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We present a gauge theory of the conformal group in four spacetime dimensions with a nonvanishing
torsion. In particular, we allow for a completely antisymmetric torsion, equivalent by Hodge duality to an
axial vector whose presence does not spoil the conformal invariance of the theory, in contrast with claims of
antecedent literature. The requirement of conformal invariance implies a differential condition (in
particular, a Killing equation) on the aforementioned axial vector, which leads to a Maxwell-like equation
in a four-dimensional curved background. We also give some preliminary results in the context of NV = 1
four-dimensional conformal supergravity in the geometric approach, showing that if we only allow for the
constraint of vanishing supertorsion, all the other constraints imposed in the spacetime approach are a
consequence of the closure of the Bianchi identities in superspace. This paves the way towards a future
complete investigation of the conformal supergravity using the Bianchi identities in the presence of a

nonvanishing (super)torsion.

DOI: 10.1103/PhysRevD.104.084034

I. INTRODUCTION

In Ref. [1], it was shown that the locally scale-invariant
Weyl theory of gravity is the gauge theory of the con-
formal group, where conformal transformations (conformal
boosts) are gauged by a nonpropagating gauge field. In that
theory, the authors adopted the formalism of Refs. [2,3] to
construct a quadratic Lagrangian with the curvatures
associated with the conformal group in four spacetime
dimensions. They claimed that in order to produce a
conformally invariant theory in this setup, it is necessary
to set the torsion to zero.'

In this work, in contrast with this claim, we show that it
is actually possible to construct a gauge theory of the
conformal group in four spacetime dimensions with a
nonvanishing torsion component where proper conformal
transformations are gauged by a nonpropagating gauge
field (the Schouten 1-form field). In particular, we allow for
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lActually, in Ref. [1], the explicit form of the spin connection
contains the dilaton, which gives a torsion trace contribution.
However, the latter can be consistently set to zero in the theory, as
already observed in Ref. [1] and as we will also discuss in the
present work. Therefore, let us refer to the theory of Ref. [1] as a
torsion-free one.
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a totally antisymmetric torsion, equivalent by Hodge
duality to an axial vector, and still get a conformal gauge
theory whose Lagrangian is quadratic in the curvatures of
the conformal algebra (as with that of Ref. [1], which is the
same construction as in Refs. [2,3]). We explicitly show
how to reproduce the Weyl Lagrangian in this framework in
the presence of a nonvanishing, completely antisymmetric
torsion and study the field equations of the theory. Let us
also mention that for quadratic theories, in general, when
working in the first-order or in the second-order formalism
for the spin connection, one obtains different results. We
will adopt the second-order formalism, which will allow us
to end up with a fourth-order propagation equation for the
graviton, the Lorentz connection now being torsionful.

In this setup, invariance under conformal boosts (also known
as proper, or special, conformal transformations) implies a
Killing vector equation—namely, a differential condition on
the axial vector torsion which, upon further differentiation,
leads to a Maxwell-like equation in a four-dimensional curved
background. In the limit in which the torsion is set to zero, we
recover the conformal theory of Ref. [1].

The first part of this work will be devoted to studying the
purely bosonic gravitational theory. Subsequently, in view of
a complete future investigation of the supersymmetric exten-
sion of this theory [4], we give some preliminary results we
have obtained regarding conformal supergravity. We will
adopt the geometric approach to supergravity (also called the
supergroup manifold approach or rheonomic approa(:h).2

2For details on this formalism, see the original formulation in
Ref. [5] and the pedagogical review [6].

Published by the American Physical Society


https://orcid.org/0000-0002-6097-710X
https://orcid.org/0000-0003-4516-5127
https://crossmark.crossref.org/dialog/?doi=10.1103/PhysRevD.104.084034&domain=pdf&date_stamp=2021-10-04
https://doi.org/10.1103/PhysRevD.104.084034
https://doi.org/10.1103/PhysRevD.104.084034
https://doi.org/10.1103/PhysRevD.104.084034
https://doi.org/10.1103/PhysRevD.104.084034
https://creativecommons.org/licenses/by/4.0/
https://creativecommons.org/licenses/by/4.0/

RICCARDO D’AURIA and LUCREZIA RAVERA

PHYS. REV. D 104, 084034 (2021)

As pioneering works on the structure of conformal
supergravity at the linearized level, we refer the reader
to Refs. [7,8]. The full conformal A =1 supergravity
theory in D =341 spacetime dimensions has been
presented in Refs. [9,10] (see also the review work [11])
and subsequently rephrased in Ref. [12] in the geometric
approach to supergravity. Interesting recent developments
on N -extended conformal supergravity and its spectrum in
four dimensions have been recently obtained in Ref. [13].
In all these papers, together with the vanishing of (super)
torsion, a set of additional constraints were also imposed. In
particular, in Ref. [12], the constraints were implemented
by the use of Lagrange multipliers. The constraint of
vanishing supertorsion was justified by arguing that only
in this case would the Lagrangian have been invariant under
special conformal transformations. Since we will prove in
the sequel of this work that, at least at the purely bosonic
level, one can still recover invariance under (special)
conformal transformations allowing for a nonvanishing
axial vector torsion, we argue that something similar should
presumably happen in the superconformal case. In view of
future investigations in this direction, here we start a
preliminary analysis at the level of Bianchi identities in
the geometric approach, showing that, besides the vanish-
ing supertorsion, all the aforementioned constraints can be
directly obtained from the study of the Bianchi identities,’
just imposing the vanishing of the supertorsion (that is, the
supersymmetric extension of the constraint imposed in
Ref. [1], where torsion was indeed assumed to vanish).

The paper is organized as follows: In Sec. I, we give a
brief review of the conformal setup in four spacetime
dimensions. In Sec. III, we develop the gauge theory of the
conformal group with a nonvanishing, completely anti-
symmetric torsion. Subsequently, in Sec. IV, we give
some preliminary results regarding the extension to N = 1,
D = 4 conformal supergravity with vanishing supertorsion
in the geometric approach. We conclude our work with
some remarks and a discussion on future developments. In
the Appendix, some useful formulas on gamma matrices in
four dimensions are collected.

II. REVIEW OF THE GAUGING OF THE
CONFORMAL GROUP

The conformal group [15] O(4,2) is locally isomorphic
to SU(2,2). The corresponding algebra is generated by the
set of generators T, = {J,;, P,, K,, D}, where we have
decomposed the adjoint index A of the conformal algebra
with respect to the Lorentz indices a, b, ... =0, 1,2,3.J
are the Lorentz rotations, P, the spacetime translations, K,
the conformal boosts, and D the dilatation (scale

3See also Ref. [14], where the authors used the geometric
approach as in the present case, albeit in a different context,
and the same conclusions can be reached after appropriate
truncations.

transformation). In our conventions, the metric 7,, has
. 4
the signature (+,—, —, —).

Let us introduce the gauge 1-form fields @ (spin
connections), V4 (vierbein), K* (special conformal 1-form
field), and D (dilaton gauge field), which are respectively
dual to the vector field generators of the conformal algebra,
namely

0 (Jeq) = 2625,
D) = 1.

Vi(Py) =63, KU(K,) = 4,

(2.1)
We can then write the corresponding curvatures:

R =R —4vle A KV,
T¢=DVi+ DAV,
T9=DK*—D A K,

G=dD+2V A K, (2.2)

where D = d — w is the Lorentz covariant derivative, and

R = dw®™ — 0. A 0 (2.3)
is the Riemann curvature.’® Setting the curvatures (2.2) to
zero, the vanishing right-hand sides define the Maurer-
Cartan equations, describing the “vacuum” (ground state),
dual to the commutator algebra of the vector field gen-
erators {J . P,,K,, D} (as is well known, the d* closure
of the Maurer-Cartan equations coincides with the Jacobi
identities of the algebra). For the sake of convenience, let us
also define

DVI=DVI4+ DA VI =dV — @ VP + D A VY,
DK =DK* =D A K = dK* — 0", K? — D A K9,
(2.4)

where D denotes the Lorentz and scale covariant differ-
ential. The length-scale weights of the 1-forms and of their
corresponding curvatures are

4Regarding our conventions, throughout the paper we will
use rigid latin indices a, b, ... =0, 1, 2, 3 instead of the world
greek indices y,v,... =0, 1, 2, 3, and will expand the p-forms
in terms of the vierbein basis rather than in terms of differen-
tials. For example, a generic 2-form will be expanded as
FA=FA,.VPVe = FA dx* A dx", where V¢ =V, dx*. This
choice is convenient for the extension of the theory to superspace
using the geometric formalism where the p-forms are expanded
in terms of the full supervierbein basis (V*,w®), w* being the
gravitino 1-form. We will come back to a preliminary study of
conformal supergravity in Sec. IV.

