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In this paper, we delve into the significance of local scale symmetry and the role of the associated noether
current, within gravitational theories which are based in non-riemannian background space. Our focus is in
Weyl and in Riemann-Cartan geometry based gravitational theories. We show that local scale symmetry is
associated with the vanishing noether current whenever there are not new propagating gravitational degrees
of freedom beyond the two polarizations of the massless graviton. In contrast, in local scale invariant
theories where there are more than two propagating gravitational degrees of freedom, local scale symmetry
is associated with nonvanishing noether current. The known result that Weyl symmetry has a vanishing
noether current is generalized to non-riemannian gravitational theories. An exception are the local scale
invariant gravitational theories with vectorial nonmetricity, where the associated noether current is

nonvanishing.
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I. INTRODUCTION

In recent times, scale invariance in the gravitational
sector has gained significance as it has been motivated by
pure gravitational and cosmological arguments [1-15].
In the context of cosmology, motivation arises from the
success of the Starobinsky model [16] as one of the most
promising inflationary models [17-19]. The Starobinsky
model incorporates a higher order curvature term, namely,
an R? term, together with the Einstein-Hilbert action.
Indeed, this additional term drives the accelerated expan-
sion during the early Universe. Since inflation is believed
to occur at high energies, the quadratic term in the Ricci
scalar, being power counting scale invariant, becomes
crucial as it suggests the existence of a gravitational
scale-invariant theory. Moreover, it has been shown that
this symmetry can be dynamically broken leading to the
restoration of general relativity (GR) and the generation of
the Planck mass at the end of inflation [7,20] smoothly
transitioning to the big bang universe. Moreover, the
consideration of such a symmetry has also resulted in
promising results in particle theory where it has been
employed as a possible explanation on why the Higgs
boson’s mass remains small in the presence of beyond the
Standard Model physics [21].
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An interesting aspect of the rebirth of interest in local
scale (LS) symmetry in gravitational theories, is that in
several cases Riemann background spaces are replaced by
Weyl geometry spaces, as the geometric substratum of the
gravitational theories [3,8—12]. This is interesting because
Weyl geometry is a natural arena for LS symmetry [22-29].
In other cases Riemann geometry space V, is replaced by
Riemann-Cartan space U, [30-36]. In this case the role of
local scale symmetry is less known.

The main motivation for this paper stems from the results
of Ref. [13], where the conformally coupled scalar (CCS)
theory given by the gravitational Lagrangian,

_ vl _4
LCCS - 2 6¢2R + <a¢)2 4¢4 ’ (1)

over Riemann space is examined. Here R is the curvature
scalar of Riemann space, ¢ is a compensating scalar
field, and we have used the shorthand notation
(0¢)* = ¢"0,40,¢. In Ref. [13] it was found that the
noether current associated with LS invariance in the CCS
theory vanishes, which means that the corresponding
symmetry does not have any dynamical role. This result
was confirmed in [14] within the framework of gravita-
tional theories which are invariant under transverse
diffeomorphisms and Weyl transformations (WTDiff)
In Ref. [15] it was further generalized to any Weyl invari-
ant gravitational theory in four-dimensional riemannian
geometry. In the latter reference it has been shown that
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the Weyl transformation is nondynamical in the sense
that it does not contain the derivative term of the trans-
formation parameter as opposed to the conventional gauge
transformation.

A distinctive feature of the result discussed above is that
it was obtained under the assumption that the background
geometric structure is riemannian. In the present paper we
shall further pursue the above studies of LS symmetry and
its associated noether current to include modifications of
Riemann geometry such as Weyl geometry and Riemann-
Cartan spaces. Our aim is to find a connection between
local scale symmetry and the noether current in gravita-
tional theories over the mentioned non-riemannian geo-
metric backgrounds, with the hope to generalize the results
obtained in Refs. [13—15] to these cases. In the present
work, in order to derive the noether current, which is
associated with the Weyl scale symmetry, we shall rely
upon the formalism developed in Ref. [6].

The paper has been organized in the following way. In
Sec. II, we revisit the class of action S..; = [ d*xL., over
Riemann space, where a coupling between the compensat-
ing scalar and the curvature scalar of Riemann space is
left undefined: i.e., in (1) we make the replacement
@*R — ad’R, where a is a free coupling [7]. This allows
us to determine the conditions under which the action
exhibits LS invariance. Our analysis, which follows the
methodology outlined in [6,7], confirms that the model
possesses the aforementioned symmetry only when a = 1.
The noether current for this particular value of the coupling
a vanishes, which aligns with the result of Ref. [13].

In Sec. I11, we explore the local scale invariance within the
framework of Weyl geometry. We consider a generalization
of (1) which couples to Weyl geometry spaces. In terms of
LC quantities, the resulting Lagrangian can be decomposed
as aLq.s + Lger Where L is the CCS Lagrangian (1) and
Lok 18 the Stueckelberg Lagrangian. The resulting noether
current depends explicitly on the free parameters of the
theory. We discuss the possible cases which arise.

Sections 1V, V, and VI are dedicated to extending the
former study to the Riemann-Cartan geometry based
gravitational theory. This case is less known so that such
an important issue as the possible (not unique) trans-
formation properties of the torsion is to be discussed.
Another issue, which is discussed in Sec. V, is related with
the boundary terms in the Einstein-Cartan-Holst theory.
Section VI contains the detailed analysis of the LS
symmetry within a Scalar-Einstein-Cartan-Holst (SECH)
theory, where we derive the noether current and discuss its
role whenever the LS symmetry is present. A generalization
of the CCS theory adapted to Riemann-Cartan space is
briefly exposed in Sec. VII.

Section VIII provides a comprehensive discussion of the
paper’s findings, along with outlining potential avenues for
future research. Finally, in Sec. IX, in order to summarize
the key points and contributions of the paper, brief

concluding remarks are given. For completeness, an
appendix has been included, where the details of the
derivation of Eq. (77) are provided.

II. CONFORMALLY COUPLED SCALAR
AND LOCAL SCALE INVARIANCE

Let us consider the following action':
4 ax 5 1 2 Aoy
§=[dx/=g|;¢ R+§(6¢) —§¢ . ()

where R is the Ricci scalar, a is a coupling constant, and 4 is
another free parameter. Because of our signature conven-
tion the kinetic energy density term of the scalar field ¢ in
the above action has the wrong sign, making it a ghost field.
However, due to LS symmetry, ¢ is not a (propagating)
physical degree of freedom (DOF) so that the sign of its
kinetic energy density term is harmless. In regard to the
signature, let us make the following remark. In the action
(4) of Ref. [6] the correct sign of the kinetic term is
considered; i.e., in (2) the following replacement is made:
(0¢p)> = —(d¢)?. This means that the action (4) of [6] can
be, at most, global scale but not local scale invariant, since,
as shown below, the wrong sign is required for the unit
V/=9l#*R/6 + (0¢)?] to be invariant under the LS trans-
formations®:

G = L2 (X) g —> Q71 ()¢, (3)

where the positive smooth function Q(x) is the conformal
factor.

