonal components of the metric field
equation (21), we obtain

SA = Ao(W — D). (76)

In order to close the system of dynamical equations, one
should also consider the constraint equation R = 0, and also
the vector field equation (20) to first order in perturbations.
The constraint equation becomes

AP —2AV =3V, w;, a7)
and the divergence of the vector field equation becomes

610(AD — AW)

1
= (A0 —24¥) (m2 1220 + 12/<2fé°)) . (78)

Now, by substituting V;w; and A§A from Egs. (77) and
(76) in the (ii) component of the metric field equation (75),
one can see that f}o) ~ (. Now, solving the remaining

Egs. (74) and (78) for the Newtonian potentials, we find

1

AD = zGeffp, (79)
1

AV = EVGeff/O, (80)

where we have defined the generalized Newtonian gravita-
tional constant Gefr as

1 1
Get =2 5 + — |, 81)
¢ (3)»0 m? + 12/c2féo)>

and the PPN y parameter as

m? + 1262 £ — 62
V= 2 2 ¢0) '
2(m= 4+ 12k fQ + 3X0)

(82)

One can see from its definition that the generalized New-
ton gravitational constant depends on the derivative of the
function f(Q, T) with respect to the trace of the energy—
momentum tensor 7, on the mass of the Weyl vector field,
and on the background value of the Lagrange multiplier.

It is worth mentioning that the value y = 1, which
corresponds to the GR result, and which is confirmed by
the observations at the Solar System level, occurs when
féo) = —hok2—m?/12«2. Inthis case we obtain Ao = 1/2G,
where G is the Newtonian constant.

The present analysis does show that the effects of the
matter—geometry couplings f(Q, T) do appear already in
the first-order perturbation of the theory. This is in fact differ-
ent from the generalized teleparallel theory, where the first-
order perturbation analysis does not reveal the extra degrees
of freedom, and one should take into account higher order
perturbation analysis [111]. However, in order to explore the
detailed dependence of the function f(Q, T') on the trace of
the energy—momentum tensor 7', one should consider higher
order perturbation analysis of the model.

The extra force (44), can be decomposed into an energy—
momentum related component, and a geometry related com-
ponent,

hPYVIT, (0%
P~ Tﬂ" — wyulu’ + 7 uP
52 ’
= F —w,utu’ + %u”, (83)

where we have defined the tensor

hPYVET,
FP —W’ (84)
P

which can be written explicitly with the use of Eq. (27) as

Fo_ 2O T, P, T K202hPY
0 0 (1422 fr)p
X|:2Vv(pr)+fTVvT+2T;wvufT:|7 (85)

where u* F,, = 0 should be always fulfilled. Using the def-
inition of the energy—momentum tensor and also expanding
the above expression to first order in perturbation variables,
one obtains

24242

FP = —020P + tuPwo —
" + Lu” wo T+ 22 f7

hPv'v, fr, (86)
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where we have assumed that the energy density varies slowly
in this limit. At first order in perturbations one obtains F? =
0. Also note that the second term in Eq. (86) is non-vanishing
only in the case of p = 0. Since in the following calculations
we will use only the i components, we will omit this term.
In the particular case of 1 + 2«2 fr = 0, fr = —1/2«2,
we find lim;, .2V, fr/ (14 2«%fr) = 0, and thus
we still obtain for the extra force the non-trivial expression
FP = —020P + tuPwy.

The equation describing a world line in Weyl geometry
with extra force reads

u"dyut + T uu
2)/

=F* +wou’ut — wtu,u’ +
v vV 2£2

87)

By adopting the linear approximation and the Newtonian

limit, the spatial component in Eq. (87) becomes

d2 xi ( 22)/

= —03; D+ tw' + —

dc? + + 14 + 202"
This equation represents the generalization of the Newto-

nian equation of motion in the Weyl-type f(Q, T) gravity

theory.

(88)

5.3 Tidal forces in Weyl-type f(Q, T') gravity theory

In Weyl geometries, the properties of parallel transport of a
vector along a geodesic line are preserved with the important
exception of the magnitude of a vector changing after trans-
port. Similarly to Riemannian geometry, in the Weyl geom-
etry one can always find a set of tangent spaces generated by
the four-velocity u* for every point along a world line, where
their axes (with the same index) remain parallel, under paral-
lel transport along the world line. It should be noted that these
four-velocities are not necessarily normalized to one in every
tangent space. We have already defined u, u" = —¢%, and in
this case we will not take £ to one. From here onward we will
consider a geodesic reference frame in which all connection
components vanish, indicating that 1:);” = 0 point-wise.

