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Abstract.  The BRST transformations for gravity with torsion including Weyl symmetry are
discussed by using the so-called Maurer-Cartan horizontality conditions. Also the coupling of scalar
matter fields to gravity is incorporated in this analysis. With the help of an operator § which allows
to decompose the exterior space-time derivative as a BRST commutator we solve the Wess-Zumino
consistency condition corresponding to invariant Lagrangians and anomalies for the cases with and
without Weyl symmetry.
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1 Introduction

In the discussion of the unification of all fundamental interactions, gauge field theories
play a central role. Electroweak theory and quantum chromodynamic (QCD) are examples
of Yang-Mills gauge theories [1, 2] associated with non-abelian Lie groups. In that way
gravity is introduced as a gauge theory which is associated with local Lorentz invariance [3].

The symmetry content of a field theoretic model is usually described by Ward identities
(WI) leading to functional differential equations for the various Green’s functions generated
by the corresponding generating functionals [4, 5]. Sometimes, the transition from the
classical to the quantized level modifies these Ward identities by non-trivial contributions
(anomalies), expressing the fact, that the original symmetry of the classical model is broken
at the quantum level.

An anomaly is usually defined as the gauge variation of the connected vacuum func-
tional in the presence of external gauge fields. When an anomaly occurs, this variation
does not vanish and the vacuum functional is not gauge invariant.

The most famous anomaly is the Adler-Bell-Jackiw (ABJ) anomaly [6, 7, 8] which
describes the breaking term in the axial vector current divergence equation. This anomaly
is needed to discuss successfully the 7% — 2+ decay.

In connection with conformal field theories of gravity, Weyl anomalies are of great
interest. It is well-known that due to the existence of Weyl anomalies the Weyl symmetry,
which is valid at the classical level, is broken in the presence of quantum corrections. It
is apparent that in the discussion about the quantum conformal structure of a theory one
needs the identification of all the Weyl anomalies [9, 10] and Weyl invariants in arbitrary
space-time dimensions.

Therefore, in order to discuss anomalies one needs a tool for a characterization. This
may be achieved in a very compact manner with the help of the Wess-Zumino (WZ)
consitency condition [11] in the context of the Becchi-Rouet-Stora-Tyupin (BRST) for-
malism [12]. This BRST scheme is an elegant and powerful instrument for the consistent
discussion of gauge symmetries in quantum field theory, and in addition this concept is
available for a large class of gauge field models whose classical symmetries have an algebra
which closes. In particular this BRST formalism allows to characterize the classical action
and possible anomalies as BRST invariant local functionals of the basic fields.

In order to describe the general procedure applicable to any gauge field model one
starts with the one-particle-irreducible (1PI) vertex functional given by

(ga) = iz ;11—, [ dar..dma(@:)...dalm) OIT (D). b)) 0)F (1.1)

where (0|T(¢(z1)...¢(z,))|0) ¥ denotes the vacuum expectation value of the quantum fields
#(xz). The classical sources ¢, are test functions for the functional (1.1). In perturbation
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theory one can make a loop expansion for I'(¢y), i.e. the vertex functional can be written
as a formal power series in h:

I(ga) = 3 RTO(4y) - (1.2)

n=0

At the classical level, in the so-called tree approximation, one gets
= 1
I‘(O)(‘;bcl) = Z mfdmldwnécl(ml)¢cl(wu)<0lT(¢(ml)¢(wn))|0)}££ = Fc1(¢cl) ’ (13)
n=2 """

where (0|T'(¢(z1)...¢(x,.))|0)ET collects now all possible tree graphs, i.e. graphs without
radiative corrections. In this approximation the zero-loop order corresponds to the classical
action. In order to simplify notation one substitutes ¢, — ¢ in the functionals (1.1) and

(1.3).

For the discussion of the symmetry content of the field model one introduces the Ward
identity operator W in its global form
W, = [d% s 14
) g7 (14)
belonging to an arbitrary infinitesimal symmetry transformation §;¢(x) characterized by
a local parametric function &(z)

6.0(x) = e(z)P(9) , (1.5)

whereby for general reason P(¢) may be linear or non-linear in ¢. Applying the WI-
operator (1.4) to (1.3) one gets, for the case that (1.5) is a symmetry of the model, the
following global WI:

W.lu($) =0. (1.6)

The corresponding local WI may be obtained from (1.6) by functional differentiation with
respect to (x).