We call @ the spin connection antisymmetric in a, b,
", which may (and in fact will) involve torsion.

*We will generally omit writing the wedge product between
differential forms in order to lighten the notation.

wab:_
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] =[] =0, V=1 [K]=-1. (2.5

Exploiting Eq. (2.4), the curvatures (2.2) can be recast into
the following simpler expressions:
Rab = Rab _ 4v[aKb]’
T =Dve,
T =DK*,

G = dD +2VK,, (2.6)

and the Bianchi identities obeyed by the curvatures (2.6)
are
DR + 4(TlK? — VlaT?) = 0,
Dre 4+ RV, — GV* =0,
DT + R*K, + GK* =0,

dG —2T°K,, +2V*T ,, =0, (2.7)
where

DTe = DT + D A T,

DT =DT-DATC. (2.8)

The conformal gauge transformations, associated with the
conformal algebra, read

S = De® 4 4ele kP — 4V[a€?(]v

SV4 = De + £V, — ex V4,
6K® = Del + e K, — e K?,

8D = deg — 269K, + 2V 6%, (2.9)

where &7, &2, €%, and eq are the Lorentz, translation,
conformal boost, and dilatation parameters, respectively.
Restricting ourselves to conformal boosts and dilatations,
we have

b
S = —4V[“€K],
SV = —egx V4,
5K* = Del — e K,

0D = deg + 2V 5%. (2.10)

Let us mention that the theory whose Lagrangian we are
going to consider [see Eq. (3.2) in the following] is
invariant under diffeomorphisms by construction, since it
is written in terms of differential forms, but it is not
invariant under spacetime translations. This is what com-
monly happens in gravitational theories. Thus, it is not a
true “gauge” theory of the conformal group. However, we

shall adopt the terminology of “gauge theory of the con-
formal group” since it is widely used in the literature,
keeping in mind that, in fact, we just have diffeomor-
phism invariance rather than invariance under spacetime
translations.”

Finally, let us also recall that the curvatures (2.6) can be
expanded along the vierbeins, which are dual to the
spacetime translation generators. This amounts to the
requirement of having the conformal symmetry of a theory
defined on spacetime, and it is therefore a natural physical
request to have a conformal gravity theory within our
approach. Indeed, as Lorentz and scale symmetries are an
exact invariance of the Lagrangian (which we will intro-
duce in the following section), the coset

SU(2.2)
SO(1,3) ® O(1, 1)

only depends on the vierbein and the K¢ 1-form. On the
other hand, since we shall see that the gauge field K“ can be
expressed in terms of contractions of the Riemann tensor
(more precisely, the Schouten tensor, as we will discuss in
the sequel), the cotangent space is spanned in terms of the
vierbein only.

Therefore, the aforesaid expansion of the curvatures
along the vierbein basis reads

Rab — RabchCVd,
T¢ = Tabcvbvc’
T4 — Tabcvbvc’

G = G, V*VP. (2.11)

We will now proceed with the development of a gauge
theory of the conformal group with a nonvanishing torsion.

III. GAUGE THEORY OF THE CONFORMAL
GROUP IN THE PRESENCE OF A
NONVANISHING TORSION

We consider the same action introduced in Ref. [1],
which is the only parity-conserving quadratic action that

"We recall that if we let the index A denote the coadjoint
representation, an infinitesimal diffeomorphism of anholonomic
parameter A= e”yﬁ on any gauge field of the algebra y4 can be
written as d,u* = De? + 1,R4, where D is the covariant deriva-
tive in the coadjoint representation. Therefore, the diffeomor-
phisms of the gauge fields differ from the gauge translations by a
term proportional to the contraction of the curvature along an
infinitesimal translation &’P,, where &’ is the infinitesimal
parameter. In the supersymmetric case, the contraction of the
supercurvatures along a supersymmetric generator is also in
general different from zero. Therefore, in the superconformal
case, the superspace translations correspond to supersymmetry
transformations.
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can be constructed from the curvatures (2.6) without
dimensional constants:

A= L,
My

(3.1)

where

£ == Rab AN RCdé'abcd (32)
is the Lagrangian 4-form and M, is the four-dimensional
spacetime.

Let us first recall the well-known fact that the variation of
the action with respect to the special conformal 1-form K?
gives an algebraic equation for the special conformal gauge
field K“. Indeed, varying the Lagrangian (3.2) with respect
to K”, we obtain the field equations

—8VaRCd€abcd = 0, (33)
which imply, using the expansion along the vierbein basis
[Eq. 2.11)],

R =0,
R, =0, (3.4)
where R = R%_, and R,, = R°,.,. Taking Eq. (3.4)
together with the definition of R*” in Eq. (2.6) and writing
K, = K, V", one gets

Kap = Saps (35)
with S, being the Schouten 0-form tensor defined in four-
dimensional spacetime as

1/ 1
S, == —— ,
ab 2 (Rab 6 nabR>

(3.6)
where R = R, and kab are the scalar curvature and the
Ricci tensor of w?, respectively. Notice that, in the
presence of a nonvanishing torsion, ? also includes a
contorsion component, implying that the Schouten tensor

v

Sap has a nonvanishing antisymmetric part, Si,p = Riap),
given entirely in terms of torsion.

Thus, we have obtained an algebraic equation for the
nonpropagating gauge field K,,—namely, Eq. (3.5)—
which tells us that K, corresponds to the Schouten tensor.
This is a well-known fact (see, for instance, Ref. [1]).
However, some comment is in order on this point, and we
make it in the following sections. In particular, we will
show that the fact that K ,;, corresponds to the Schouten can
be actually deduced directly from a vacuum analysis, and
we will also give the irreducible decomposition of R .4,
which will be useful in the sequel.

A. Curvature irreducible decomposition
and Schouten tensor

Let us briefly discuss, before proceeding with our main
results, that already at the vacuum level, as in fact expected,
one can show that the field K¢ cannot be anything other
than the Schouten 1-form, $¢ = §*’V,. This can be shown
by taking into account the irreducible decomposition of the
Riemann tensor R® ., (here allowing also for the presence
of torsion; see, for instance, Ref. [16] for details).
Regarding the number of components, in four spacetime
dimensions we have dim(R%,,) =6x6 =20® 15@ 1,
corresponding in terms of the SL(4) representations to the
dimensions of the following Young diagrams:

H e H = o T o

(3.7)

Decomposing the SL(4) representations with respect to
SO(1, 3) in terms of their traceless plus trace parts, we find
six irreducible pieces (irrepses):

o

— o 1] @ e (8
— S e H 69
E N E (3.10)

where the small ring on top of the diagrams on the right-
hand sides means that the corresponding representation is
traceless, while the bullet denotes the scalar representation.

The three irrepses on the right-hand side of Eq. (3.8)
correspond to the 10-dimensional Weyl tensor W .4, the

9-dimensional traceless symmetric Ricci tensor 7V2(ab),
and the scalar curvature R, respectively, and, using
the nomenclature of Ref. [16], are called WEYL +
RICSIMF + SCALAR. The two irrepses on the right-
hand side of Eq. (3.9) correspond to the 9-dimensional
tensor, which has the same number of degrees of freedom
as a symmetric traceless tensor,” plus the 6-dimensional

8 . . .
The corresponding representation is commonly referred to as
associated.
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traceless antisymmetric Ricci tensor ﬁ[ab], shortly referred
together to as PAIRCOM and RICANTI, respectively.
Finally, on the right-hand side of Eq. (3.10), we have
a pseudoscalar Hodge dual to Ry denoted as
PSSCALAR.

Writing
1
Rabea = 5 (Rabea + Redan)
WEYLA+RICSIMF+SCALAR
1
2] 3 [(Rabea = Redab) = Riavea)l ® Riaved »
——
PAIRCOM-+RICANTI PSSCALAR
(3.11)

the three “underbraced” expressions correspond to the left-
hand sides of the three Eqgs. (3.8)—(3.10), respectively. We
enumerate the various representations, writing

6
Rubcd = ZRab(iﬂcd
i=1

_ ab ab ab ab

=R%)jea + R%2)ca + RP@)ca + R @)[ca
—_— N ——— ——
WEYL [10]

+ R (5)ca + R (6)\ca>
—_—— ——

PAIRCOM[9]  PSSCALAR[I]  RICSIMF [9]

(3.12)

RICANTI[6]  SCALAR[l]
where the numbers in the square brackets denote the
components of each irrep (dimension of the irrep).