For a =1 the action (2), together with the derived
equations of motion (EOM), is invariant under (3). This
class of action has been investigated in several contexts
[3,6,7,13,15]. Its vanishing variation with respect to the
metric 6,5 = 0 leads to the Einstein’s EOM:

3-2a
6

a A
- §¢<vuvv - gpuv2)¢ + §¢4gﬂl/ = 07 (4)

a 3—a
6¢2G/w + Tay¢av¢ - gﬂu(a¢)2

where, as usual, G,, =R, —g,,R/2 is the Einstein’s
tensor and we used the notation V?= ¢*V,V,.
Meanwhile, requiring a vanishing variation of (2) with

'Here we use the metric signature (—1, +1, +1, +1) so that the
signs of the curvature scalar and of the kinetic energy density of
the scalar field are reversed with respect to other works in the
bibliography where the signature (41,—1,—1,—1) is chosen
instead (see, for instance, Refs. [6-10].)

Local scale transformations (3) are not diffeomorphisms since
these leave the coordinates untouched. The LS transformations
act on the fields exclusively.
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respect to the scalar field 64,5 = 0, one gets the scalar
field’s EOM:

V2¢—%¢R+%¢3:O. (5)

The trace of the Einstein’s EOM (4) is given by

CPR+ (1 )0 - apVp~ 54 =0, (6)
By comparing (5) with (6) we get

(1 -a)V, (Vi) = 0. (7)

Whenever «a # 1, the current conservation equation,
Vﬂ j’I(, = 0, takes place, where we define the current:

fo= (=g = 10w ()

This coincides with the noether current which is inde-
pendently obtained through the noether variation jy =
65!}/66,46 [6], where we have redefined the conformal
factor Q = e and 5¢" = —2¢(x)g", 8¢ = —e(x)¢p. For
a =1 the current (8) vanishes so that the current con-
servation equation (7) becomes an identity 0 = 0. In this
case (a = 1) the action (2) is invariant under the LS
transformations (3) as we shall immediately show.® It
suffices to show how the unit,

VE[fs R+ 5007 )

transforms under LS transformations (3) for arbitrary o
We have that, under (3)

R—Q7?2(R-60,InQ0"InQ—6V’1nQ),
(09)* - Q~*((0¢)* — 9,4*0* InQ
+¢%0,InQ0" InQ)]. (10)

Taking into account (10), we can show that under (3), the
unit (9) transforms as

1 1
VR PR+ 002 = V7| PR 4
+ I_T“qfﬂa,, In Q0" InQ

1_
+T“¢2v21ngz},

*Under the Weyl transformations (3) the quartic term A¢*/4 is
obviously a LS invariant term so that sometimes, for simplicity,
we shall omit it.

where the total derivative -V, (¢?0" In ) /2, within square
brackets in the rhs of this equation, has been omitted since,
within the action integral (2), it amounts to a boundary
term. Only for @ = 1 is the unit (9) invariant under the
Weyl transformations (3). Hence, a = 1 is required for
local scale invariance to be a symmetry of the action (2).
However, for this specific value of the coupling constant «,
the noether current vanishes. Consequently, the necessary
and sufficient requirement for LS invariance to be a
symmetry of the gravitational theory (2) is that the noether
current associated with this symmetry vanished.

Another way to understand why the requirement of a
vanishing noether current is necessary for LS invariance to
be a symmetry of (2) is through the analysis of the resulting
EOM. For a = 1 the action (2) is LS invariant, as is the
derived equations of motion (4) and (5), which are both
evaluated at o = 1. In this case, the trace of the Einstein’s
equation (6) coincides with the scalar field’s EOM (5),
so that it is not an independent EOM. In consequence,
the scalar field does not obey an independent equation of
motion; i.e., ¢ is not a physical DOF. As previously
remarked, the fact that the scalar field is a ghost field is
not important since the requirement of LS invariance of (2)
automatically ensures that the scalar field is not physical.
If a # 1, the resulting theory, (2), (4), and (5), is not LS
invariant. In this case the current conservation equation,

Vil = 0= V22 =0,

entails that the theory has global scale symmetry instead.
Notice that, in the a # 1 case, the scalar field is a physical
DOF, which obeys a specific EOM. Hence, there is not LS
symmetry to compensate for the additional DOF associated
to ¢. The fact that the scalar field is a ghost for a # 1
represents a real problem for the resulting theory.

A. Cosmological example

In order to illustrate the above explanation in a very
simple situation we shall consider a cosmological example.
Let us substitute the Friedmann-Robertson-Walker metric
with flat spatial sections, ds* = —dr* + a*(1)8;;dx'dx/
(i,j =1,2,3), where ¢t is the cosmic time and a = a(r)
is the scale factor, into Eqgs. (4) and (5) with a = 1. We
obtain the following equations:

A
(#+5) -3¢ "
_ b b F 3
2H+3H2+2$+4H$—E—7¢2’ (12)
g+3H§+H+2H2_/1¢2, (13)

124058-3



R. GONZALEZ QUAGLIA and ISRAEL QUIROS

PHYS. REV. D 108, 124058 (2023)

where H = a/a is the Hubble parameter and the dot means
derivative with respect to the cosmic time ¢. It can be shown
that the linear combination of Eqs. (12) and (13) yields
Eq. (11). Hence, of these three equations only two, say (11)
and (13), are independent. The combination of these
equations leads to dIné = dIn ¢, where we have intro-
duced the new variable &£ = H + ¢/¢. Integration of this
equation yields H + ¢p/¢p = Cy¢p, where C,, is an integra-
tion constant. Comparing the latter equation with (11) one
gets Cp = \//1/_2 Therefore, only one of the cosmological
equations, (11), (12), and (13), is an independent EOM.
Equation (11) can be written in the following manifest LS
invariant form: v’ = 4+/1/2v?, where we have introduced
the LS invariant variable v = a¢, and the comma means
derivative with respect to the Weyl invariant conformal time
7 = [ dt/a. Integration of this equation yields

a(m)p(r) = F VA2 (14)

9
T—17

where 7 is an integration constant. This is the most we can
get from the equations of motion. Hence, in order to get an
specific solution one must either postulate the functional
form of the scalar field ¢(7)—the scale factor is then
determined from (14)—or vice versa. The freedom to
choose ¢ = ¢(7) is a consequence of the LS invariance
of the equations of motion (4) and (5), for @ = 1.

B. Quadratic model

Let us now consider a second example given by the
pure quadratic gravitational model (y is an overall free
parameter):

S = g/d“x\/—_ng. (15)

We can “linearize” this action by introducing a new
auxiliary field ¢, as follows:

1 a A

The EOM for ¢ has a nontrivial solution given by
¢*> = aR /32 which, when substituted back in (16), recov-
ers the original form of (15) with y = a?/364. In the
“linear” form (16), the scalar field ¢ lacks a kinetic energy
density term making it appear to be nondynamical. The
following EOM are obtained from action (16) by varying
with respect to the metric:

34
a¢2G;w - a(vuvu - gﬂuv2)¢2 + Zguu¢4 =0, (17)
and the constraint equation

—aR + 3i4* = 0. (18)

Combining this last equation with the trace of (17):

V22
qf +32¢* =0,

—aR + 3a

one gets the vacuum Klein-Gordon equation:
aVip? =0=V,ji =0, (19)

where we have introduced the conserved -current

J/;V = 2a¢pV+¢.