The presence of radiative corrections is now governed by the renormalized action prin-
ciple (13, 14] leading in general to a modified WI for the full vertex functional (1.2)

W,I(¢) = A-T(g) = hA(¢) + O(F) , (1.7)

where A is an integrated well-defined quantum insertion of definite dimensions [13, 14] and
A(@) is an integrated local polynomial in the fields and their derivatives. For the search
of anomalies it is enough to limit ourselves to the one-loop order.

Following the general procedure for the discussion of non-invariant counterterms an
anomaly occurs if the correction A cannot be expressed as a variation of the underlying
symmetry and therefore it is not possible to absorb A(¢#) by an appropriate counterterm
in order to get

W.T(¢)=0. (1.8)
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To clarify this point, we assume that A(¢) can be written as

A(p) = a() + W.b(9) , (1.9)

where a(¢) and b(¢) are integrated local polynomials and where a(¢) cannot be expressed
as W,d(¢) for any integrated local polynomial @(¢). The second term in (1.9) can be
absorbed in a redefined I'(¢), but the first term leads to an anomaly

W.I(¢) = W,(T(¢) — ib(¢)) = ha(9) . (1.10)

The use of the BRST scheme demands now that the given symmetry is converted into

a BRST symmetry. This can be achieved by replacing the infinitesimal parametric func-

tions £(z) by anticommuting ghost fields ¢(z) with ghost number one, which leads to a

nilpotent symmetry operator, the so-called BRST operator s. The search of BRST invari-

ant Lagrangians and possible anomalies is then reduced to solve the following cohomology
problem

sa=0 , a#sa, (1.11)

where s is the nilpotent BRST operator and a is the breaking term of eq.(1.10). In
particular, the BRST formalism allows now to characterize classical actions and anomalies
as BRST invariant functionals. Especially, an action is a BRST invariant functional with
ghost number zero while an anomaly corresponds to a BRST invariant functional with
ghost number one. Eq.(1.11) is now the Wess-Zumino consistency relation within the
BRST formalism and restricts strongly the possible solutions of a. For further need we are
using the concepts of differential forms, where d denotes the exterior space-time derivative
d = dz*8, and where a is described by an integrated volume form (N-form) in N space-
time dimension

a=[A, (112)

with A local polynomial. The condition (1.11) implies the following local equation
sA+dQ =0, (1.13)

where @ is some local polynomial. The exterior space-time derivative d and the BRST
operator s fulfill
sf=d*=sd+ds=0. (1.14)
A is said non-trivial if
A#sA+d9 , (1.15)

with A and Q local polynomials. In this case the integral of A on space-time, [ A, iden-
tifies a cohomology class of the BRST operator s and, according to its ghost number,
it corresponds to an invariant Lagrangian (ghost number zero) or to an anomaly (ghost
number one).

The local equation (1.13), due to the relations (1.14) and to the familiar algebraic
Poincaré Lemma [15, 16]

dl=0 <= Q=d0+d"z L+ const, (1.16)
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is easily seen to generate a tower of descent equations

sQ+dQ'=0,

sQ'+dQ*=0,

sQ*+dQ* =0,

st—l + ko = ;

sQF =0, (1.17)

with @' local field polynomials. The index i describes the grading of the local polynomials
Q' (see Section 3).

As it has been well-known for several years, these equations can be solved by using a
transgression procedure based on the so-called Russian formula [17, 18, 19, 20, 21, 22,
23, 24, 25]. More recently an alternative way of finding non-trivial solutions of the ladder
(1.17) has been proposed by S.P. Sorella and has been successfully applied to the study
of the Yang-Mills gauge anomalies {26]. The method is based on the introduction of an
operator § which allows the expression of the exterior derivative d as a BRST commutator,
ie.

d=—[s,6] . (1.18)

One easily verifies that, once the decomposition (1.18) has been found, successive applica-
tions of the operator § on the polynomial Q* which solves the last equation of the tower
(1.17) give an explicit non-trivial solution for the higher cocycles QF~!, ..., Q!, Q, and A.