We at first go back to Eq. (66) to evaluate the spatial total
curvature tensor Iéio 0, wWhich is of significance in the fol-
lowing. Hence we obtain

Riojo = Riojo + Vjwigoo + Vowogi;
+wjw;goo + w%gij - w2gji800
~ Riojo + noodjw; = Ripjo — d;w;, (89)
where F’\W = —gw*+ Sﬁwv + 82w, is obtained from the

condition of zero total connection. Raising the index i, we
have

Rigjo = Rigjo—djw'. (90)
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Hence the geodesic deviation equation (49) will become

U0 (P 9pn™) = —R'y gn®uPu? + 10 f*. 1)

If we consider the linear approximation, the Newtonian limit,
and the zero total connection for this system, and we also use
n° = 0 to indicate that the accelerations of the particles are
compared at equal times, and f© = 0, respectively, indicat-
ing that the thermodynamic parameters of the matter do not
depend on time, we obtain

d2 i

dr?
Now we write the explicit expression of the curvature tensor
in Weyl geometry by using Eq. (90) as

C—F = —LRy o0’ +1/9;F'. (92)

d2ni
dr?
and hence we can reformulate Eq. (93) by introducing a
newly defined tidal force vector 7, and the tidal matrix K, i
which has been modified by the matter—curvature couplmg
and Weyl geometry,

= —(Riy.0— d;w)n’ if'a-Fi 93
= —( 0,0 jw)n +£277 i, (93)

d2ni . o

S = F =K, (94)

with the explicit expression of K} given by

i i i 1 i

where F! is the component of extra force, and has been

defined in Eq. (86). The contraction of the tidal matrix gives
IF! PR

3—,7[=—R0°+aiw +£—28F (96)

and by using Eqgs. (69), (70), and (73), we obtain

K=K =

i diw' ! 9 F' 7
j——mﬁ- jw +E_2jF’ Cn)
and the scalar K reads
. 1 .
K:—A<D+3iw’+£—28,~F’. (98)

Substituting the expression (86) for F’, one obtains

, ERE % fr
Ki=—— — 2% [ —— 99
J oxixi X ]<]+2K2f]‘ ©9)
and
2ic2
K=—-Ad-—

(1 42«2 fr)?
<[ (U422 ()0 = 2620, froy fr ], (100)

respectively.
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5.4 The Roche radius in Weyl-type f(Q, T) gravity

In Newtonian gravity, the spherical potential of a given par-
ticle with mass M is given by

M
D)= ——o

, 101
8mr (101)

where we have assumed that 87 G = 1. In a frame of refer-
ence with the x axis passing through the particle’s position,
indicating that the particleis locatedat(x =r,y =0,z = 0),

the Newtonian tidal force tensor 7;; will be diagonal and has
only the following non-zero components [109]:

2M M M
8wr3’ 8nr3’ 8ur3

Tij = —8,‘3jq) =diag< ) (102)
The components of the Newtonian tidal force F; can be writ-

ten as
_2MAmx MAmy

Fo= S2OMY g BAMY g
* 813 Y 813 z

MAmz
8ard
(103)

respectively [107].

The Roche limit, rroche, an important astrophysical and
astronomical concept, is defined as the closest distance that
a cosmic object, having mass m, radius R,,, and density p,,,
respectively, can come near a massive star of mass M, radius
Ry and density pyy, respectively, without being torn apart
by the tidal gravity of the star. In the following we consider a
simplified case with M > m, a condition which allows us to
set the center of mass in the geometrical center of the mass
M.

We consider a small object of mass Am located at the
surface of the small body of mass m. The gravitation force
from the small mass acting on Am is given by

mAm

_mam 104
87 R2, (104

Fg
while the tidal force from the big massive body acting on
Am is obtained to be
2MAmR,,

= g3 (105)
where r is the distance between the centers of the two celes-
tial objects, and we have neglected the differences in the
distances between Am and M, and AM and m, respectively.
The Roche limit is reached if the two forces acting on Am
are equal, Fg = F. Thus we obtain the Roche limit in New-
tonian gravity rroche:

1

1
2M\3 1 om\3
rRochesz(W) =23RM<;O_> .
m

With the use of Eq. (88) we obtain the modification of the
gravitational force in Weyl-type f(Q, T) gravity, which can
be represented as

(106)

Fiotal = F, gravity + F, geometry + FExtraforce

Me L FT 3y
=Fgravity—87_[7+£w +T+Wu )
m

(107)
where the index r indicates the radial components, Fgrayity
is the Newtonian gravitational force, Fgeomewy 1S given by
modifications from geometry components beyond Riemann
geometry, and Fgxraforce 1 the component generated by the
geometry—matter coupling.