Let us notice that neither the action (15) nor its
“linearization” (16) are LS invariant. We have had to
clearly state this from the beginning; however, we missed
this point on purpose: Even if the action (16) is not local
scale invariant, it is global scale invariant instead. Then one
can apply the procedure of Ref. [6] to get the expression
for the noether current which, in the present case, is
Jv =2a¢V#¢. This current does not vanish unless
a = 0. But this is forbidden since a =0 = ¢ =0; i.e.,
the auxiliary field vanishes, which does not make sense.

Although the linearized action (16) initially appears to
involve a nondynamical scalar field due to the absence of a
kinetic energy term for ¢, this is not true because the scalar
field is governed by the current conservation equation (19),
so that it is a physical DOF. If ¢ were genuinely non-
dynamical, this would imply a deficiency of degrees of
freedom in the linearized action (16), since the starting
action (15) is quadratic in the curvature scalar.

III. LOCAL SCALE INVARIANCE
AND WEYL GEOMETRY

Up to this point in our discussion we have implicitly
assumed a riemannian background space V. In this and the
next sections we shall consider modifications of Riemann
geometry to describe the geometric properties of back-
ground spaces. In this section we shall investigate the Weyl
geometric (torsionless) modification, while in the next
sections, the Riemann-Cartan spaces will be considered.
Our aim is to show that the geometric properties of
spacetime modify the analysis of LS invariance.

Weyl geometry space W, is defined as the class of four-
dimensional (torsionless) manifolds M, that are para-
compact, Hausdorff, connected C*®, and endowed with a
locally Lorentzian metric g that obeys the vectorial non-
metricity condition:

vag;w = _Qag;w’ (20)

where Q,, is the nonmetricity (also Weyl gauge) vector and

the covariant derivative V, is defined with respect to the
torsion-free affine connection of the manifold:

T = ) + L%, (1)
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where

1
{Zl/} = zgwi(avg;d + augui - aﬂgﬂv) (22)

is the Levi-Civita (LC) connection, while

1
La;u/ = 5 (Q;t(st[/l + Qv5/(j - Qagﬂy) (23)

is the disformation tensor. The Weyl gauge vector Q,
measures how much the length of given timelike vector
varies during parallel transport.

Let us consider the following quite general gravitational
action in W, space [8-11]:

S = [ @5V PR+ 00
A gt ’ 2 24
- Z‘:b - ? Q;w:| s ( )

where a, w, A, and ﬁ2 are free coupling parameters and
we have introduced the following notation: (9*¢)* =
" 0,40, ¢, where 9,¢p = 9, — Q,¢/2 is the Weyl gauge
derivative of the scalar field, and Qﬁy = (0, 0", with the
nonmetricity field strength defined as Q,, :=20,0,) =
0,0, —9,0,.1In (24) R is the curvature scalar of W, which
is one of the possible contractions of the curvature tensor of
Weyl space:
Ratmu = aﬂramf - aurapm + Faﬂ/lrllmf - Fab/lrll;w"

The action (24) is invariant under the LS transforma-

tions (3) plus the following gauge transformation of the
nonmetricity vector’:

Q,— 0,-20,InQ. (25)

In this section when we speak of LS symmetry we refer to
invariance under the Weyl rescalings (3) plus the gauge
transformations (25).

If we write R in terms of LC quantities,

y 3
R=R-30,0"-3V,0" (26)

where R and the covariant derivative V,, are given in terms
of the LC affine connection (22), then the action (24) can be
written in the following equivalent form:

4Gauge transformations have also been found to be required
when considering LS invariance in Ref. [37].

1 a B
Sgrav = 5/ d4xH |:6 ¢2R + a)(a¢)2 - ? Q/%u
270,00+ 2,00 - L @)

or, alternatively, as

Sgrav = / d4x\/ _gﬁgrav’ ﬁgrav = Lecs + Leck (28)

where the conformally coupled scalar and Stueckelberg-
type Lagrangians, L ., and Lgeq, are given by

‘Cccs = g |:é ¢2R + <a¢)2 - £¢4:| ’ (29)

2 _ b 2\ 2
'Cstueck :ﬂz |:_Qzu + wzﬁza ¢2 <Q;¢ - /;)425 > :| , (30)

respectively. In the above equations we used the nota-
tion (a, —b,)* = a,a" —2a,b* + b,b*. Notice that the
Stueckelberg-type Lagrangian L. differs from the
standard Stueckelberg Lagrangian in the absence of a
gauge fixing term [38—41]. Moreover, it is not a typical
Proca Lagrangian thanks to the gradient 9,¢?/¢?* within
the round brackets squared. This leads to the Lagrangian
density \/=gLuyeck being invariant under (3) in contrast to
just the Proca term, which is not LS invariant. As a matter
of fact, the units \/=gL.. and \/=gLyeck» Separately, are
both manifestly invariant under the LS transformations (3)
and (25).

It is apparent that, unless either ¢ = @ or ﬂ2 — o0, the
effective (point-dependent) square mass of the Proca field,

3 —
%Mﬁl(ﬁ

where the point-dependent square Planck mass M 12)] = ¢?/6

sets the grand unification scale point by point in spacetime,
is a very large quantity my ~ M, so that the vector
interactions due to Q, are (effectively) short range inter-
actions with range ~M ;,1. This means that the nonmetricity
vector field decouples from the low-energy gravitational
spectrum. As a consequence, the effective geometry of
spacetime is riemannian.

A. Equations of motion

From the action (27) the following EOM can be derived.
Vanishing variation of the action with respect to the metric

0gSeray = 0 leads to the Einstein’s EOM:

124058-5
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a a
_¢2G/w —z (vﬂvb - gﬂbv2)¢2

La¢a¢ mw@¢)}

<QﬂQl/ g/leQ >

w—-a
2

_ﬁz <Qﬂ 0. — g;wQ,m—) + §¢4g;w =0, (31)

|: /4¢2 sz gﬂbaﬂ(ﬁz Ql:|

where 9,¢4°0,) = (0,4°Q, + 9,47 Q,)/2 means symmet-
rization. By requiring vanishing of the variation of the
action (27) with respect to the nonmetricity vector,
0QSgray = 0, one obtains the following EOM’:

va;u/ = (¢2Qu - ﬂ¢2) (32)

4ﬂ2
Finally, the vanishing variation of the action (27) with
respect to the scalar field 64S,.,, = 0 leads to the following
Klein-Gordon (KG) type EOM:
VZ 4)2

CPR+0(0p? =SV + T 2020,00

=0. (33)
Comparing this equation with the trace of (31) one gets that

(@ —a)]

which can be written in an equivalent way:

V.(¢?0") = V2] = 0. (34)

V,inN =0, (35)

where we have defined the noether current,

Iy = (@ —a)(@*Q" = Vig?). (36)

5 . . . .
This equation can be written as an inhomogeneous Proca
equation for a massive nonmetricity vector field:

VDQ;,w =+ mZQQu = j/u
where

a—w

m2Q ﬁZ ¢2

is the effective square mass of the Proca field and
a—w
4

is a “Stueckelberg” current required to preserve the local scale
symmetry.

jﬂ = 0,4452,

Equation (34) can be obtained, alternatively, by taking the
divergence of Eq. (32), if we realize that due to the
antisymmetry of the field strength tensor, V,V, 0" = 0

For a # w, the theory, (31), (32) and (33), with non-
vanishing noether current j’,‘\, # 0, 1s LS invariant, which
means that the Weyl symmetry is dynamical. This supports
the conclusion of Ref. [15] that the Weyl transformation is
nondynamical if it does not contain the derivative term of
the transformation parameter e(x) = InQ(x). According
to [15], when the LS transformations contain the deriva-
tive of the transformation parameter, as in Eq. (25),
0, = 0, —20d,e(x), the noether current associated with
LS symmetry is nonvanishing, so that the symmetry is
dynamical.