Actually, the decomposition (1.18) represents one of the most interesting features of the
topological field theories [27, 28] and of the bosonic string and superstring in the Beltrami
and Super-Beltrami parametrization [29]. A remarkable fact is also that solving the last
equation of the tower (1.17) is a problem of local BRST cohomology instead of a modulo-d
one. One sees then that, due to the operator §, the study of the cohomology of s modulo
d is essentially reduced to the study of the local cohomology of s which, in turn, can be
systematically analyzed by using the powerful technique of the spectral sequences [30].
Actually, as proven in [31], the solutions obtained by utilizing the decomposition (1.18)
turn out to be completely equivalent to that based on the Russian formula, i.e. they
differ only by trivial cocycles.

The aim of this work is twofold. In a first step it will be demonstrated that the de-
composition (1.18) can be successfully applied to gravity including local Lorentz rotations,
diffeomorphisms, and Weyl transformations, and that it holds also in the presence of tor-
sion. In the second step, we will see that the operator é gives an elegant and straightforward
way of classifying the cohomology classes of the full BRST operator in any space-time
dimension. In particular, the eq.(1.18) will allow for a cohomological interpretation of the
cosmological constant, of Lagrangians for pure Einstein gravity and generalizations includ-
ing also torsion. Additionally, Chern-Simons terms, gravitational and Weyl anomalies are
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considered. The last point is devoted to the discussion of the coupling of a scalar matter
field to gravity with and without Weyl symmetry.

This work is a continuation of a previous one [32], where the decomposition (1.18)
was shown to hold in the case of pure Lorentz transformations involving only the Lorentz
connection w and the Riemann tensor R and without taking into account the explicit
presence of the vielbein e and of the torsion T. More recently the decomposition (1.18)
was used to investigate the cohomological problem of gravity with torsion [33].

The further analysis is based on the geometrical formalism introduced by L. Baulieu
and J. Thierry-Mieg [18, 20] which allows to reinterpret the BRST transformations as
Maurer-Cartan horizontality conditions. In particular, this formalism turns out to be very
useful in the case of gravity [18, 20], since it naturally includes the torsion. In addition, it
allows to formulate the diffeomorphism transformations as local translations in the tangent
space by means of the introduction of the ghost field n* = /e, where £* denotes the usual
diffeomorphism ghost and €, is the vielbein.

We recall also that the BRST formulation of gravity with torsion has already been
proposed by [34, 35] in order to study the quantum aspects of gravity. In particular,
the authors of [35] discussed a four dimensional torsion Lagrangian, with GL(4, R) as the
gauge group, which is able to reproduce the Einstein gravity in the low energy limit. These
BRST transformations could be taken as the starting point for a purely cohomological
algebraic analysis without any reference to a particular Lagrangian. Furthermore, our
choice of adopting the Maurer-Cartan formalism is due to the fact that when combined
with the introduction of the translation ghost n* it will give us the possibility of a fully
tangent space formulation of gravity.

This step, as we shall see in details, will allow to introduce the decomposition (1.18)
in a very simple way and will produce an elegant and compact formula (see Section 5) for
expressing the whole solution of the BRST descent equations, our aim is that of giving a
cohomological interpretation of the gravitational Lagrangians and of the anomalies in any
space-time dimension with and without Weyl symmetry. Moreover, the explicit presence
of the torsion T and of the translation ghost n® gives the possibility of introducing an
algebraic BRST setup which turns out to be different from that obtained from the analysis
of Brandt et al. [25], where similar techniques have been used.

Finally, we stress that the main purposes of the present work are dedicated on one
hand to discuss the solutions of the local gravitational cohomology problem without Weyl
symmetry

sa(e,w,R,T) =0, (1.19)

and on the other hand to find solutions of the full local cohomology problem including
Weyl symmetry
sa(e,w,A,R,T,F) =0, (1.20)

where the vielbein field e, the Lorentz connection w, the abelian Weyl gauge field A, the
Riemann tensor R, the torsion T, and the Weyl curvature F' are treated as unquantized
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classical fields, as done in [32], which when coupled to some matter fields (scalars or
fermions) give rise to an effective action whose quantum expansion reduces to the one-loop
order.