Let us observe that R ).z, R 3 cq» and R 5.4 are
nonvanishing only in the presence of torsion (so that they
are given in terms of torsion and its derivatives).

Now, we can exploit Eq. (3.12) in the vacuum of our
theory, given by the vanishing right-hand side of Eq. (2.6).
In particular, we have

R —4vlag?l = 0; (3.13)

that is,

R 4 — 451 K" 5 = 0. (3.14)
Using Eq. (3.12) and observing that the second term in
Eq. (3.14) can be written only in terms of the irreducible
pieces RICSYMF, SCALAR, and RICANTI, one can prove
that K, must coincide with the Schouten tensor S, (that
is, K¢ = $4,V?), the components of the latter being defined
in Eq. (3.6).9 Therefore, the Maurer-Cartan equations
obtained from Eq. (2.6) take the following form:

QIndeed, by tracing the b, d indices of both terms on the left-
hand side of Eq. (3.14), one easily recovers K,, = S

R =R p)eaV V! =0,

R =R 3)eaVV! =0,

W =R = R —4vles] = o,
Te=DVe =0,
T =DS* =0,

G =dD +2VS, =0, (3.15)

where RE‘Q”) and R?f) are the PAIRCOM and PSCALAR

2-forms, respectively, and W = W4 ,veve, with W,
being the Weyl tensor.

One could then go out of the vacuum switching on the
curvatures associated with the Maurer-Cartan equa-
tions (3.15) and write a quadratic Lagrangian in terms of
these field strengths. We note that in the case of vanishing
torsion (7% =0 = R?Zb) = R(“é’) = 0), such a Lagrangian
reads

EW = Wab A WCdé'ade, (316)
where W = W (), with @ = (D, V) (note that we
still have R (5., # 0, due to the presence of D). The
Lagrangian (3.16) coincides with the Lagrangian given in
Ref. [1]. In that paper, the authors set the torsion 7¢ equal to
zero right from the beginning, and plugging back into
Eq. (3.2) the on-shell expression [Eq. (3.5)] for K, they
recover the same Weyl Lagrangian [Eq. (3.16)]. As was to
be expected, the theory in Eq. (3.16) that we have
constructed by gauging directly the Maurer-Cartan equa-
tions (3.15) coincides, when T is zero, with the theory of
Ref. [1]. In fact, Eq. (3.5) shall be interpreted directly as a
consequence of the structure of the vacuum of the theory
quadratic in the Weyl tensor, which is indeed the conformal
theory we are going to focus on.

In the sequel, we will show that, remarkably, the
Lagrangian we will develop describing a gauge theory
of the conformal group with a nonvanishing torsion is
formally identical to the Lagrangian in Eq. (3.16), provided
the curvatures are constructed from a torsionful connection.
In view of this, let us proceed by first showing that it is still
possible to get conformal invariance of the theory in the
presence of a nonvanishing 7¢. In other words, we are
going to prove that the constraint of vanishing torsion
introduced in Ref. [1] to get a conformally invariant theory
can actually be relaxed.

B. Conformal invariance of the theory

The aim of this section is to see whether a nonvanishing
T is allowed in a “gauge” theory of the conformal group.
In particular, we will allow for a totally antisymmetric
torsion, equivalent by Hodge duality to an axial vector. We
will show that the requirement of conformal invariance of

084034-5
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the Lagrangian (3.2) constructed with the curvatures in
Eq. (2.6) can still be fulfilled provided we require
the vanishing of R?zb)’ Rg’), and R’(‘S”) (notations for the

irrepses of R are the same as for R“). This will imply a
differential condition on the completely antisymmetric part
of the torsion, namely for the aforesaid Hodge-dual axial
vector. Upon use of the on-shell conditions in Eq. (3.4)
implying Eq. (3.5), the theory will formally reproduce the
same Lagrangian (3.16), albeit with a torsionful spin
connection.

Let us show the above explicitly. The Lagrangian (3.2) is
clearly scale invariant, as R has zero scale weight.
Nevertheless, the invariance under conformal boosts can
be achieved only in a nontrivial way. In particular, one can
prove that some constraints on the curvatures in Eq. (2.6)
have to be imposed in order for Eq. (3.2) to be invariant
under proper conformal transformations on spacetime.
Indeed, to recover the invariance of Eq. (3.2) under

conformal boosts, performing the variation 6K¢ = 'ZA)E%
[see Eq. (2.9)], we must have

(R € 4peaT€) el = 0; (3.17)
that is, using Eq. (2.11),
(RahlmTcpqelmpqeabcdg(4))8% =0, (318)

where Q) is the four-dimensional volume element defined
as QW =—1Le,,.,VVPVVL In Ref. [1], the authors
claimed that Eq. (3.2) yields invariant results under proper
conformal gauge transformations only if 7¢ =0 (the
vanishing of R, not being considered, as it would
trivialize the theory). Actually, this is not the case, as we
will show in the sequel.

In order to explain our claim in detail, we need the
irreducible decomposition of the torsion in four spacetime
dimensions (see, for instance, Refs. [16-18]). In four
dimensions, the torsion tensor 7¢,. has 24 =20 4
components, and we may write its decomposition as

0 ® E} - _:' o O @ @

(3.19)

whose dimensions are 16, 4, and 4, respectively, corre-
sponding to the decomposition

""Note that the same Lagrangian can be also obtained by
directly gauging the Maurer-Cartan equations (3.15)—that is,
switching on the corresponding curvatures going out of the
vacuum, in the presence of a completely antisymmetric torsion,
and with the aforementioned constraints.

L2
ba| 3

c

T%. =T 5&150} + Tabq - (3.20)

In the following, we will denote the 16-dimensional
representation as a tensor Z¢;,.—that is,

T; :Zabca

bla]

(3.21)

[

and the antisymmetric representation 7', as the axial
vector 7¢, namely

Tiape = —le s
labc] 6 abedt s

(3.22)
while #* appearing in the torsion trace part is an ordinary
vector. Inserting the above decomposition of the torsion
into Eq. (3.18), the latter becomes

2 1 ~
|:Rablm (— 5;1“] — 8€Cpqrtr + ZCP‘]) €lmpq€abcd:| gdK =0.
(3.23)

The necessary condition given by Eq. (3.23) consists of a
set of four algebraic equations (recall that £ is arbitrary) in
the curvatures R“ and T, for which we are now going to
examine in detail some particular solutions.

We first observe that a sufficient constraint on the torsion
to have conformal boost invariance is 7, = Z%,. = 0.
Indeed, in this case, Eq. (3.23) yields

(=Rt, + 2R, 1")e% = 0 — Rt, —2R,,1* =0, (3.24)
which, for a nonvanishing torsion trace f,, has as a
particular solution

R =0, R, =0. (3.25)

The latter constraints coincide with the equations that one
obtains when varying the Lagrangian (3.2) with respect to
K¢ (that is, when going on shell for K¢), namely with
Eq. (3.4). However, let us recall here that the torsion trace
t,, even if perfectly allowed, as we have just seen that it
does not spoil the conformal invariance of the theory, can
actually be set to zero in a consistent way (see, e.g.,
Ref. [19] for details). Indeed, one can easily verify that the
torsion is invariant under a shift of the dilaton ® = D, V*
by a parameter X,, namely D, - D, =D, + X,, pro-
vided that the spin connection @, = a)awaf,Z trans-

@, = @', = o, —25,19X", and with

forms as w
the choice X, = %ta, the torsion trace gets reabsorbed into
the dilaton (we have @/, = D, + % t,, and D!, will be again

renamed as D, in the following). Thus, from now on we set

084034-6
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ty=0. (3.26)

It follows that the necessary condition for conformal
invariance [Eq. (3.23)] becomes

1 -
[Rahlm (z - 6’> elmweabcd} eh=0. (327)

A simple solution of Eq. (3.27) can be found by assuming

Z¢,, = 0. (3.28)
Using Eq. (3.28), Eq. (3.27) becomes
2€bd1mRad1m'ia - €CdlchdlmEb =0. (329)

We will now show that Eq. (3.28) and the ensuing condition
in Eq. (3.29) lead to intriguing physical consequences on
the surviving field 7,,. Indeed, for 7, # 0, a possible solution
of Eq. (3.29) is"'

Ra[bcd] =0, R[abcd] =0. (330)

We shall focus on this particular solution. The latter implies

R )ca + R 5)ca =0, R%@ea =0.  (3.31)

Furthermore, recalling Eq. (3.4), namely

Ry =R=0< R4 0 =R 50 = R 6)ca = 0.
(3.32)

and Eq. (3.5), and plugging all of this into the definition of
R“ in Eq. (2.6), one can easily realize that we are left with

R (3)1ca = 0 = R 3)ca = 0,
R (3)ca = 0 = R 3)0a = 0,

R%u1a =0, R%50=0. R%@g =0, (3.33)
together with
R wjea + R s)ca + R (6))ca = 4608”4,
R (1ca = R (1)1ca = Wea. (3.34)

”Here, let us mention that, in fact, using Eq. (3.28) with
Eq. (3.27), the latter boils down to

b 3 .c ! —
R? Imtrecpqre mpqeabcd - Ov

which can be simplified by contracting either first e7¢"¢,,, ,, and
then the result with €,,.4, or first €“’9"¢,;,., and then the result
with €74, The respectively obtained equations may appear
different at first sight, but by exploiting the symmetry properties
of the irrepses of R,,.4, one can verify that they are actually
equivalent, both exhibiting, in particular, Eq. (3.30) as a possible
solution.