Notice that when a # w, the current conservation equa-
tion (34) is not an independent equation, since it is a
consequence of the EOM (32) and of the identity
VEVFQ,, = 0. Then, by substituting (34) into the trace
of Einstein’s EOM (31), one gets (33). This means that the
scalar field does not obey an independent EOM,; i.e., ¢ is
not a physical DOF. In this case, Eq. (34), which can be
written in the following convenient way,

V2¢2 0 ¢2

V”Q”: ¢2 - ¢2

Qll

amounts to a constraint on the nonmetricity vector field. As
a consequence, only three of the four components Q, are
independent functions: the two transverse plus the longi-
tudinal polarizations of the (effectively) massive Proca
boson.

As long as local scale invariance is a symmetry of (28),
the noether current vanishes in the following cases (we
assume that f? is finite):

(1) When the coupling constants a = @, we have that
JH = mQ = 0, which means that i, = 0, so that the
conservation equation (35) becomes a vanishing
identity 0 = 0. In this case the nonmetricity field
amounts to a massless radiation field propagating in
background Riemann space V,. The KG equa-
tion (33) coincides with the trace of Einstein’s
equation (31), so that the scalar field ¢ does not
obey an independent EOM,; i.e., it is not a physical
DOF. Therefore, the number of DOF is the same

as in GR.
(2) When a # @ but the following equality takes
place:
o, % %0 -
g ¢

the Weyl space W, transforms into Weyl integrable
geometry (WIG) space (gradient nonmetricity). In
this case, Eq. (34) amounts to a vanishing identity:

124058-6
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0 = 0. The Einstein’s EOM (31) transforms into the
following EOM:

¢2G;w - (vﬂvu - gﬂyv2)¢2

1 3
+6 aﬂ¢ay¢ - Egﬂv(()(p)z + @¢4g;w =0. (38)

Then, Eq. (33) in this case transforms into

@R + 6(d¢)* — 3V2¢p? — %4)4 =0, (39)
which coincides with the trace of EOM (38), so that
the scalar field does not obey an independent
differential equation (it is not a physical DOF). In
this case, as in the above item, the number of
physical DOF is the same as in GR.

When f = 0, the action (27) simplifies. Variation of this
action with respect to the metric yields EOM (31) with
f? =0, while its variation with respect to Q, leads to
Q, = 0,4*/¢*, so that we recover the case with a # w
described above in item 2.

We may conclude that, in the presence of LS invariance,
the noether current vanishes when there are not new
physical degrees of freedom in addition to the two polar-
izations of the massless graviton. However, in the general
situation, when we have the theory, (31), (32) and (33), over
Weyl space with vectorial nonmetricity Q,, there are three
DOF in addition to the two polarizations of the massless
graviton: the two transversal and longitudinal polarizations
of the massive proca field Q,. Therefore, LS invariance
requires that the noether current does not vanish, which
means that it is a dynamical symmetry. In the backgrounds
of Riemannian geometry this does not occur, since the
gauge transformation of the nonmetricity vector (25) is
necessary for the noether current not to vanish.

B. The R? model in Weyl geometry

Let us consider the quadratic action [8-10]:

S = %/d“x\/—gi?z, (40)

which operates in W, space, so that R is the Weyl-Ricci
scalar. It is related with riemannian quantities through
Eq. (26). If we introduce the auxiliary field ¢ as in Sec. I B,

1 = A
s=3 [awvm(grr-iet). @y

the quadratic action (40) results are linearized. Actually,
a variation of (41) with respect to the auxiliary field,
yields ¢*> = aR/3). Hence, if we set the latter equality
back into (41) and set y = a*/364, the starting action (40)

is recovered. Unlike the R? model given by the action (16)
over Riemann space V,, the theory (41) is indeed LS
invariant. Notice that (41)—with the addition of the term
x Qﬁy—is a particular case of (24) when the coupling
constant @ = (. This case will be discussed in Sec. VIII.

IV. LOCAL SCALE INVARIANCE
AND RIEMANN-CARTAN GEOMETRY

In this and in the next sections, we explore LS symmetry
within the context of Riemann-Cartan geometry space Uy,
which is described by a generalized connection [42—45]:

Fa;w = ZU} + Ka/wv (42)

where {f,} is the LC connection, while the contortion
tensor is defined as

1
K affy — E (Ta/iy + Tya/} + T/;’ay)' (43)

The torsion tensor is defined as the antisymmetric part of
the connection
A T — TR v
Ty, =217, =1, —T",. (44)
In terms of Cartan variables, the tetrad fields ¢, and the
spin connection %, = d,e; + F"Aﬂef,, the torsion tensor
can be written as®
Ta;u/ — wa[ﬂl/] + ega[ﬂe;l]_ (45)
In the similar way, the generalized curvature tensor or just
curvature tensor of the connection,7

Rp, = 05T, — 0,1%, 5 + 19,51, =T, 17, 5. (46)

can be written in terms of Cartan variables. In particular, the
curvature tensor with two internal indices and two space-
time indices reads

Da _ a a a c a c
R buv — auw bv — auw bu +o cu® by — O W py- (47)

The curvature tensor (46) can be decomposed into the
LC (riemannian) and contortion contributions as [46]

%Greek letters a, P, ... i, ... etc., stand for spacetime indices,
while small latin letters a, b, c, ... etc., represent the tangent space
or internal indices.

"In what follows, quantities and operators with the tilde are
defined with respect to the Riemann-Cartan connection (21).
Meanwhile, the Riemann-Christoffel curvature tensor R*,5, and
other riemannian quantities like the covariant derivative operator
V, represent torsionless quantities and operators which are
defined with respect to the LC connection. Notice that this
notation is not applied to the torsion tensor itself and the related
quantities.
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R%p = R%up, + vﬂKaw - vaaﬂM

+ K“ﬂ,lK’lw - K“MK’IW. (48)
Two geometrical scalars can be obtained from the curvature

tensor (46) by contraction of all of its indices:
(1) The generalized Ricci scalar

R=g"¢"Ryu =R+T +2V,T, (49)
where

1 1
T =TT =3 T T = 1,1 (50)

is the torsion scalar, while T# = g,,T** is the
torsion vector, and
(2) The Holst term [47,48]

- A 1
R= €HIMDR(”MD = —3VMT# +Z€aﬂ”yTﬂaﬁTﬂﬂy,

NS

(51)

where e®# = ¢%# /| /=g is the totally antisymmetric
unit pseudotensor and % is the totally antisym-
metric LC permutation symbol (,/=ge’'** =+1),
while 7% = e“””’lTW,{ /6 is known as an axial vector.