The work is organized as follows: In the several parts of Section 2 we briefly mention
some basic elements, respectively in Section 2.1 gravity with torsion, in Section 2.2 Weyl
transformations, in Section 2.3 the powerful BRST formalism, and finally in Section 2.4
the elegant technique of differential forms. After this, we will introduce in Section 3
the so-called Maurer-Cartan horizontality conditions for gravity with torsion, for Weyl
transformations, and for scalar matter fields. In particular, in Section 3.3 the BRST
transformations for local Lorentz rotations, diffeomorphisms, and Weyl transformations are
derived in a complete tangent space formalism. In Section 4 the operator § is introduced
and we show how it can be used to solve the descent equations (1.17). Section 5 is dedicated
to the study of some explicit examples, like the cosmological constant, the Einstein and the
generalized torsion Lagrangians as well as the Chern-Simons terms, the gravitational and
Weyl anomalies, and the matter field Lagrangians. Section 6 deals with the geometrical
meaning of the decomposition (1.18) and some detailed calculations can be found in the
final appendices, respectively important commutator relations in the tangent space and
the determinant of the vielbein in connection with the ¢ tensor.

2 Basic elements

2.1 Gravitational fields

It is well-known that the gauge transformations associated with gravity are general co-
ordinate transformations or diffeomorphisms, i.e. arbitrary reparametrizations of the N-
dimensional space-time, and local Lorentz rotations in a tangent space of dimension N 2.
A diffeomorphism can be written as

ot — T = 2* + £#(x) , (2.1)

where £#(z) is an infinitesimal parameter of the general coordinate transformation. A
scalar field ¢(z) has the property

@(z) = ¢(x) , (2.2)
and can be expanded over a point z as follows:
¢(2) = p(z +£(2)) = p(=) + £*(x)up(2) + O(E)" - (2.3)

From eqs.(2.2) and (2.3) one can read off the transformation of a scalar field under general
coordinate transformations or diffeomorphisms

5pp = p(z) — p(8) = —E*dp = Lo | (2.4)

2As usual, Latin and Greek indices refer to the tangent space and to the euclidean space-time. Both the
world indices and the local Lorentz indices take values from 1 to N.
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where L¢ denotes the Lie derivative [36]. A covariant (contravariant) vector field V, (V*)
transforms under diffeomorphisms as

‘SDV# = —E'\(?AV,‘ - (a.uEA)VA = L:SV# ’
SpVH = —EAB)\V" + (3A§“)V)‘ = LVH, (2.5)

and analogous for tensors of higher ranks.

Now we consider local Lorentz rotations in the tangent space which act on the fields
according to

8(2) = $(a) + 3¢H(x) Mad(z) (2.6

where M,; are the generators of the local Lorentz rotation group SO(N) in N dimensions
in the representation appropriate to the field ¢(z) and €® are the infinitesimal parameters
of the transformation. The generators M,, and parameters ¢® are antisymmetric in (ab)

My =—M, , €t=—¢". (2.7)
An antihermitian representation of the generators M, is given by
(Mab)®q = 651 — 64Mad (2.8)
which satisfies the commutator algebra
[Mab, Med) = —Nac Mpa + NadMbe + MhcMad — MaMac - (2.9)

With the help of eq.(2.8) follows from eq.(2.6) the transformation of a contravariant tangent
space vector field V* under local Lorentz rotations
1 ,
6 V" = "ifmﬂ(an)abV
1
— 5™ (6% — SV
= e VP, (2.10)

and analogous for a covariant vector field V,
6 Vo=¢€lVy . (2.11)

Remark that a scalar field ¢ has no tangent space index and therefore does not transform
under local Lorentz rotations
bp=0. (2.12)

Now one can define a Lorentz covariant derivative D, by introducing a gauge field
associated with the local Lorentz rotations (2.6) which is called the Lorentz connection

field w?,
1
Dyp = dutp + 5w Mg (2.13)
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The covariant derivative transforms according to eq.(2.6) as

6L(Dyug) = %EabMab(D,uﬁb) ; (2.14)

which determines with eq.(2.9) the transformation property of the Lorentz connection field
under local Lorentz rotations

61,(41“".u = —3#6‘15 - w“c,uecb ~+ wbq‘em . (2.15)

Remark that the Lorentz connection field w“”‘hI carries both world and tangent space indices.
The presence of a world index is characteristic for gauge fields, since these fields are
introduced in order to compensate for the effects caused by the local gauge invariance
transformations.