Thus, in Weyl geometry, by using Eq. (97), the Roche limit
I'Roche 1S obtained:

2 r 2 1 r
—— +w +2w, + 58 F" |Ry
87-”ARoche t
m MY Fr 4%y
- _ w' + — + —u", 108
s8R grR W T T oet (108)

and the vectors carrying the index r (no summation upon
r) must be evaluated in the coordinate system in which the
Newtonian tidal tensor is diagonal. Considering that the grav-
itational effects due to the coupling between matter and cur-
vature are small as compared to the Newtonian ones, we have

1
2M\3
TRoche ~ Ry 7

1+M€+8”R’ia r+18F’
X —-— w -
3m - 3m \ e

87 R2 Fro 2y
- '+ — al
3m (w Tt e

(109)

Substituting F” from Eq. (86) one finally obtains

1
2M\ 3
I'Roche ~ Ry 7

M
X[l+3—+

m 3m

167k2 R, h'" o, fr
"\ 22 fy

62 /
g~ L]

8TRZ [ 2i*¢
3m \ 1+ 2«2 fr

(110)

6 Discussions and final remarks

Abandoning the metricity conditions and including non-
minimal curvature—matter couplings are some promising
ways to modify standard general relativity, and to explain
the major challenges present day gravity theories face. A
possible geometric avenue for the generalization of general
relativity is represented by the so-called symmetric telepar-
allel gravity theory [75], and by its extensions [76,88,98].
In particular, the role of matter and of the geometry—matter
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couplings have been analyzed in [99,104], respectively. In
the present paper we have extended the previous analyses
of the Weyl-type f(Q, T) gravity, a particular version of the
general f(Q, T) type theories, by developing some basic the-
oretical tools that would allow one not only to make further
investigations of the fundamental geometrical and physical
properties of these gravity theories, but they can also open
the possibility of their observational testing.

More exactly, from the fundamental point of view of
the analysis of the Weyl-type f(Q, T) theories, we have
obtained two of the basic equations of the gravitational
physics, namely, the geodesic deviation equation, and the
Raychaudhuri equation, respectively. The geodesic due to
the geodesic deviation equation describes the way objects
approach or recede from one another when moving under
the influence of a spatially varying gravitational field. One of
the important applications of the geodesic deviation equation
is in the study of the tidal forces, which in modified theo-
ries of gravity acquire some extra terms due to the presence
of the new terms that modify the gravitational interaction.
Hence the geodesic equation can be used to observationally
test the Weyl-type f(Q, T') gravity model through the obser-
vations of the effects of the tides produced by an extended
mass distribution. Tidal effects play an important role in the
eccentric inspiralling neutron star binaries [112]. The neu-
tron stars can be modeled as a compressible ellipsoid, which
can deform nonlinearly due to tidal forces, while the orbit
evolution can usually be described with the post-Newtonian
theory. In general, the tidal interaction can accelerate the
inspiral movement and cause orbital frequency and phase
shifts. Tidal interactions have an essential effect on the star
formation in galaxies, since tidal perturbations induced by
close companions increase the gas accretion rates [113]. By
using gravitational wave detector networks one can constrain
the equation of state of binary neutron stars, and extract their
redshifts through the imprints of tidal effects in the gravita-
tional waveforms [114]. The existence of light, fundamental
bosonic fields is an attractive possibility that can be tested
via black hole observations. The effect of a tidal field caused
by a companion star or black hole on the evolution of super-
radiant scalar-field states around spinning black holes can
test the existence of light bosonic fields [115]. For large tidal
fields the scalar condensates are disrupted, and the impact of
tides can be relevant for known black-hole systems such as
the one at the center of our galaxy or the Cygnus X-1 system.
The companion of Cygnus X-1 will disrupt possible scalar
structures around the black hole for large gravitational cou-
plings. Tidal effects in massless scalar—tensor theories were
considered in [116], where a new class of scalar-type tidal
Love numbers are to used. It turns out that in a system dom-
inated by dipolar emission, tidal effects may be detectable
by LISA or third generation gravitational wave detectors.
Another astrophysical situations in which the effects of the
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tides are of major importance are perturbations of the Oort
cloud by the galactic field, globular clusters evolving under
the influence of the galactic mass distribution, and galactic
encounters [117]. As we have seen in our analysis of the
F(q,t) gravity, the curvature—matter coupling significantly
modifies the nature of the tidal forces, as well as the equation
of motion in the Newtonian limit. Therefore, the compari-
son of the theoretical predictions of the Weyl-type f(Q, T)
gravity about the modifications of the tidal forces with the
observational evidences, coming from a large class of astro-
physical phenomena, could give, at least in principle, some
insight into the fundamental aspects of the gravitational inter-
action, and its geometric description.