Equation (51) is a rewriting of the Nieh-Yan identity
in Riemann-Cartan geometry [49-51]:

a}l( V _geﬂMﬂTyﬂa) = 6\/ _gvﬂ Tﬂ

1
=Vv-9g <§ e”MGTp/M Tpl/D'

- eﬂmiem) ) (52)

A. Local scale transformations of Torsion

Under (3) the tetrad vectors transform like:

et — Q(x)ed(eh — Q7 (x)el), e > Q*(x)e, (53)
where e = det |efj| = /=g. Hence, in order to determine
the transformation law for the torsion tensor and for its
contractions, let us consider the definition (45). There are
two possible different scenarios [50]:

(1) Both the spin connection @y, and the tetrad el are
taken to be independent field variables and are to be
determined by the theory. In this case, in addition to
the transformation of the tetrad (53), one is free to
postulate the transformation properties of the spin
connection with respect to the conformal trans-
formations (3). Here we assume that under (3) the
spin connection transforms in the following way:

o, = 0%, +(25—1)570,InQ—g,,0"InQ,  (54)

where s is a real free parameter. This leads to the
following transformation law of the torsion tensor
(45) under the conformal transformations®:

T, = T%, + 2560,/ In Q. (55)

124 v
In Ref. [44] the above transformation property of the
torsion tensor is called as “strong conformal sym-
metry.” Meanwhile, the case when the torsion is not
transformed by the conformal transformations (3),
which corresponds to the choice s =0 in (55),
is called in that reference as “weak conformal
symmetry.”

(2) The spin connections are given through the Ricci
coefficients of rotation in terms of the tetrad:

1
WDapy = 5 €; (ycab ~Vabe — }/bca)’ (56)

where, following the notation of [50], we have
defined

Ve = (ehet — ecey)o,ey. (57)

In this case, taking into account the conformal trans-
formation of the tetrad (53), we have that under (3) the
spin connection transform like

o, = 0%, + 0600, InQ—g,0°InQ, (58)

v

where 0%, = e““efj @,p,- Unfortunately, in this case

the affine connection of the manifold: I'*,, =

(0,e + wien)es = {4}, coincides with the LC

connection so that the torsion tensor vanishes. There-
fore, the second scenario is not of help in defining the
transformation properties of the torsion under the
conformal transformations (3).

In what follows, we shall consider that the torsion tensor
transforms according to the law (55) under the LS trans-
formations (3). In consequence, under these transforma-
tions, the torsion vector and the axial vector transform like

8A similar transformation of the torsion is considered in [52],
where the conformal equivalence between a minimally coupled
and a nonminimally coupled scalar field theories is studied in Uy
space. In Ref. [53] three types of conformal invariance in
d-dimensional manifolds with curvature, nonmetricity, and tor-
sion at once are discussed: (1) when the tensorial part of the
connection is not transformed (type I), (2) when the nonmetricity
is not transformed but only the trace of the torsion 7, = TAM 5 1S
modified by the conformal transformation (type II), and (3) when
the connection itself is not transformed. The transformation
law (55) with s # 1 does not belong in any of these types;
however, when s = 1 it belongs in type III transformation in the
classification of [53].
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T,—T,+350,InQ,

A

T,-1T, (59)

respectively. Besides, under (3) other relevant quantities
transform in the following way:

T - Q72T —4sT"9,InQ - 65*(0InQ)?],  (60)

v, 1" - Q_Z[VMT” +2T%9, InQ+6s5(0InQ)% + 3sV2InQ),
(61)
where 7 is the torsion scalar in (49). It can be shown that

the generalized curvature scalar R, which is given by (49),
transforms as

R->Q7?R-4(s-1)T"9,InQ
—6(s=1)>(0InQ)> +6(s—1)V2InQ].  (62)

Besides, since under (3),
T, 5T, — Q2 [e“ﬁﬂ"TWjTﬂW + 24579, 1n Q} ,
V1"~ @2 (V, 1 + 210, nQ),
then the Holst term transforms like
R — Q2[R +6(s— 1)1*9,InQ)]. (63)

From Eqs. (62) and (63) it follows that the particular case
with s = 1 is outstanding. Actually, for s = 1, both the
generalized curvature scalar and the Holst term transform in
a very simple way: R - Q2R, R - Q2R.

V. SCALE INVARIANCE IN
EINSTEIN-CARTAN-HOLST THEORY

Scale invariance could be a symmetry of the gravitational
laws at high energies. Then it makes sense to think of
quadratic U, curvature terms like in the following action:

s = 2% / dx =GP, (64)

where we defined the scalar, P := R + aR, with A being a
free positive constant. The action (64) is invariant with
respect to the LS transformations (3) and (55) with s = 1,
since P — Q2P. We can linearize the above action
through introducing an auxiliary field ¢ [54,55], so that
the dynamically equivalent action reads

5= % / d4x\/l—§<¢2P - %¢4). (65)

This action inherits the LS symmetry of (64), due to
invariance under (3) and (55) with s = 1. It corresponds

to a wpp = 0 Brans-Dicke (BD) type model with the
inclusion of torsion. We shall call the theory, which is
based in the action (65), the SECH theory of gravity.

A. Boundary terms

The Einstein-Cartan-Holst (ECH) theory of gravity is
given by the following generalization of the Einstein-
Hilbert (EH) action (here we use units where

872G = M3 = 1):

Seen = % / d*x\/=g(R + aR), (66)

where a is a dimensionless coupling parameter while the
Riemann-Cartan curvature scalar R and the Holst term R
are given by Egs. (49) and (51), respectively. In order to
derive the EOM of this theory one should perform first
variations of the action (66) with respect to the independent
variables: the metric and the torsion, instead of the tetrads
and of the spin connection. Let us consider the ECH
Lagrangian:

Lpcn = %q (R +aR). (67)

Omitting the total derivatives in (67) we can write this
Lagrangian in the dynamically equivalent form:

Lgcy = T_g (R +7 + g eaﬂﬂDT/laﬂTﬁﬂv) . (68)

The following relationship can be established between the
above Lagrangians:

- 1
Lgcy = Lgcy — Eaﬂ(\/ —QAT”>7 (69)

where we have defined AT¥ = 3aT* — 2T*.
Under the conformal transformations of the metric (3)
these Lagrangians, however, transform in different ways:

Lrcn = Q{Lgcn — (s — 1)/=g[3(s = 1)(0In Q)?
—-3V2InQ - AT#9, nQJ}, (70)

while

Lgcn = Q*{Lgcn + v=9[3(1 = 5*)(dInQ)?
+ sAT*9,InQ]}. (71)

The following choice of the free parameter, s = 1, is
special. In this case, under the conformal transformations (3)

B .
Lgcn — QLgcy,

LECH - QZ(LECH + ,/—gAT”()” In Q) (72)
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Equation (72) shows that, even in this outstanding case when
s = 1, the dynamically equivalent Lagrangians Lpcy and
Lgcy transform in different ways under the conformal
transformations.

The above discrepancy can be explained in the following
way. Omitting the divergence term in the rhs of (69)
amounts to the vanishing of the following boundary term’:

—/ d3xV/—hn, AT, (73)
oM

in the corresponding action Sy, = f d*xLgcy over Uy space.
In the above expression, h,, = g,, +n,n, is the metric
induced on the boundary d M by the gravitational metric g,,,,
while ## is a unit vector normal to the boundary at each point.
It may happen that, if in the action we take into account the
York-Gibbons-Hawking boundary term [54,56,57]:

2 / dxvV-hK, (74)
oM

where K = K o With K ,—the components of the extrinsic
curvature of the boundary of M € Uy, then it might happen
that some of the terms in (74) and the boundary term (73)
cancel out so that the Lagrangians Lgcy and Lgcy are indeed
dynamically equivalent.