Up to now the derivative (2.13) is covariant under local Lorentz rotations but not
covariant under diffeomorphisms. In other words the variation of D,¢ does not only depend
on the parameters £*(z) taken at the same space-time point, but it also depends on their
values at neighbouring points. This is reflected in the presence of a derivative of £#(z) in
the transformation law

5(Dud) = 5 Ma(D,8) — £0,(D,8) — (3,6)(Du) , (2.16)

with

From eqs.(2.15) and (2.16) one gets the transformation of the Lorentz connection field w®,
under diffeomorphisms

bpw™, = =€ 8w, — (8,6 )w”, , (2.18)

which is the usual transformation law of a covariant vector field under general coordinate
transformations (2.5). To remove 9,£” in the transformation rule (2.16) one introduces
another field whose variation can compensate for the undesired term. Since D,¢ still
carries a world index the new type of field should convert world indices into local Lorentz
indices. This leads to the introduction of the field E¥, which can be used to define a fully
covariant derivative D,¢ in the following way

Do¢ = E*D,é . (2.19)

This derivative no longer carries a world index and transforms therefore as a vector field
under local Lorentz rotations and as a scalar field under diffeomorphisms

(Do) = —£"9,(Dag) + €, (Dsgb)

1

== _gp'ap(Da(ﬁ) + ‘2'6mn(an)ab(Db¢) s (2.20)
which determines the transformation behaviour of E* under diffeomorphisms and local
Lorentz rotations

SE! = ¢ 'El' — £ 0\E" + (0:¢")E> . (2.21)
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The field E* not only may be regarded as the gauge field of general coordinate trans-
formations but also may be seen in a geometric context. Namely the N contravariant
vector fields E¥ specify the basis vectors of the linear tangent space at each point of a
N-dimensional Riemannian space-time manifold. This implies that E¥ is non-singular and
has an inverse e defined by

CZE‘? = 6%,
B = 5. (2.22)

The standard nomenclature is to call e} the vielbein field and E% the inverse vielbein field.
Under diffeomorphisms and local Lorentz rotations the vielbein field transforms as

bel = e%yel, — £205el — (9,8%)es . (2.23)

In this context the group of local Lorentz rotations is called the structure group or tangent
space group, which rotates the local tangent space frame. The existence of the vielbein
field allows the introduction of a covariant metric tensor on the Riemannian space-time
manifold which is symmetric

u(z) = eﬁ(m)eﬂ(m)nab = g,: () ; (2.24)

where 7)., is a Lorentz invariant tensor, which can be used for local measurements of
distances and angles in space-time.

As usual one extends the concept of covariance under diffeomorphisms and local Lorentz
rotations to quantities that carry world indices. The construction of a covariant derivative
D, for world covariant vector fields X, is straightforward. By using the inverse vielbein
field one convert the world indices to tangent space indices, then apply the covariant
derivative (2.13), and with the help of the vielbein field one reconvert the Lorentz indices
into world indices. Hence one has

DX, = e*D,(EPX,) ,
D.X" = E!D,(e2X") . (2.25)

The same argument can be applied to define covariant derivatives acting directly on world
tensors. Eqs.(2.25) can be rewritten in the form

DX, = D,X, - T,fX,,
D, X" = D, X" +T,'X*, (2.26)

with the so-called affine connection I, f defined by
Fpup = —egD#Ez = (Dﬂez)Eﬁ . 7 (227)

Note, that the covariant derivatives in (2.26) and the affine connection contain the Lorentz
connection field w“”‘u. The representation (2.27) for the affine connection satisfies the metric
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postulate, which asserts that the metric and thus the vielbein field is covariantly constant.
Indeed it is straightforward to verify that (2.27) is equivalent to