Hence, since now we have

6

Rahcd = Rub(l)cd = Wabcd = Rabcd - Z Rab(i)\cd
i=2

= R® .y — 484,88, (3.35)

we may write
Rab — Wah = Rah _ 4v[asb]

. 1
= Reb — 2Ry ybl 4 FRVAVE (3.36)

which is formally identical to the torsionless W, but now
@ contains a torsion part.

In conclusion, we have recovered invariance under
conformal boosts of Eq. (3.2) by solving the necessary
condition for conformal invariance [Eq. (3.27)] under the
assumption Z%,. = 0, the only nonvanishing part of the
torsion 7“ being given by

1 .
T¢ = T4, VP'Ve = —geabfdzdvbw. (3.37)

Inserting the actual form (3.37) into Eq. (2.6), we are led to
M ° 1 Zc
WDaplm = wabmvm = Wap|m — 27]m[a§)b] - geabmct ’ (338)

where &ab‘m = ci)ab‘ﬂV’,‘n, and the last term in Eq. (3.38) is
the contribution due to the contorsion term.'> Moreover,
from the variation of the torsion definition in Eq. (2.6), we
now have

SWapim = (851,55 + 516], 8} — 6hdl, 87Dy (5V7),

la

1 o1 -
- 2’7m[a52] 5®c - 6 €abmc5tc - 6 €abpct05£n (5‘/[7)17

(3.39)

and one can verify that the transformations of the fields in
Eq. (3.39) are such that the variation of @), under
dilatations and conformal boosts is the same whether
one determines it from the gauge prescription [Eq. (2.9)]
or directly from Eq. (3.39)." Thus, the Lagrangian

Recall also that &))u,,‘” = (f,ww + folip —f},w)Vﬁ,Vg, with
fl\/w = Vljfa[ﬂvi]r]ck

13Indeed, under dilatations we have 58g Ve, = —€®5f s
00p D = O = D&, and 0,51 = €51, which plugged into
Eq. (3.39) lead to 8, @qp|,n (V. D, ) = 0 (in particular, the torsion
contributions cancel each other out), reproducing the same result
that can be obtained from the gauge prescription in Eq. (2.9).
Analogously, under conformal boosts, one has 6, V7, =0,
8, D = 2ex)c, and 5, 1° =0, implying 8, @4p(V,D,7) =
=41 ma€kp), Which is the same variation that one can obtain
from Eq. (2.9).
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(3.2) remains scale and proper conformal invariant if
o =w(V,D,7), as given in Eq. (3.38).

If we now substitute Eq. (3.36) into Eq. (3.2), we obtain a
Lagrangian that is formally identical to Eq. (3.16) but
involving torsion—namely,

L= WabWCdeabcd — _WadeWabch(4>

N 1
:RMRWQMV£<RMRW—3RﬁQW,(3%)

the torsion being now hidden in the torsionful spin
connection.

Furthermore, at the level of the theory in Eq. (3.2), the
dilaton can be consistently eliminated. Indeed, also in the
present case (as already pointed out in Ref. [1] in the case
of vanishing torsion), the kinetic term for ® does not
contribute, since in Eq. (3.40) we have the combination
Ry R rather than R, R (whose presence would
instead yield such a kinetic term for the dilaton), which
makes a difference because R, (@) is not symmetric. A
further check of the nonpropagating nature of the dilaton
can be ascertained from its equation of motion. Indeed,
even if we retain D in the Lagrangian, one can verify that its
equation of motion is actually the trivial identity. With these
arguments, one may set'*

D=0 (3.41)
from the start, but it is not immediately obvious how the
Lagrangian remains invariant in this case, since now the
variation of @y, under dilatations and conformal boosts
determined from Eq. (3.39) is not the same as the one
determined from the gauge prescription [Eq. (2.9)] any-
more. This problem was solved in Ref. [1] (for the torsion-
free theory), showing that the additional terms present in
the 5w variation give a vanishing contributuion. The same
mechanism holds true in our case. Indeed, when varying the
Lagrangian, we get an additional variation §'L = %5 6a/,
where da’ is the difference between the gauge variation of
@ and the variation found from the explicit form of
o = w(V,1). In particular, we get

1 ~
6/£ = —16 (6 €Clnrtrde - 5;‘7—(111[)) €lnpq€qbc‘d§b

1 -
= 5/£ = 16(§€blnpKln[p + 4le1> éb, (342)
where &, is either 0, ¢4 for dilations or 2&% for conformal
boosts. However, from the Bianchi identity of R which
yields, in particular, 7%, = — 7 €., K*°7", one can see

“Notice that, in the present case, setting ® = 0 we still have
a torsionful spin connection, as the torsion axial vector 7 does
not vanish.

that £ in Eq. (3.42) vanishes identically. Hence, one can
set the dilaton to zero without spoiling the conformal
invariance of the theory, and Eq. (3.40)—that is, Weyl
gravity with a non-vanishing axial vector torsion—results
in the gauge theory of the conformal group with non-
vanishing torsion.

Having eliminated the dilaton, we are left with
Egs. (3.36) and (3.40), where now the dilaton contributions
vanish. In particular, now we have

v

G = 2VaSa = Gab - R[ab]' (343)

Recalling that k[ab] is a function of 7, only and, in
particular, through Eq. (3.38) we have

v

1 -
Riw) = —ﬁ%hcﬂyt”’, (3.44)
Eq. (3.43) becomes
» 1 c7d » 1 *
Gab = R[ah] = _Eeuhcdp - R[ab] = _g Tuba
(3.45)

where the star symbol denotes the Hodge duality operator
and we have defined the field strength
-[I—ab = D[a;b]' (346)
We note that this result directly follows from the conformal
invariance of the theory.
Furthermore, let us observe that the conformal invariance
constraints in Eq. (3.30) imply

Ra[bcd] = _277a[dSbc] - Ra[bcd] = _na[d,]vzbc]’ (347)

€R pea = 0. (3.48)
We now show that Eqgs. (3.47) and (3.48) imply a differ-
ential constraint on the axial vector part of the torsion.
Indeed, from Eq. (3.45), recalling that now we have
@ = w(V,7)—that is, the spin connection also involves a
contorsion part—one can show that Eq. (3.48) reduces to

D, = 0. (3.49)

Then, in Eq. (3.47), we express both sides of the equation
in terms of the torsion by exploiting the fact that now
the curvature and antisymmetric Ricci tensors are given
entirely in terms of the totally antisymmetric torsion.
Indeed, recall that the connection @, involves, besides
the usual Riemannian part, a contorsion term /C,;,. related
to the completely antisymmetric torsion as follows:

1 -
VPR, =T = Kype = —6€abcdfd- (3.50)
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As a consequence, using Eq. (3.49) with the explicit form
of Eq. (3.47), one is left with

Dt = 0, (3.51)
which is a Killing equation for the axial vector 7, of the
present conformal theory, as Eq. (3.49) holds. Hence,
from Eq. (3.30), we obtain Eqgs. (3.49) and (3.51) for
the axial vector torsion 7,. These imply, together, as can
be proven by further differentiation and using the fact that
[Da’ Db];m — —2Rmnuhih - 2TnubDn;m — —2Rmnabin +
% Gabnd'idpn’l:m,

- ] -
Dtb — ZRab[a - gGadeta—l]—Cd =0

= Oy — 2R 1 + 4R )7 = 0, (3.52)
where [J denotes the covariant d’Alembertian with tor-
sion, (i, = DD, i,.