We have also obtained the generalization of the Poisson
equation, describing the properties of the gravitational poten-
tial. The Poisson equation and its solution are important tools
in the investigation of many gravitational effects involving
small velocities and low matter densities. The modifications
of the gravitational potential and the new terms appearing in
the equation may provide a theoretical explanation for the
observed dynamics of the particles moving on circular orbits
around galaxies. These observations are usually explained by
postulating the existence of dark matter, a mysterious major
component of the Universe, which has not been detected yet.
Hence the novel geometric effects induced by the Weyl-type
f(Q, T) gravity may provide a geometric explanation for the
galactic dynamics of test particles without having to resort
to the dark matter hypothesis. In the present paper we have
obtained the equation of motion of the particles in the Weyl-
type f(Q, T) gravity, and we have discussed it in detail. Note
that the extra force has two components of different origins,
coming from the matter distribution and from the geometrical
properties of the space-time. The geometry provides an extra
degree of freedom, with the non-minimal curvature—matter
coupling also generating more degrees of freedom for the
gravitational interaction. Hence these extra degrees of free-
dom contribute with new terms to the extra force, the tidal
force, and the Roche limit. These extra terms may have obser-
vational (and even experimental) effects, which can be used
to test the theoretical gravity model we have investigated in
this paper.

The Raychaudhuri equation is of major importance in
the investigation of the space-time singularities, and in con-
struction of cosmological models. For the sake of complete-
ness we briefly mention some cosmological applications
of our results. Let us consider a flat Friedmann—Lemaitre—
Robertson-Walker Universe, with metric given by ds’> =
—dt* + a2(t)8,-jdx"dx-/, where a(t) is the scale factor. We
take £ = 1, and we adopt a co-moving reference system, with
ut* = (1,0, 0, 0). In this case the prime operator is given by
I = u“@# = uoﬁo, and, when applied on a scalar, we have
"= d/dt = d/dt. We also introduce the Hubble function



Eur. Phys. J. C (2021) 81:111

Page 150f 19 111

H = (1/a(t))da(t)/dt, describing the rate of change of a(¢)
with respect to time.

We consider a general model for the cosmological non-
metricity, which was introduced in [118], and according to
which Q0 = A uzhyy + BO)hyuuvy + COujuyuy,
where A, B, C are time-dependent functions describing the
behavior of non-Riemannian degrees of freedom and #
is the projection tensor previously defined. With the Weyl
vector defined in Eq. (13), only one extra degree of freedom
is added by the non-metricity, By assuming A = —C, and by
taking B = 0, we obtain for the cosmological non-metricity
the expression

Q}LMV = Aukg;w = _zw)xgp,w (I11)
giving for the Weyl vector the simple expression
A
w) = —EM)L. (112)

By taking advantage of Eq. (83), we obtain for the extra
force the expression

A
P =Fr— Eup.

We also notice that under conditions that we chose formerly
in this approach, from a geometrical point of view we have

fp — u“@uu/} — —%u”,
leading to F” = 0. This condition is a direct consequence of
the use of the co-moving reference frame. In the laboratory
reference system the extra force does not vanish.