Del=0. (2.28)

The affine and Lorentz connection fields are therefore not independent; furthermore it is
easy to show with eq.(2.24) that
ngup =0, (229)

from which one deduces that the affine connection must satisfy following identity

T, Gop + T, G0 = Outp - (2.30)

The so-called curvature or Riemann tensor R and torsion tensor T are found by using the
Ricci identity [36], which relates these tensors to commutators of covariant derivatives

1

[Dm, D) = 5 w)Mg, — T

mn

(e,w)D, . (2:31)

mn (

Evaluation of the left-hand side of eq.(2.31) shows that the Riemann tensor of the local
Lorentz rotations and the torsion tensor are given by

R"”W(w) = Jw®, — ,,w“"# + w“wwd’u - w“wwd’# " (2.32)
Tolew)y = De; ~ Dy . (2.33)

According to eq.(2.28) and the definition (2.33) the torsion tensor T' corresponds to the
antisymmetric part of the affine connection

r,f-T,f=ETs . (2.34)

Alternatively one may also compute the Ricci identity for covariant derivatives (2.26)
applied on a world vector

1
[D, D)X, = ER“"WMabXP -T.,D.X, - R, X, - (2.35)

With the relation 1
| [D,,D,] = 51'{‘"’#,,1\/_!,1,,, ; (2.36)

and eq.(2.34) one obtains the curvature tensor
r, [T)=9r,°-90,r,7+r,71,°-T,T,. (2.37)
Remark that, however, R(T') is not an independent object. By evaluating
DD, =D,Dye;, —D,D,e; =0, (2.38)

one verifies that
R, .. =R bty E" . (2.39)

puv
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Taking cyclic permutations of the triple commutator of covariant derivatives, which satisfies
the Jacobi identity

(D, [D., D,)] + [D., [D,, D,]] + [D,, [D,, D,]] =0, (2.40)

and taking cyclic permutations of the covariant derivative applied on the definition of the
torsion (2.33)

D[}lT:p] = DyD.e; , (2.41)

yields the well-known Bianchi identities
Dy,R*, =0, (2.42)
D[pjfp] = Rab[pue:] . (2.43)

The combination of (2.30) and (2.34) now fully determines the affine connection in terms
of the metric field and the torsion tensor

F;wp == fw} + Ezeustb ’ (244)

where {£,} denoting the Christoffel symbol which is symmetric in (uv)

1
ZV} = Egm(augvo + augpcr - ao'guu) 3 (245)

and K2 the contorsion tensor which is antisymmetric in (ab)
1 C
K;b = §E“"E”"(T,f”epc + T .80 — T Be) + (2.46)
The value of the Lorentz connection field corresponding to eq.(2.44) is
w“b“ = w“"u(e) + K:" . (2.47)
with
[

1
w® (€) = 56 (-t +Qba+ Q) (2.48)

and Q% the coefficients of anholonomity which measures the non-commutativity of the
vielbein basis
Q,° = EYE;(,¢; — d.¢;) - (2.49)

In the absence of torsion the Bianchi identitiy (2.43) takes the simple form
R® €0 =0. (2.50)
In this case the Lorentz connection field w“bu is given by eq.(2.48)

w“l’}u = w“b#(e) g (2.51)

and the affine connection T',f is nothing but the Christoffel symbol

F,ur/p = zu} k. (252)
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This implies the symmetry of the Riemann tensor under cyclic permutations of the indices
Ropus + Ropp + Roupu =0, (2.53)

and the pair exchange symmetry of the Riemann tensor
Rypur = Buop - (2.54)

By contracting the Riemann tensor one can construct two further objects, the Ricci tensor
R

b

R, =R E}, (2.55)
which is in the case of vanishing torsion symmetric
R““ = Ry“ , (2.56)
and the Riemann scalar or curvature scalar R

R= R E!=R* E'E{ . (2.57)

2.2 Weyl transformations

In this section we will introduce the familiar Weyl transformations and the connection to
diffeomorphisms and local Lorentz rotations. A local Weyl transformation [37] is a local
rescaling of the metric field g,, according to

g#,,(:n) — eW(g,u,)n(z)gW(w) y (2.58) _

where W(g,,) is the so-called Weyl weight of the metric tensor and 2(z) is the parameter
for the Weyl transformation. As usual, the Weyl weight for the metric tensor g,, is fixed
to the value two