Thus, as we can see from Eq. (3.52), in our theory the
axial vector torsion obeys (3.52), and this follows directly
from the requirement of invariance of the Lagrangian under
conformal boosts. Equation (3.52) can be regarded as a
Maxwell-like equation in a curved four-dimensional back-
ground.15 Note, however, that this is not an equation of
motion derived from the Lagrangian, but just the result
of having required the conformal invariance in the presence
of an axial vector torsion.

As a last comment, let us observe that, taking into
account all the results obtained till now, the Bianchi
identities in Eq. (2.7) can be rewritten as

Bianchi for R% (R = Wa): DW® + 4(TlesPl — ylechl)
=0« DR =0,
Bianchi for 7¢: DT¢ + WV, — GV¢ =0,
Bianchi for 7¢(7% = C%): DC* + RS, =0,
Bianchi for G: dG - 2T*S, +2V*C, =0,
(3.53)

SObserve that the field strength T, of the axial vector actually
determines the antisymmetric part of the Ricci tensor of w as
given by Eq. (3.45). In particular, the latter means that for the
antisymmetric part of the Schouten in Egs. (3.5) and (3.6), we
have Siu = Riup) = =1 Tup = — 15 €apcaD°T¢, where the (tor-
sionful) covariant derivative D here, specifically, contributes only
with the purely Levi-Civita part, since the torsion term in D
cancels in this expression. Allowing also for a trace part of the
torsion, one would get, besides this, bilinear torsion terms, but
here we have already shown that the torsion trace can be
consistently set to zero. Moreover, let us mention that the axial
vector 7 also contributes in a nontrivial way to the symmetric
part of the Schouten tensor—that is, it contributes to S(,;) with a
term proportional to 7,7,,.

where we encounter the vector-valued Cotton 2-form
defined as

C* = DS > Cyppc VPV = =D S, VOV + 8T VP VE

1 -
= —DcSathV” - gsalelbcdthbVC. (354)

In the case in which the torsion vanishes, we recover the
properties that the Schouten tensor is symmetric and that
the completely antisymmetric and trace parts of the Cotton
tensor are zero.

As a final check of the consistency of the theory, we can
check from the previous equations that the Bianchi iden-
tities are identically satisfied. Indeed, analyzing the torsion
Bianchi in Eq. (3.53) by also taking into account Eq. (3.45)
together with Eqgs. (3.49) and (3.51) [recall that Egs. (3.45),
(3.49), and (3.51) come from conformal invariance of the
theory, not from the analysis of the field equations], we get
0 = 0. One can prove, with some algebraic manipulation
and making use of Eq. (3.52), coming from the requirement
of conformal invariance, that the same happens for the
Bianchi of G. The Bianchi for 7¢ becomes the Cotton
Bianchi (for a connection with torsion), since 7¢ coincides
with the Cotton 2-form, while the Bianchi identity for Rab
is the Bianchi for the Weyl 2-form W“® and simply leads to
R = 0, the left-hand side of the latter being identically
zero for any connection (here with a nonvanishing
torsion).16

One can thus see that the Bianchi identities are, as
expected, true identities, and they do not add any additional
constraint to the theory. This result [Eq. (3.53)] was
expected also from the vacuum analysis we have previously
done.

C. Equations of motion

Since we are adopting the second-order formalism for
o—that is, ® = 0(V,D,7)—in particular by fixing the
form of the torsion, we shall vary the Lagrangian (3.40)
with respect to the independent fields V and 7."”

As we will see in a while, in this setup we get a
propagation equation of the graviton that has four deriv-
atives (9*V), as in the case with vanishing torsion, which is
indeed expected for a conformal gravity theory.

'“The Weyl Bianchi written in the form DR = 0 and the
Cotton Bianchi look formally the same as in the case of vanishing
torsion (see, for instance, Ref. [20]).

"In principle, the spin connection w® has a dilaton depend-
ence, but, as we have previously discussed, the dilaton field
D can be eliminated from the theory. Actually, as one can
easily verify, even if D is allowed to appear in the Lagrangian,
exploiting the explicit form for the variation of @*® [Eq. (3.39)]
and the fact that the Weyl tensor is traceless, its dynamics is
trivial, as expected.
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Now, let us observe that the following applies to our
analysis:

5L 5w 5L
S0 L= 50, 1+ 0= 50, i=1,2,
ot = 5o, 00 T 5, 00
¢1 - ’l:, q)2 - V, (355)

schematically. The term %5@- corresponds to the explicit
variation of the various fields in the Lagrangian. Therefore,
we may start by computing 6,L = g—ﬁéw, where L is the

torsionful Weyl Lagrangian [Eq. (3.40)]. Recalling
Eq. (3.36) and using

50)Rab = D(éw“b) =D, (5w“b)dVCVd,
5w(Rabcd6Z) =D, (&Dab)b’

8(R%48455) = Dy(50),, (3.56)

after partial integration and using the fact that the Weyl
tensor is completely traceless, we find

8L = 88w (D WPMQE), (3.57)
where we have also used the fact that
D,QWV = %edengdkab vkyeyive
= —ﬁedbkqiqedefgekefgVb9<4> =0; (3.58)
that is,
D,QH = 0. (3.59)

Regarding the variation with respect to 7, one finds that
the explicit variation does not contribute. Hence, from
implicit variation, one obtains

5L 6w -
o0 ot =

4
— — S(D ablm 9(4) — .
Sw SF° 3 eathét ( IW ) 0, (3 60)

which vanishes identically, since antisymmetrization of
W .pea ON three indices gives identically zero.'®

Concerning the explicit variation with respect to V, here
one can prove that we have

"®The symmetry properties of the Weyl tensor read

bed bdc _ bacd
Wabed — _yyabde — _yybacd

wabed — chab’ Wa[bcd] =0, Wlabed] — ().
Note that they hold true also in the presence of torsion, since the

Weyl tensor is an irrep of SO(1, 3).

oL . .
(5Vp> (5‘/17)[ - _4(5Vp)l <2Rac(slcn’lpb - ZRapnbm
1
2 bl 4
_anum”hp we mQ<)
= —8(8VP) R e WPl Q) (3.61)

where we have also observed that the second and third
terms inside the round brackets in the first line give a
vanishing contribution, since they imply a tracing of the
Weyl tensor. Then, using Eqgs. (3.39) and (3.57) (and
performing a partial integration), and (3.61), together with
the symmetry properties of the Weyl tensor and Eq. (3.59),
after some algebraic manipulation, we find that the field
equation 6y L = 0 reads

1. 1 .
(6v7), <DthWqu’ — 5 R Wer'e - =i, D, vm”)

= 0; (3.62)

namely,

1 L e
DD W — 2R Wrle — = erei, DW= 0.

(3.63)

Notice that the p, [ trace of the latter identically vanishes,
due to the symmetry properties of the Weyl tensor. The first
two terms in Eq. (3.63) are formally the same as in the
absence of torsion, thus giving a fourth-order equation for
the vierbein. At the linearized level, the kinetic term is
actually the same as in the absence of torsion, while at
higher levels the presence of contorsion in the spin
connection gives higher-order corrections.

Hence, in our theory, we get a fourth-order equation for
the vierbein, and in the limit in which 7, is set to zero, we
recover the conformal theory of Ref. [1].19

IV. ON THE EXTENSION TO CONFORMAL
SUPERGRAVITY

In this section, we give some preliminary results con-
cerning conformal A" =1, D =4 supergravity in the
geometric approach. As we have already mentioned, in
the literature, besides vanishing supertorsion, some con-
straints have been implemented to recover super-conformal
invariance (the same constraints have been implemented in
Ref. [12], within the geometric approach, through Lagrange
multipliers).

Let us observe that, as we have previously mentioned, the
same Eqs. (3.52) and (3.63) can be obtained by gauging
Eq. (3.15) and implementing the constraints we have presented
in our analysis in order to recover conformal invariance.
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Here we start a preliminary analysis at the level of
Bianchi identities using the geometric approach, showing
that all the aforementioned constrained can be directly
obtained from the study of the Bianchi identities, just
imposing the vanishing of the supertorsion (which can be
viewed as the direct supersymmetric extension of the
constraint of vanishing torsion imposed in Ref. (1.

For the benefit of the reader and in order to establish our
formalism, let us just recall the main basic points of the
geometric approach to supergravity.