If we keep the terms containing F*, the Raychaudhuri
equation in the Weyl spacetime, given by Eq. (63), can now
be written as (see Appendix A8 for the calculational details)

(113)

(114)

, , 3A" 3A S uv LS o
3H'+3H =T+7H—R,wu u' +V,F*, o (115)
and it can also be reformulated as an equation for a (),

V4 A/ A ! 1 - -
o2 20 CRoutu’ + VPR (116)

a 2 2a 3

which represents the generalized cosmic acceleration equa-
tion. Considering the fact that F” = 0 in the adopted
coordinate system, and after substituting the expression of
ﬁuvu“u”, one can see that the above equation is identi-
cally satisfied. The most general form of the acceleration
equation in the presence of torsion and non-metricity has
been obtained, in a Friedmann—Lemaitre—Robertson—Walker
geometry, with the help of the generalized Raychaudhuri
equation with torsion and non-metricity, in [118]. Cosmo-
logical hyperfluids, representing fluids with intrinsic hyper-
momentum that induce spacetime torsion and non-metricity,
were studied in [119], where the most general form of the
Friedmann equations with torsion and non-metricity were
also obtained.

To conclude, the present investigation of some fundamen-
tal aspects of Weyl-type f(Q, T) gravity opens further pos-
sibilities for the theoretical, observational and even experi-
mental study of the alternative purely geometrical theories of
gravity in the presence of the coupling between geometry and
matter. Moreover, the results obtained in the present paper
may also be relevant for other classes of modified gravity
theories.
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Appendix A: Calculational details for some basic results

In this appendix we present explicitly some of the calcula-
tional details and intermediate steps that were used in the
derivation of the basic results in the main text of our paper.

1. Obtaining the expression of the scalar non-metricity Q

One can obtain L,
nition, qu (16):

Vo
Llw_w 8uv —

explicitly in Weyl geometry by its defi-
w8y — wyd. (A1)

Then with the use of Eq. (15) we obtain the scalar non-
metricity Q as follows:

0= —g“v[(wlgaz + wuﬁg — w"‘gﬁu>
X (wO,S{)9 + wvég — wﬁgw)
- (wﬂégf + wedp — w"‘gaﬂ>
x (w88 + wUrSﬁ - wﬂgw)]

= 6w, wh. (A2)
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2. The explicit expressions of the covariant derivative in
Weyl geometry

We will present below the explicit expression of the covariant
derivative in Weyl geometry of certain types of tensors. For
vectors,
VAR = gV, AN = g (3, AN + T, A7)

= VFA* + wh AF — wh At — g, AC,
VIA, = g" VAL = g 8y AL — T, Ao)

= VHA; — 8511)0140 + wh Ay + w; A",

(A3)

(Ad)
For second order tensors we obtain
@AA;W — g)LG@JA;w
N - -
= g (0, A" +TH, A% + T A*Y)
= V*ARY 4w AY 4 AP
_g)\p,waAcw _ gkvwaA;ux _ ZwAA;Lv’
VA = 87 Ve Ay
= gko(aaA;w - FgMAav - ngAuoz)
=V Ay — 8w Agy — 8w A
+wMA)‘U + wUALi‘ + 2w)‘A,w,
VAAR, = V(850 AMT) = Q7 A1 + g6, VEANT
= V' A 4wl A* 4w, AM

— g we A% — Shwy A — 2wt AF .

(AS5)

(A6)

(AT)
3. The perfect fluid model in Weyl geometry

We should first notice that since the magnitude of the four-
velocity in Weyl geometry is not preserved, and u,u" =
—¢2, the perfect fluid model must be generalized to include
the effects £. Generally, a perfect fluid can be characterized by
its four-velocity u, and the thermodynamic quantities—the
proper density p, the isotropic pressure p, the temperature
T, and the specific entropy s, or the specific enthalpy o =
(p + p)/n [106] (in this section w is defined independently
from the main body). Here r is the conserved baryon number
density, and n does not change its magnitude during parallel
transport. We also introduce the particle number density four-
vector n*, defined as

nt = ny/—gu™. (A8)
Consequently,
LV
n= gl‘z#’ (A9)
\ 8

where g is the determinant of the matrix g,,,. Next we need
to introduce the matter Lagrangian, which we assume as
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depending only on the energy density scalar in the local rest
frame of the fluid,

Lo =—p. (A10)

The energy—-momentum tensor of the fluid is given by
Ty = —20L,,/98"" + g,v Ly under the constraints [106]