W(gu) =2. (2.59)

The infinitesimal transformation is then given by
6Wg;w = 299yu ) (260)

and analogous for an arbitrary field ¢, with an appropriate Weyl weight, one has

Swd = W()% . (2.61)
The determinant of the metric field, defined as
g = det(g,.) , (2.62)

has now the Weyl weight
W(g) = 2N , (2.63)
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where N denotes the space-time dimension. From eq.(2.24) one can read off the following
identity for the determinant of the vielbein field e

e=+g , e=det(e]), (2.64)
which implies the Weyl weight for the determinant of the vielbein field
W(e)=N. (2.65)

With this setup the Weyl weights for the following basic fields are then fixed to

W(e,) = +1,
W(E}) = -1,
W(gw) = +2,
W(g*) = -2, (2.66)

and the corresponding Weyl transformations are given by
A

dwe;, = Qle;,

SwE' = —QE"
6Wg,uu = 2Szg,t‘u/ )
Swg" = —2Qg"™ | (2.67)
respectively

Remark that the Weyl weights are additive. The standard procedure to find the Weyl
weight for a scalar field ¢ is to assume, that the action of a scalar field should have Weyl
weight zero under a global Weyl transformation. From

I'= % f d"z\/99" 8,8, (2.69)
one gets therefore the Weyl weight for a scalar field
N-2

Wp) ===, (270)

and the Weyl transformation of a scalar field

N-2
5wlp = ——T-QCP . (2.71)

Remark also that the partial derivative 8, and the flat metric 7, have Weyl weights zero.
The Weyl transformations for the remaining fields are determined by the definitions of the
Riemann tensor (2.32) and the torsion (2.33) and are given by

6wwabu =0 ,

swT?, = QT

v

swR®,, =0. (2.72)
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However, the action of the scalar field (2.69) is not generally Weyl invariant under a
local infinitesimal Weyl transformation. Only in two space-time dimensions one can find
a Weyl invariance:

1
6wT = éw f N\ /59" 0,00,
N-2
= (=5 [ =5 (0. )vd. . (2.73)

In order to keep the Weyl invariance in arbitrary space-time dimensions we introduce a
gauge field A, for the Weyl transformations and the corresponding Weyl covariant deriva-
tive

V#¢’ = a.u¢ e W(¢)Au¢ . (2-74)
As usual, the covariant derivative of a field ¢ should transform as the field ¢ (see eq.(2.61))

bw(V,u9) = W(e)UV,.9) , (2.75)
which implies the proper transformation of the Weyl gauge field
owA, =-0.,0. (2.76)

The correct Weyl invariant scalar field action can be found by replacing the partial deriva-
tive J, in (2.69) by the Weyl covariant derivative (2.74):

1
=5 f N2\ /59" oV, 0 . (2.77)

Now one can easily proof that the action (2.77) is Weyl invariant in any space-time dimen-
sion. From (2.77) follows

1
6wl = 6w f AT VT v
1
= > [@2l(6w/30")V 0V + 21/58" (5w V) Vel (2.78)
which leads with the help of (2.67),(2.68) and (2.75) to the invariance of the action:

swl =0. (2.79)

We remark that in the case of gravity with vanishing torsion exists a second possibility
to construct a Weyl invariant scalar field action without using the Weyl gauge field [38]:

1
Rl f d"z\/g9" 8,00, + aRp"] , (2.80)

with the coupling constant
o = —— (2.81)
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The Weyl transformation of the Riemann scalar R for vanishing torsion is given by
dwR=-20QR+2(N —1)00Q . (2.82)

Now it is straightforward to check that (2.80) is Weyl invariant. But in the presence of
torsion the Weyl transformation of the Riemann scalar R is changed according to

dwR = —20R, (2.83)
and the action (2.80) is no more Weyl invariant!
The commutator of two covariant derivatives is related to the Weyl field strength
Vi, V.]¢ =W($)F.é . (2.84)
The corresponding Weyl curvature F,, is then given by
Fo = 8,4, — 8,4, , (2.85)
which is invariant under Weyl transformations
bwF, =0, (2.86)
and obeys the Bianchi identity for the Weyl curvature
0uFuy =0. (2.87)