The gauge fields are now super 1-forms in superspace
that can be expanded along the supervierbein (V“,y/"‘g,
with a =1,...,4 and w“® being the gravitino 1-form. !
(Note that in the geometric approach, the superfields
are never expanded in terms of the Grassmann coordinates.)
Analogously, the supercurvatures are 2-forms which can be
expanded along the basis of 2-forms, namely

RA = RA,, VOV + RA, Vay® + RA wy?,  (4.1)

where R*,, and R, are the outer components of R,
while R4, are the inner ones.”> The important point is
that, both in the Lagrangian approach as well as in the
Bianchi identities approach, it turns out that all the outer
components of the curvatures can be expressed algebrai-
cally in terms of the inner ones, thus allowing for the
elimination of the spurious unphysical degrees of free-
dom from the theory.” Actually, this can be shown from
both the study of the geometric Lagrangian and the
sector-by-sector analysis of the Bianchi “identities.”
Within the latter approach, the Bianchi identities become
relations to be analyzed, performing their split in the
different sectors yyy, wyV, wVV, and VVV. This gives
the expression of the outer components of the super-
curvatures in terms of the inner ones, causing the theory
on superspace to have the same physical content as the
theory on spacetime.

“For the original formulation of the geometric approach to
supergravity in superspace and, in particular, of its application to
the study of the Bianchi identities in superspace, we refer the
reader to Refs. [5,6] (see also Ref. [12] and Appendixes A and B
of Ref. [21]). Moreover, a concise review of the prescriptions on
the supercurvatures in the geometric approach to supergravity is
also given in Appendix A of Ref. [22].

Here we are considering N' = 1, D = 4. Spinor indices are
denoted by a, f, ..., and in the sequel we will frequently omit
thegl to lighten the notation.

The outer components of the curvatures are defined as those
having at least one index along the y direction of superspace,
while the components with indices only along the bosonic
vierbein are called “inner.”

The relation between outer and inner components of the
supercurvatures is also referred to as the “rheonomy principle.”
Actually, this property is a consequence of the fact that the
Lagrangian is constructed only in terms of differential 4-forms in
superspace, with the exclusion of the Hodge duality operator.

Finally, we mention that since supersymmetry trans-
formations are just Lie derivatives in superspace, they are
easily derived from the (superspace) Lie derivative of
the gauge fields using the formula in footnote 7, namely
S = De? +1,RA, where De? is a gauge transformation
and the contraction is made with a supersymmetry parameter.

We shall now apply the aforementioned prescription on
the Bianchi identities to the case of conformal supergravity
with vanishing supertorsion.

A. Bianchi identities of the superconformal group
with vanishing supertorsion
The superconformal algebra [23,24] is generated by the set
{Jup. Ps, Ky, DAL Q,, Q/,}. We introduce the 1-form fields
{0, Ve KD, A w* ¢*} (see also Refs. [9,10,12]),
respectively dual to the vector field generators of the super-
conformal algebra as given by Eq. (2.1) together with

w(Qp) =685 9(Qp) =5

The scale weights of the U(1) gauge 1-form field A, of the
gravitino 1-form vy, and of the conformino 1-form ¢ are,
respectively,

A(A) =1, (4.2)

(4.3)

The supercurvatures associated with the superconformal
algebra are

Rah = Rab _ 4v[aKh] + li/yah(ﬁ’
T¢=DV+ DAV - %li/y“y/ =Dve - %W‘w,
T =DK* =D A K+ "¢ = DK* + L',
G=dD+2VK, -y,
F = dA + 2ipry’ ¢,

1 3i .
pP=Dy+3D Ay =T APY = irpV*

~ 3
=Dy — ZlAYSW — iy, pV* = Vy — iy, Ve,
1 3, 5, .
0=Dp->DNG+ L Ar¢ +ir K

= D¢ + %A}'Sqﬁ +irwK = Vo +irpwKe,  (44)
where y* and ¢* are the gravitino and conformino 1-forms,
dual to ordinary supersymmetry and conformal supersym-
metry, respectively. We recall that D = d — w is the Lorentz
covariant derivative, D is the Lorentz plus scale covariant
derivative, and we have also taken the opportunity to
introduce a Lorentz plus scale plus U(1) covariant derivative
V. The matrices y%, y?, and > are the usual gamma matrices
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in four dimensions. Useful formulas on gamma matrices can
be found in the Appendix.
The Bianchi identities obeyed by the supercurvatures
[Eq. (4.4)] are
DRab +4(T[aKb] _ V[aTb]) + g;ﬁyabp 4 l/_/}/abO' =0,
DT+ R®V, —GV* —igyp =0,
DT+ R®K, +GK* +igy*c =0,
dG—2T*K ,+2VT ,— o +¢p =0,
dF + 2y’ e = 2igy’p =0,

1 1 3i . .
Vp+-raRw =Gy + = Friy + iy oV =iy pT* =0,

4 2 4
1 b 1 3 . .
Vot 1R +5Gp— 1 Fri¢—irpK* +iywT =0,
(4.5)
where
DT* = DT + D A T,
DT =DT*-DATE,
Vp=D —1—1@/\ 3iA5 =d ! R
p=Dp+3DNp=7Ayp=dp—77uR"p
1 3i
—DAp——Apyp,
+2 P = AP
1 3
VJEDG—EQ/\G—FZA}/ o=do
1 1 3i
_ Rah _ - A 5 ] 4.
g VaR70 2@/\o+4 o (4.6)

One can now apply the prescription on the Bianchi
identities to the present case—that is, writing the super-
curvatures expansion as given in Eq. (4.1) and differ-
entiating it to compare the result with the Bianchi (4.5)
expanded along the supervierbein basis. The closure of the
resulting system of equations must occur sector by sector—
that is, along the yywy, wyV, wVV, and VVV sectors
separately.

Imposing vanishing supertorsion (7 = 0) from the very
beginning, a careful analysis shows that the superspace

curvatures must have the following parametrization*:

*The scale of the supercurvature components along the 2-
vierbein sector is

[Rabcdv Gabs Fab] =-2, [Tabc] =-1, [Tabc] =-3,
3
[/)ab]:_i’ [”ab}:_i'

When doing the explicit calculations, one can immediately
simplify the starting general ansatz by exploiting scale weight
arguments.

Rab — Rabcdvcvd + 2iz/'/ycp"bVC,
T¢ =0,
Ta — Tabcvbvc

/1 i
+y <—0“” — 57 Ou + y(“yma’””)> Vi,

2 2
G =G, VevP,
F = F,,Vev?,
p=paVV,
i 1
6 =0, V'V + <_%*Fabyb + 5F0b75yb>y/V“,
(4.7)
where for any O-form U,, = —U,, we have denoted the
corresponding Hodge dual as
1 d
*Uap = 5 €apcaU. (48)

2

As previously observed, the supersymmetry transformation
laws differ from the gauge transformations when the
curvatures exhibit at least a gravitino y in their para-
metrization. In particular, in the case at hand this happens
for R, T¢ and o, which indeed have a y in their
parametrization (for the explicit form of the supersymmetry
transformations of the fields, we refer the reader to
Refs. [9,12]).

Let us recall here that the quantities R“® . ;, T, Gup,
F.ps pap, and o, appearing in the parametrization (4.7)
are the so-called supercovariant field strengths, and they
differ, in general, from the spacetime projections of the
supercurvatures. Indeed, let us refer, e.g., to the Lorentz
supercurvature. Taking the components of R? along
dx* A dx’, namely R, =R ,ViVd 4 Ziwwcpabvz‘],
we see that the spacetime components R w differ from
the components along the purely bosonic supervierbein,
R ,Vevd. The quantity R ,ViVE=RY, o =
R VeV + 2il/7WL.p“bV§] is the supercovariant field
strength. The same happens for the curvatures 7¢ and o.
Instead, as in the present case, the parametrizations of
G, F, and p only have components along two vierbein.
Covariant and supercovariant components on spacetime
are identified—that is, we have G, = G, V4V, F,, =
Faijij, and p,, = pgbV,‘jV,’j.

Besides the given parametrizations, one also obtains the
following constraints:

1 . 1
Guw = E*Fab» Ry = -G = —E*Fam
R(ab) = O,

R=0, (4.9)
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yabgub = O!
ya (aab - iys*aab) = 0’
1 s,
Ym[aCm|b] = E (O-ab - 1]/5 O-ab)7 (410)
and
y[aphc] =0- YePab = _Zy[uph]w (411)
the latter implying
Y'Pab = 0= yabpab =0,
Pab + iys*pab =0. (412)

Notice that by using the first line of Eq. (4.10), after some
algebraic manipulation, we find that the second line of
Eq. (4.10) reduces to the trivial identity 0 = 0.