3s =0, sn*=0. (A11)
From the thermodynamical relation
0
(—p> = o, (A12)
on
we immediately obtain 6p = wén.
Using Eqgs. (A8), (A9), and (A12), we obtain
1 (n*n" 8uv
én = %(ngﬂv — n“nU@(Sg
n utu utuy,
By using the basic properties of the metric variation,
Bg/u) = —gmgua&g’w, (Al4)
dg 3g
Sghv _g““gﬂ”rSgaﬁ = 88w (AL5)
we obtain
nfuuiy
on = 5( 02 +gﬂv>5guv- (A16)

The derivative of the matter Lagrangian with respect to the
metric tensor is given by

0Ly nw ((u, i,
g = _T(K_Z +8uv )

(A17)

and hence we finally obtain the energy—momentum tensor of
the perfect fluid model in Weyl geometry:

:P+P

Ty E—zuﬂ”“f + pP8uv- (A18)
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4. The details of the calculation of the extra force in Weyl
geometry

The divergence of the matter energy—momentum tensor in
Weyl geometry is obtained as follows. We first obtain

VAT,
= VAT, —2w* T,y + w, T
_ VEp+Vhp _pHtp
= Z—ZM/"MV £—4

+
+p p(”uvﬂuv‘l'uuv uu)‘i‘guvvﬂp‘}'pvuguv

uuuvﬁ"ﬂz

p+,0

_I_
P, ) uy

02

+
—|—p 'O(au + u, V“uﬂ)—l—VUp—l-pQ

(A19)

Then after multiplication with the projection tensor we have

hPYNET,,

p+p

al) + ﬁl)l) + pQM,uv)

+
- 0""Puyuy) + 4 paﬂu“up

+h'°”V p+h"P QM p

— pE_—Z'O(AP _ Q'lwpu,uuv)
_P2‘£4,0 |:(£2)/ + QMV}LMMMVM)L}M'O

+hP'V wp + RO, p. (A20)

5. Calculational details of the derivation of the geodesic
deviation equation

The total derivative in Weyl geometry of the term u"V, UH
is given by

u'V,U* = u”(V,U* + whU, — w,U* — §Hw,U%)
(A21)

and

U"Vyut = U (Vyuh + whu, — wyut — S wqu®),

(A22)

respectively. Note that from the definition dU"/0A =
dut /9o and w, UM u”! = 0, in Weyl space we obtain
u'V,U* = U V,ut.

6. Details of the calculations in the derivation of the
Raychaudhuri equation

Some important steps an intermediate results in the derivation
of the Raychaudhury equation are as follows:

0 = g""Vyu, = VFiu, — 2w,ut, (A23)
ay = uVouy — Cwy = fu +2wu’uy,,  (A24)
£y = uVyug — Cwy, (A25)

Y, (qu®) = —Vﬂ(£2) = 2ugVyu® = 2u*Vyuy,  (A26)
Opy = (Vvu/j, + V;Luv) ozu v
8 P
3£4uﬂu wufuP v, ug + — oY) (yu*Vyuy,
Fu, u* Vouy + u,u®*Voug + uyu®Viug)
1
—@(u“uﬁvauﬁg,w + w1, Vau®), (A27)
1 1
Oy = E(VUMM — Vyuuy) + T@(“V”QV“”N
—uuu*Vouty +uu*Vyug
—uyu*Vyug). (A28)

7. The Riemann and Ricci tensors in the weak-field
approximation

In the weak-field approximation the Riemann and the Ricci
tensors can be obtained as follows:

R%g0 = 8% Rpopo = Ryyp. (A29)
ROotO,B = 80’0 R0 = —Ra0p0, (A30)
0 i i
Rim = R 1om T ‘Szj Rll,/m
= —Riomo + R'};,,,- (A31)

8. Calculations of the cosmological terms in the flat FLRW
spacetime

In a flat FLRW geometry the expressions of the relevant cos-
mological quantities can be obtained as follows:

v o — L 3/=gw?)
Ko /=g ox0
A 3A
=-_ _"H, (A32)
2 2
1 a(/—gu®
g— L OWT8U) a4 (A33)
/—g  9x0
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Ryutu’ = Roo(u®)?> = —3(H' + H?), (A34)
W = Vywy, — Vyw,
= 0w, — dw, =0, (A35)
oy =0 =wyuy, (A36)
1 1 ny
r uo = zg (8vp,0 + &v0,0 — &u0,v)
1
= Egﬂﬂ(gup.,o + 8uo, i — &uo,u)
1
= Eg"”aog,m. (A37)
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