In Ref. [58] a method is developed in order to clarify the
interplay between boundary terms and conformal trans-
formations in scalar-tensor theories of gravity, through
considering fifth-dimensional equations and Kaluza-Klein
compactification. Perhaps a similar procedure could be
fruitful in the present case in order to obtain all of the
boundary terms. However, this subject is beyond the scope
of the present paper.

VI. SCALE-INVARIANT SECH THEORY

In this section we shall assume that the above consid-
erations about boundary terms are correct, so that, even in
the presence of torsion, these may be omitted. This
approach is followed in several bibliographic references
on this subject as, for instance, in Ref. [51]. Here we
consider the action (65) or, explicitlyloz

We want to mention that, for any fields ¥, which vanish on
the boundary the integral (73) vanishes as well. However, for the
torsion and its components (these include AT*), the former
requirement may not be satisfied, so that vanishing of (73) may
not be true. In this case we may not drop the divergence in (69), so
that the Lagrangians Lpcy and Lpcy are not dynamically
equivalent.

The most general metric-scalar-torsion theories of gravity in
n dimensions, which are invariant under LS transformation, were
investigated in [59]. However, the authors considered the par-
ticular case when only the trace of the torsion is transformed by
the conformal transformation.

S = %/ d*x\/=g [452 (ie n aR) - f—1¢4] . (75)

Notice that, in the present case, boundary terms like (73)
are replaced by — [, d3X\/—_hnﬂ¢2AT", which, thanks
to the nonminimal coupling of the scalar field with the
curvature, vanishes. Hence, there are no problems with the
vanishing of boundary terms which contain torsion.

The SECH theory resulting from (75), is invariant under
the LS transformations (3) and (55) with s = 1. It is worth
to split (75) into its LC and torsion parts:

S = %/ d4x\/—_g[qb2(R +7 +aR)
+2¢°V, T+ — %(/54} : (76)

Vanishing variation of the action (76) with respect to the
metric 6,5 = 0 leads to the Einstein-Cartan’s EOM (for
details of this derivation see the Appendix):

1
¢2G/w + ¢2 <T/w - Eg;wT> - ad)zR/w

A
- (vuvv - gyuv2)¢2 + §¢4g;w
—20,4°T,) + 9, 0,*T* = 0, (77)
where G, = R, — g,,R/2 is the Einstein’s tensor, X, Y, =
(X,Y, +X,Y,)/2 means index symmetrization and the
quantities 7, and R, have been defined in Egs. (A3)
and (Al1) of the Appendix. Their traces coincide with the
torsion scalar 7 and with the Holst term R, respectively.
Similarly, vanishing variation of (76) with respect to the

scalar field 645 = 0, and to the connection opS = 0, yields
the corresponding EOM:

R+T+aR+2V,,T"—%¢2:O, (78)

and (see Ref. [60])

2
Ta/w + 2904[;4Tu] + ?got[ﬂau]¢2

T, 4 LT 9PN o 79

+a Copy A+§ea/4 vaﬂ+eaﬂy ? - Y% ( )

respectively. Multiplying this equation by g** one obtains
30,0

T, = —5’;5—2, (80)

while if we multiply (79) by ¢** one gets Tﬂ = 0. It may be
verified that the following is solution of (79) [60]:

1
Ta;w = Ega[ﬂal/]¢2‘ (81)
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This means that the torsion is dynamical if the scalar field is
a dynamical DOF. Hence, the torsion is dynamical if we
renounce to LS symmetry. Otherwise, if the SECH theory is
LS invariant, the scalar field is not a physical DOF, so that
the torsion is not dynamical.

If we compare the trace of (77)

Vit A, 0,97

——p?=2-"-T"=0, (82
Pk (82)
with Eq. (78), one gets the following noether current
conservation equation:

R+7T+aR -3

Vﬂ j’;, =0, (83)
where we have defined the noether current as
= @>TH + 30497 /2. (84)

Now, if substitute 7* from (80) into (84) one gets a
vanishing noether current ji, = 0, so that (83) becomes an
identity 0 = 0."" The present case shares similitude with
the CCS theory given by the action (2) over Riemann space
V, (Sec. 1), and also with the theory given by action (24)
over Weyl space W, for the following choice of the free
parameters (Sec. III): @ = w. In both cases there are not
new degrees of freedom in addition to the two polarizations
of the massless graviton. As already explained, this is so
thanks to the fact that the scalar field is not a physical
degree of freedom due, precisely, to invariance under the
local scale transformations (3). In the present case, since
the torsion obeys an algebraic constraint (79), it does not
carry physical degrees of freedom. Meanwhile, the scalar
field does not obey an independent EOM. Actually, if in
Eq. (78)—which is obtained by varying the action with
respect to the scalar field—we take into account (80), the
resulting equation coincides with the trace of the Einstein’s
EOM (77). We can say that the scalar field compensates
the gauge freedom due to Weyl invariance.

VII. CCS THEORY IN RIEMANN-CARTAN
AND IN WEYL-CARTAN SPACES

The action (76), which is associated with Riemann-
Cartan space U4, may be further generalized by the
inclusion of a kinetic term for the scalar field ¢. The
resulting action reads'”

"Notice also that, from Eq. (80), when matching the resulting
LS transformation of the torsion (59) and the scalar field (3), it
follows that, necessarily s = 1.

’In Refs. [61-63] the most general classes of teleparallel
scalar-torsion theories of gravity were investigated. It was shown
that the different theories in these classes are related to each other
by conformal transformations of the tetrad and appropriate
redefinitions of the scalar field.

S = /d“x\/—_g{agbz(f?—l-aR)—i—%(ad’)Z—2(154 ., (85)

which can be thought as the torsionfull version of (2) if we
set the constant a = 1/12. Regrettably, the addition of a
kinetic term for ¢ spoils the LS invariance. Recalling that,
under (3), the kinetic term transforms as

(09)* = Q~*[(0)? — 2¢0,p0* In Q + ¢*(0InQ)?], (86)

one can immediately notice that this transformation gen-
erates derivative terms of the conformal factor that are
usually cancelled out with similar ones coming from the
transformation of the L.C Ricci scalar [see Eq. (10)]. How-
ever, in the presence of torsion, transforming under (3)
according to (55) with s = 1, the mentioned derivatives
coming from the transformation of the riemannian curva-
ture scalar are cancelled out by the ones coming from the
transformation of the torsion. Therefore, the derivatives of
the conformal factor in (86) persist in the final result, thus
breaking LS invariance.

One way in which we may consider generalization of the
models explored so far in this paper is by replacing the
Riemann-Cartan geometry by Weyl-Cartan geometry
space, where the connection reads

re, = {gp} + L%, +K%,. (87)

The generalized curvature tensor R“WU is now defined with
respect to the connection (87). The following action,

S, = / d*x\/=g [% ¢*(R + aR)
2
+ w(0°p)? — §¢4 -5 Qiy} , (88)

where 0d,¢ = 9,¢ — Q,¢/2 and R is defined with respect
to the connection (87), is invariant under the Weyl scale
transformations (3) and (25) if the torsion tensor is not
transformed. This corresponds to the choice s = 0 in (55),
which is called a weak conformal symmetry in Ref. [44].