Let us just give a brief summary of the main steps of the
cumbersome calculations used to recover the above results.
The parametrization of R*’, G, and F, together with the
constraints in Eq. (4.12) and the fact that o does not have
components along two y’s, can be obtained by analyzing
the yyy sector of the Bianchi for R“®, G, and F, together
with the wyV sector of the Bianchi for 7¢ and p.
Considering the yyV sector of the Bianchi identities for
G and F together with the yyy sector of the Bianchi for o,
the V'V sector of the Bianchi for p, the yyV sector of the
Bianchi for R, and the VVV sector of the supertorsion
Bianchi, one finds Eq. (4.9) and the parametrization of o.
Finally, the parametrization of 7¢ and the equations in
Eq. (4.10) can be obtained by analyzing the V'V sector of
the Bianchi for G and F together with the yyV sector of the
Bianchi for o.

The above results are in perfect agreement with those of
Refs. [9,10] and [12]. In particular, the constraints in
Eq. (4.12) are the ones used in Refs. [9,10] (together with
T* = 0). Moreover, the constraint y“p,, = 0 in Eq. (4.12)
is the same constraint fixed in Ref. [12] by using Lagrange
multipliers in the Lagrangian in order to recover super-
conformal invariance of the theory. We conclude that the
solution given by Egs. (4.7), (4.9), (4.10), and (4.12) gives
exactly the same results as in Refs. [9,10] and [12]. There
the constraints were required by physical arguments in
order to consistently have supersymmetry invariance, while
here we have shown that they are a mere consequence of the
geometrical structure of the theory expressed by the closure
of the Bianchi identities.

Observe that the constraints derived from the Bianchi
identities turn out to be necessary for their closure, in a way
quite analogous to the requirement that in the absence of
auxiliary fields the closure of the supergravity Bianchi
identities only holds when the equations of motion are
satisfied. However, in conformal supergravity, the para-
metrizations for the curvatures and the constraints

recovered so far do not imply the equations of motion.
One could then be surprised that we need constraints to
have closure, since after all, Bianchi identities, when no
equation of motion is needed, are true identities. The point
is that the Bianchi identities would be true identities if we
analyzed them in the enlarged superconformal coset of the
basis gauge fields (V¢, K, w*, ¢*), the other gauge fields
@0 D, and A being the factorized 1-forms dual to the
generators belonging to the fiber. However, we want to
have a physical theory on the ordinary supercoset spanned
only by (V¢,yw%), which is a cotangent submanifold of the
enlarged superconformal coset. The geometric constraints
of the theory are then interpreted as the requirement needed
in order to have a consistent projection from the super-
conformal coset into the ordinary superspace.

The fact that the study of the Bianchi identities leads to
the constraint of conformal supergravity has been also
inferred in Ref. [14] in the context of an off-shell formu-
lation of N = 2 supergravity with tensor multiplets. Here
we have further highlighted and clarified the geometric
origin and meaning of the superconformal constraints in
the case of N'=1, D =4 conformal supergravity with
T* = 0, whose understanding is rather fundamental in view
of a future analysis including a nonvanishing supertorsion
in the theory.

Let us also mention that there are no independent
differentials in the K, and Q, directions [as can be also
deduced by looking at Egs. (4.4) and (4.5)] so that one can
write, also using scale weight arguments,

K¢ = Kabvb +ll_/K'a,
¢ = ¢avav

where the O-forms K%, %, and ¢, are a tensor, a spinor
vector, and another spinor vector, respectively. Recall
that K“, coincides with the spacetime components of K¢
only when y — 0, but since we are now in superspace,
the spacetime components of K¢ are given entirely by the
supercovariant part of K¢ [that is, K%, in Eq. (4.13)]
plus the component along w. When one formulates the
Lagrangian for the theory, the above components of K¢ and
¢ can be determined by studying the field equations of the
theory (and this could be particularly useful in our future
study, where we will try to include a nonvanishing
supertorsion).

On the other hand, the aforementioned components can
be also obtained by expanding the supercurvature defini-
tions given in Eq. (4.4) and using the geometric para-
metrization in Eq. (4.7). For the conformino components
¢,, we get

(4.13)

1

2 ) R
¢y = g?’a <1P(0)ab - 575 P(o)m;), (4.14)

where we have exploited y“p,, = 0 from Eq. (4.12) and
used the definition of p given in Eq. (4.4), taking its
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2-vierbein sector [which is the only sector appearing in the
parametrization of p in Eq. (4.7)]—that is,”

Pab = PO)ab T Va®s)s  PO)ab = ViaWs.  (4.15)
Equation (4.14) coincides, up to normalization and con-
ventions, with the expression for the conformino
(D, = ¢y V/’j) found in Ref. [9]. Finally, notice that using
the other results on p,, given in Eq. (4.12) and making

some algebraic manipulation, we also obtain

PO)lab +17° *P()ab = 0. (4.16)

Thus, using Eq. (4.16) in Eq. (4.14), we are left with

i
dp = g?’“ﬂ(o)\ab- (4-17)
Similar arguments can be applied to find the expression for
K% = K*, dx" = K%, VP 4+ k¢ by looking at the definition
of R in Eq. (4.4) and using the parametrization for R“® in
Eq. (4.7). More precisely, defining
RE‘(’)’) =R +yye (4.18)
in such a way that fermionic contributions are taken into
account in a straightforward way by means of R‘(‘é’), we get

Rablﬂ/ _ Rab(()) _ _4v[a[”Kb]y]

|uv

1/ 1
= K/w = Ka;lvu = 5 <R(O);w - gg;wR(O))
i
- ERWJ] - El// YuPiu

1/ 1
=5 (me - gguvR<o>)
1 i
+-*F, -~

3 Fu =3 (4.19)

TP

The latter coincides, up to normalization and conventions,
with the same expression found in Ref. [9] for K ,,.

We have thus shown that at the supersymmetric level,
setting the supertorsion to zero, all the other constraints
necessary for superconformal invariance and implemented
in Ref. [12] through Lagrange multipliers here actually

»We note that since there are no components of p along
the outer basis (., V) and (y.y), we have p,, = p,,V4V?, and
therefore we can identify the @, b indices with spacetime
anholonomic indices related to each other by the four-
dimensional vierbein. This observation explains the meaning
of the subsequent equation pg),» = Vi) in Eq. (4.15), which
would be senseless if a, b were interpreted as superspace indices
along V*V?, since the 1-form y in superspace is independent of
V¢ by definition.

follow geometrically from the study of the various sectors
of the Bianchi identities. Therefore, we expect the Bianchi
identities to be a key feature in order to explore the possible
construction of a conformal supergravity theory with a
nonvanishing supertorsion, dictating, in this framework, the
constraints that one must impose on the theory in order to
recover superconformal invariance.

V. CONCLUSIONS

In this paper, we have shown that, in contrast with the
claim of Ref. [1], it is actually possible to construct a
gauge theory of the conformal group in four spacetime
dimensions with a nonvanishing torsion component. In
particular, we have allowed for a nonvanishing axial
vector torsion and found a sufficient condition to write a
gauge theory for the conformal group. In this setup,
invariance under proper special conformal transforma-
tions (conformal boosts) implies a Killing equation for
the axial vector torsion that, upon further differentiation,
leads to a Maxwell-like propagation equation [precisely,
to the d’Alembert equation (3.52)] in a curved back-
ground for the aforementioned axial vector. In the limit in
which 7, is set to zero, we recover the conformal theory
of Ref. [1].

We have then given some preliminary results regarding
conformal ' = 1, D = 4 supergravity. In particular, we
have shown that the constraints introduced in Ref. [12] in
the geometric approach by the use of Lagrange multipliers
in order to recover superconformal invariance of the theory
can be, in fact, directly obtained in the same geometric
approach from the study of the Bianchi identities, just
assuming vanishing supertorsion.

This paves the way for future investigations that will be
devoted to deepening the analysis on conformal super-
gravity (this work is currently in progress [4]). In particular,
since we have seen that at the purely bosonic level there
exists the possibility of introducing a nonvanishing, com-
pletely antisymmetric torsion without spoiling conformal
invariance, we argue that something similar may also occur
in the superconformal case. As a further remark, from a first
glance we can say that (some of) the supersymmetric
constraints arising from the requirement of superconformal
invariance would certainly be different from the ones
obtained in the case in which the supertorsion is set to
zero in order to get a superconformal theory, and this in
particular might cause something unexpected to happen.

Finally, let us say that our findings could also prove
useful in the development of a possible four-dimensional
extension of the theories presented in Refs. [25,26] in the
context of modified/alternative theories of gravity. A
detailed study in this direction could also unveil some
peculiar features of non-Riemannian degrees of freedom,
together with a clearer understanding of the potential
relations occurring at the dynamical level among them.
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APPENDIX: USEFUL FORMULAS ON
GAMMA MATRICES

We are working with Majorana spinors, satisfying 4 = A’ C, where C is the charge conjugation matrix.

(1) Symmetric gamma matrices: Cy,, C¥ups CY5YVap-
(2) Antisymmetric gamma matrices: C, Cys, Cysy,.
(3) Clifford algebra:

{rasrs} =200 [Yar 78] = 27 e,
h=re  roriro=7i

€abcd76d = 2iy 755 YabYs = Y5Yab>

Iy Y =0, Yarar® =0,

rva =4 1y =3y
J/ab}/c — 2y[a5i’] 4 i€“b0d75}’d,

. b
Yavlea = 1€"ys — 4557@% - 257,

(4) Useful Fierz identities for N' =1 (for the 1-form
spinor y):
- 1 =, A 1 - .,ab
Yy = ZVaWV V= g?’abllfi/ v,
Yawyr'y =0,
Yasyy*Py = 0. (A2)
Irreducible 3-y representations:
Bl =wyrty,
b
( (A3)

B =yt + yE]),.

They satisfy yaE‘(‘m =0, yaEfé’) = 0, and we further
have

(i=1,2.3),

YabYea?™" = 47 ca-
7re = 37"
eyt = —2ylasll 4 jeabedygy,

s = —lyor17273
vi=1s.
YaVs = —Vs57a>
Ym?y" = =2y,

(A1)

Ty — _nAynTy _ ay,n7; _:(12)
YabWWY YV ==Y YYYapW = —V5V YWY apVs¥W == -

(A4)
(5) Some spinor identities:
7 = (=1)Pey.
7 ()¢ = —(=1)"7&(S)w.
F(AS)E = (=1)P9E(AS)y, (A5)

where (S) is a symmetric matrix, while (AS) is
an antisymmetric one; y and & are, respectively,
a generic p-form spinor and a generic g-form
spinor.

[1] M. Kaku, P.K. Townsend, and P. van Nieuwenhuizen,
Gauge theory of the conformal and superconformal group,
Phys. Lett. 69B, 304 (1977).

[2] S.W. MacDowell and F. Mansouri, Unified Geo-
metric Theory of Gravity and Supergravity, Phys. Rev.

Lett. 38, 739 (1977); Erratum, Phys. Rev. Lett. 38, 1376
(1977).

[3] P.K. Townsend and P. van Nieuwenhuizen, Geometrical
interpretation of extended supergravity, Phys. Lett. 67B, 439
(1977).

084034-15


https://doi.org/10.1016/0370-2693(77)90552-4
https://doi.org/10.1103/PhysRevLett.38.739
https://doi.org/10.1103/PhysRevLett.38.739
https://doi.org/10.1103/PhysRevLett.38.1376
https://doi.org/10.1103/PhysRevLett.38.1376
https://doi.org/10.1016/0370-2693(77)90439-7
https://doi.org/10.1016/0370-2693(77)90439-7

RICCARDO D’AURIA and LUCREZIA RAVERA

PHYS. REV. D 104, 084034 (2021)

[4] R. D’Auria and L. Ravera, On conformal supergravity with
a non-vanishing (super)torsion (to be published).

[5] L. Castellani, R. D’Auria, and P. Fré, Supergravity and
Superstrings: A Geometric Perspective, Vol. 1, 2 (World
Scientific, Singapore, 1991).

[6] R. D’ Auria, Geometric supergravity, review article from the
book Tullio Regge: An Eclectic Genius—From Quantum
Gravity to Computer Play (World Scientific Publishing Co.
Pte. Ltd, Singapore, 2019).

[7] S. Ferrara and B. Zumino, Structure of conformal super-
gravity, Nucl. Phys. B134, 301 (1978).

[8] S. Ferrara, M.T. Grisaru, and P. van Nieuwenhuizen,
Poincaré and conformal supergravity models with closed
algebras, Nucl. Phys. B138, 430 (1978).

[9] M. Kaku, P.K. Townsend, and P. van Nieuwenhuizen,
Properties of conformal supergravity, Phys. Rev. D 17,
3179 (1978).

[10] P. K. Townsend and P. van Nieuwenhuizen, Simplifications
of conformal supergravity, Phys. Rev. D 19, 3166 (1979).

[11] E.S. Fradkin and A. A. Tseytlin, Conformal supergravity,
Phys. Rep. 119, 233 (1985).

[12] L. Castellani, P. Fré, and P. van Nieuwenhuizen, A review of
the group manifold approach and its application to con-
formal supergravity, Ann. Phys. (N.Y.) 136, 398 (1981).

[13] S. Ferrara, A. Kehagias, and D. Liist, Aspects of conformal
supergravity, arXiv:2001.04998.

[14] N. Cribiori and G. Dall’ Agata, On the off-shell formulation
of N =2 supergravity with tensor multiplets, J. High
Energy Phys. 08 (2018) 132.

[15] R. O. Barut, Proceedings of symposium on de Sitter and
conformal groups, University of Colorado, 1970.

[16] F. W. Hehl, J. D. McCrea, E. W. Mielke, and Y. Ne’eman,
Metric affine gauge theory of gravity: Field equations,
Noether identities, world spinors, and breaking of dilation
invariance, Phys. Rep. 258, 1 (1995).

[17] F. Gronwald and F. W. Hehl, On the gauge aspects of
gravity, arXiv:gr-qc/9602013.

[18] D. S. Klemm and L. Ravera, Einstein manifolds with torsion
and nonmetricity, Phys. Rev. D 101, 044011 (2020).

[19] P.S. Howe and U. Lindstrom, Superconformal geometries
and local twistors, J. High Energy Phys. 04 (2021) 140.

[20] A. Garcia, F. W. Hehl, C. Heinicke, and A. Macias, The
cotton tensor in Riemannian space-times, Classical Quant.
Grav. 21, 1099 (2004).

[21] L. Andrianopoli, M. Bertolini, A. Ceresole, R. D’Auria,
S. Ferrara, P. Fré, and T. Magri, N = 2 supergravity and
N = 2 super-Yang-Mills theory on general scalar manifolds:
Symplectic covariance, gaugings and the momentum map,
J. Geom. Phys. 23, 111 (1997).

[22] L. Andrianopoli and R. D’Auria, N =1 and N = 2 pure
supergravities on a manifold with boundary, J. High Energy
Phys. 08 (2014) 012.

[23] J. Wess and B. Zumino, Supergauge transformations in four-
dimensions, Nucl. Phys. B70, 39 (1974).

[24] S. Ferrara, Supergauge transformations on the six-
dimensional hypercone, Nucl. Phys. B77, 73 (1974).

[25] S. Klemm and L. Ravera, An action principle for the
Einstein-Weyl equations, J. Geom. Phys. 158, 103958
(2020).

[26] S. Klemm and L. Ravera, Schrodinger connection with self-
dual nonmetricity vector in 2 4 1 dimensions, Phys. Lett. B
817, 136291 (2021).

084034-16


https://doi.org/10.1016/0550-3213(78)90548-5
https://doi.org/10.1016/0550-3213(78)90389-9
https://doi.org/10.1103/PhysRevD.17.3179
https://doi.org/10.1103/PhysRevD.17.3179
https://doi.org/10.1103/PhysRevD.19.3166
https://doi.org/10.1016/0370-1573(85)90138-3
https://doi.org/10.1016/0003-4916(81)90104-4
https://arXiv.org/abs/2001.04998
https://doi.org/10.1007/JHEP08(2018)132
https://doi.org/10.1007/JHEP08(2018)132
https://doi.org/10.1016/0370-1573(94)00111-F
https://arXiv.org/abs/gr-qc/9602013
https://doi.org/10.1103/PhysRevD.101.044011
https://doi.org/10.1007/JHEP04(2021)140
https://doi.org/10.1088/0264-9381/21/4/024
https://doi.org/10.1088/0264-9381/21/4/024
https://doi.org/10.1016/S0393-0440(97)00002-8
https://doi.org/10.1007/JHEP08(2014)012
https://doi.org/10.1007/JHEP08(2014)012
https://doi.org/10.1016/0550-3213(74)90355-1
https://doi.org/10.1016/0550-3213(74)90305-8
https://doi.org/10.1016/j.geomphys.2020.103958
https://doi.org/10.1016/j.geomphys.2020.103958
https://doi.org/10.1016/j.physletb.2021.136291
https://doi.org/10.1016/j.physletb.2021.136291