VIII. DISCUSSION

The major achievement of the present paper is to
generalize previously obtained results on LS invariance,
within the framework of gravitational theories over
Riemann space [13—15], to theories where the background
space has non-riemannian structure, namely, Weyl geo-
metric or Riemann-Cartan structure. In Ref. [13] it was
shown that LS invariance of CCS theory in V, background
space does not have any associated noether current, so that
it is a nondynamical symmetry. This result was confirmed
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in [14] for WTDiff theories over V, space and then
generalized in [15] to any LS invariant theory of gravity
in four-dimensional Riemann space. In the present inves-
tigation, on the basis of the computation of the conserved
noether current, we have established that, in those LS
invariant theories of gravity in W, and U, spaces, where the
number of gravitational DOF is the same as in GR, LS
symmetry plays no dynamical role.

In Sec. II we have reviewed the results of [13,15] for
gravitational theories in Riemann space. In this case the
presence of a quadratic term R? is associated with an
additional degree of freedom with respect to GR. Since the
theory is not LS invariant, the additional degree of freedom
is not compensated by any symmetry. Therefore, the
nonvanishing noether current entails that the theory is
global scale invariant.

The simplest modification of Riemann geometry is Weyl
geometry. In the latter case, not only do the direction of
vectors change during parallel transport but, also, the length
of vectors varies from point to point in spacetime. In
Sec. III we have replaced Riemann background space by
Weyl geometry space: V, — W,. In addition, a slight
modification of the gravitational action specialized to
Weyl geometry structure of background space, is required.
The resulting action (24) represents a large class of theories
in which belong theories investigated in [8—12]. Here, in
addition to the Weyl transformations (3), a gauge trans-
formation (25) of the nonmetricity vector is required.
Since the latter transformation includes the derivative of
the transformation parameter e(x) = In Q?(x), the noether
current does not vanish. This confirms the conclusion
in [15] that the vanishing of the noether current is associated
with the absence of the derivative d,e(x) in the LS trans-
formations, thus generalizing the result to non-riemannian
space. Only for specific values of the free parameters a and @
in (24), where the vectorial nonmetricity can be omitted, is
the resulting local scale-invariant theory accompanied by
vanishing noether symmetry. Itis also confirmed that, within
the framework of LS invariant theories of gravity, vanishing
of the noether current means that there are no new gravi-
tational DOF in addition to the two polarizations of the
massless graviton.

Of particular interest is the R? theory in W, space. Its
similar R? theory in V4 space has only global scale symmetry
with the conserved noether current: j,’}’ =2a¢V,¢. On
the contrary, the R? theory, which is given by the follow-
ing action, S=y [d*x,/=g(R*—$*Q2%,/2)/2, where we
added the pure nonmetricity term o lew, or, after proper
linearization

1 - A 2
s=3 [axvmi(ior-te -2 an). s

coincides with a particular case of (24) when @ = 0, which is
manifestly LS invariant. The derived EOM are

32
a¢2G;w - a(vﬂvu - gﬂvv2)¢2 + Z¢4gﬂl/
3a 1
- 7¢2 <Q;¢Qu - 2g/4uQiQ/1>
1
+ 3a l:a(ﬂ¢2Qy) - Egﬂl/aﬂ¢2 Ql:|
1
- 6:62 (QuiQul - ngwQ,%o—> =0, (90)

plus the “Maxwell” equation

a

Vo, = TiF

(#*Qy — 0,0°). (1)
and the KG equation for the scalar field:

ad®R — 3§¢2QMQ" —3a¢?V, 0" —3* =0.  (92)

By comparing this last equation with the trace of (90),
—ad?R + 3aV2P* +32 420, 0" — 3a0,¢* Q" + 31¢* =0,
we get that aV,(¢?Q* — 0¢*) = 0. We can identify the
conserved noether current

Iy =a$?0" = 0'?). (93)

This current vanishes only in the particular case when
0, = 0,¢*/¢*, which corresponds to WIG. Hence, the
quadratic theory (89) is local scale invariant and possesses
anonvanishing noether current. This result generalizes to W,
space, which is the conclusion made in [15] on the basis
of Riemann geometry. The nonvanishing noether current is
due to the gauge transformation of the nonmetricity vector,
Q, = Q, — 9d,€(x), where the transformation parameter is
given by € = In Q2

The study of LS symmetry in gravitational theories is
generalized to include the effects of torsion in Secs. IV, V,
and VL. In this case the conformal transformation of torsion
cannot be uniquely established. There is some freedom in
the way the torsion transforms under (3) as it has been
discussed, for instance, in Refs. [44,45,53,59]. In the case
studied in this paper—SECH theory—we considered non-
propagating (nondynamical) torsion so that, new gravita-
tional DOFs do not arise in addition to those of GR. As a
consequence, LS symmetry is accompanied by the vanish-
ing of the associated noether current. The result that the
torsion is not dynamical is not clear from start. Only after
obtaining the solution (81), is it seen that the torsion
components are related with the derivatives of the scalar
field ¢. As long as the SECH theory is LS invariant, since
the scalar field is not a dynamical DOF, then the torsion is
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not dynamical. But if we give up local scale symmetry, then
the scalar field becomes a physical DOF and the torsion in
the resulting model is dynamical. It would be interesting to
extend this study to the case of dynamical torsion [64—72]
as well; i.e., when there are derivatives of the torsion in
the EOM.

An interesting subject of research can be to look for the
effect LS symmetry could play in the so-called teleparallel
theories [61-63,73—-85]. In Refs. [61-63], for instance, a
wide variety of Lagrangians in the context of teleparallel
torsion-scalar gravity is investigated. It is shown that the
different Lagrangians can be related by conformal trans-
formations of the tetrad and redefinitions of the scalar
field. However, the local scale invariance is not studied.
In the teleparallel formulation of gravitational theories in
U, space the generalized curvature tensor vanishes,
INQ"M;,, = 0, so that the overall space is flat. The generalized
curvature can be decomposed in the following way:
Ra”ﬁy — Ra/dﬁv 4 Vﬁ JaIJﬂ _ vy Ja/}y 4 Ja/ﬁ Jlll/# _ ]aM Jﬂﬁﬂ’
where R?,5,, is the Riemann-Christoffel (LC) curvature
tensor and J*, = L%, + K%, is the distortion tensor,
which amounts to the sum of the disformation (23) and of
the contortion (43). The teleparallel geometry may be
understood as if riemannian curvature effects were com-
pensated by the effects of nonmetricity and torsion jointly
taken. Since the only way to preserve the teleparallel
condition is that the generalized curvature did not trans-
form under the LS transformations, and since under (3) the
LC connection {,} and the disformation L, transform
in the same way but with the opposite sign, so that
{4} + L%, does not transform under the Weyl trans-
formations, then LS invariance within the framework of
teleparallel gravity theories requires that the torsion (and,
consequently, the contortion K“,) did not transform
under (3). This type of invariance is known as weak
conformal symmetry [44].

Although Riemman-Cartan geometry offers a very wide
range of possibilities for conformal symmetry, the most
useful transformation of torsion encountered is when in (55)
we consider the following values of the free parameter:
s =1 and s = 0. Even though we considered a generic
approach to the possible LS transformations for the torsion,
in order to get concrete results we had to restrict our study
to the s =1 case, as required by LS invariance of the
action (76). One possibility for further work will be to look
for a more general class of LS invariant gravitational
theories, allowing consideration of generic free constant s.
Consideration of the boundary terms for the Einstein-Cartan
theory is another aspect of Riemann-Cartan geometry that
deserves further investigation. The study of these terms may
be interesting as they may shed some light on how the torsion
transforms in order to achieve LS symmetry in proper
generalizations of Einstein-Cartan gravity theory.

Another prospect directly relates to something we
mentioned in the Introduction. Scale invariance has been

recently employed in cosmology in order to model cosmic
inflation. The special feature of these models is that they
can dynamically break the scale invariance leading to the
recovery of general relativity at the end of inflation. To the
best of our knowledge, only global scale invariance has
been investigated within the framework of cosmic infla-
tion;, therefore, a possible avenue would be to look for the
impact of LS symmetry breaking in the primordial infla-
tionary stage of the cosmic expansion.

Despite the above mentioned possibilities for further
work, the natural continuation of the present investigation
will be to look for generalization of our results to LS
invariant theories under the consideration of the most
general non-riemannian geometric framework, consisting
of curvature, nonmetricity, and torsion at once.

IX. CONCLUSION

In this paper we have generalized previous results of
Refs. [13—-15] that were obtained within the context of
Riemann geometry space V4 to non-riemannian geometric
framework. Namely, we focused on Weyl geometry space
W, and also on Riemann-Cartan space U,. In [13] it is
shown that the conserved noether current associated with
LS invariance in CCS theories vanishes. It is concluded
that the corresponding LS symmetry does not have
any dynamical role. This result was confirmed within
the framework of WTDiff theories in [14]. Then, in
Ref. [15], the issue is revisited. Based on the second
noether theorem for local symmetry, the authors prove that
the noether current associated with the LS symmetry is, in
general, vanishing in any LS invariant gravitational theories
in four-dimensional riemannian geometry. The reason for
this is also clarified: The Weyl transformation is non-
dynamical in the sense that it does not contain the derivative
term of the transformation parameter, d,€(x), as opposed to
the conventional gauge transformation.

The most relevant outcome of the present paper is the
generalization of the above results to local-scale invariant
theories of gravity in non-riemannian space. Here we have
considered Weyl geometric structure of background space,
as well as Riemann-Cartan space with nonvanishing
torsion, separately. Consideration of Weyl-Cartan geomet-
ric structure is left for further work. In addition we have
established a connection between the counting of the
number of physical DOF and the dynamical character of
local scale symmetry: the noether current associated with
LS symmetry vanishes whenever there are no new gravi-
tational DOF in addition to the two polarizations of the
massless graviton. For instance, in LS invariant CCS theory
over Weyl geometry space W, where in addition to the GR
gravitational DOF there are three more propagating DOFs,
two transversal and one longitudinal polarizations of the
massive nonmetricity vector Q,, and the noether current is
nonvanishing. In the particular case when the nonmetricity
vector amounts to the gradient of the compensating scalar

124058-13



R. GONZALEZ QUAGLIA and ISRAEL QUIROS

PHYS. REV. D 108, 124058 (2023)

field, Q, = 0,¢*/¢* (properly in WIG space), since the
scalar field is not dynamical there are only two gravita-
tional degrees of freedom (the two polarizations of the
massless graviton). In consequence, the noether current
vanishes, so that LS symmetry is not dynamical in this
case. The same is true in the case of the scalar Einstein-
Cartan-Holst theory, where the torsion is related with the
derivatives of the compensating scalar field. Since the
latter is not dynamical, then the torsion is not dynamical
either. Therefore, gravity is carried by the two DOFs of the
massless graviton as in GR, so that the noether current
vanishes in this case as well.
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APPENDIX: EINSTEIN-CARTAN THEORY
WITH THE HOLST TERM
AND VARIATIONAL PRINCIPLE

Let us consider the gauge invariant SECH action (75)
without the A¢*-term, S, = [ d*xLye.p,, where the Scalar-
Einstein-Cartan-Holst Lagrangian is given by

Leech = @ [¢2(R + alR’)i|
- @ [#*(R+T + aR) - 20,¢°T"].  (Al)

and we have omitted a total derivative.

Here we shall explore the different variations of this
Lagrangian. Let us consider the variation of the scalar-EC
term and the scalar-Holst term separately. First, teh varia-
tion of the scalar-EC term with respect to the metric reads

D) — G =2[[T T, - 35T
= (V,V, =g, V?)¢* + ¢ (T = %%J) ,
(A2)
where we have introduced the following quantity:
Tw= 7 T, +1T10' T,
u 4k o ! dou
- % TMMT"‘D -1,T,, (A3)

whose trace 7 = ¢"7T ,, is given by (50).
As an illustration of the procedure followed by us in
order to derive the rhs of Eq. (A2), let us consider the

variation of the torsion scalar 7, which is defined in (50).
First, we split 7 into parts so as to make the derivation
more clear:

1 1
T=-T,—-=T,-1T;, A4

7 T1—372- 75 (Ad)
where T, =T,,T", T,=T,,T"*, and T,=T,T"
Here T# = g, T* = T*, while T, = T*,;. We have that

5ng = 5(9/10_9/41(91/17"6””7%“)
= 5glaT0;wT/1ﬂy + zykagyTT/lyuTﬂKr

= (2 T/l(w Tﬂ{;u - T/M{r Tvﬂﬁ ) 5g;w ’

(A5)
where, in the last line, we took into account that dg;, =
—99:09" and, besides, we rearranged indices. Next

8572 = 8(¢"T°uT" 1) = TouT*,09".  (A6)

while

0gT 5 = 5(9"”T’1D,1T"W) =T,T,09". (A7)

Taking into account (AS5), (A6) and (A7), we can write

1

E(ngz - (SgT3 - Tﬂ,ﬁg‘“’, (AS)

(ng = %(Sng -
where 7, is given by (A3).

Let us now find a variation of the Holst term with
respect to the metric: 5,(\/=g¢*R). Omitting a total
derivative in the Lagrangian (Al), we can rewrite the
(modified) Nieh-Yan equation (51) in the following
way:

A 1
V _g¢2R =3 V _gald)zT& + Zgbze”#MTKG/ATK/Iw

or, taking into account the definition of the vector 7*

1
V _g¢2R = Egyu <01¢2€/1”6KTU0K

1
+ 3 PeoHTH aKT”w> , (A9)

where, we recall that €% is the totally antisymmetric Levi-
Civita symbol (€°1?3 = +1). Then the variation of the Holst
term with respect to the metric yields

8,(V=99*R) = —\/=9¢*R,.69".  (Al0)
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where we have introduced the “Holst tensor” R, accord-
ing to the following definition:

10,¢° 1
/1¢ el/ﬂo.KTﬂo'K 4+ - ewGKTﬂwTyaKv

i (A11)

whose trace is the Holst scalar: R = ¢*'R,,.
In consequence, a variation of the SECH Lagrangian
(A1) with respect to the metric yields

256L sech

_ 42 2\ 42
W - ¢ (Gm/ - aR;w) - (vyvv - g/wv )¢

1
+ ¢2 <T/w - Eg[ll/T>
1
-2 |:V(M¢ZT1/) - Egyvvi¢2Tﬂ:| s

from where the EOM (77) is obtained.
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