In order to incorporate also Weyl transformations with diffeomorphisms and local
Lorentz rotations one introduces the following covariant derivative

1
D,=98,+ 5L‘;“",,Mab + WA, . (2.88)

The composition of the symmetry transformations, i.e. diffeomorphisms, local Lorentz
rotations, and Weyl transformations, is done by

b6=6bp+6r+ 6w, (2.89)

which leads to the following set of transformations for the basic fields

Sip = —E o0 — D 2Qtp ,
bel, =€ be - 6)\3)\6 — (8u€M)es + Qe ,
bw?, = —0,€% + €W, — €W, — NN b (3;:5)‘)‘““1»\ ;
A, = —g*aAA — (8,8M4, - 8,9,
e = — 0Ty, — (8,6MT%, — (0.6 + QT |

6Rab;w =€ cR bur — € R cpr E'\BAR“bW - (8M£A)Rab/\u == uf )Rabp,\ )
5Fuu = —gAahFuv - (3,15'\)17’,\,, - (ByﬁA)F.u,\ 2 (2'90)
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The commutators of the covariant derivatives (2.31) and (2.36) can be generalized to

(D DuJg = 2R, Mud + W) Fut
(2.91)

and
(D, Dy]é = %Rabm,,Mm + W($) Fon — T2 Dath , (2.92)

where the Riemann tensor R“bw, given by eq.(2.32), and the Weyl curvature F,,, given
by eq.(2.85), are unchanged, but the torsion tensor field T}, is now modified, due to the
including of Weyl transformations, according to
T, =D,e; —D.,e ,
= Ve — V,,ez + w“b#ef’, — w“buez ,
= d,e, — 0,e; + w“bﬂe" - w"byez Al — AR (2.93)

v

2.3 BRST transformations

The BRST formalism is an elegant and powerful tool for the consistent describtion of
gauge symmetries in quantum field theory. The standard procedure is to substitute the
infinitesimal parameters of the several symmetry transformations egs.(2.1), (2.6),(2.58) for
the corresponding anticommuting Faddeev-Popov ghosts

g = &,

6ab — gab ;

Q — o, (2.94)
where £#, 6%, and o denoting the diffeomorphism ghost®, the Lorentz ghost, and the Weyl

ghost. From the antisymmetry of the parameter €* for the local Lorentz rotations it follows
immediately that also the Lorentz ghost is antisymmetric

6" = —g% . (2.95)

All above ghosts have ghost number one. Further the several symmetry operations are
then expressed by a nilpotent anticommuting operator s which is called the BRST operator

s =8p+ 8L+ sw . (2.96)

The BRST operator increase the ghost number by one. The BRST transformations of the
ghosts are constructed in a way that all transformations are nilpotent. For all the basic

®Both, for the parameter of diffeomorphisms and for the diffeomorphism ghost, we use the same symbol.
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fields mentioned so far one has now the following BRST transformations

N-2
sp = —E*0rp — 5P
sel = 0%e, — £ 0\l — (8,80)e5 + o€l
sEBY = —6° E} — £*0,E* + (\¢")E) — oE" ,
Sw“b“ = —6#905 + Oacwcb“ - ecbwacy — év\aAwabH A (apﬁ)‘)wab)‘ Py

SA” = —E"B,\Ay =] (8,,5'\)14)\ ac 3#0' ’
sT;, = 04T, — £0\Ty, — (8,6")T5, — (8.6 Ty + 0T

1 ur
sRab,uu = 9ac'l:i:cb,(w - achacpw - ‘s,\al\Rabpw - (aﬂfA)RabAu - (aVEA)Rab}u\ ’
sF,, = —£*0\F,, — (8,£")F\, — (8,6")F,» , (2.97)
and
st = —£29\¢"
s6%, = 6°6°, — £0,6%, ,
so = —£0a , (2.98)

implying the nilpotency of the BRST operator
s28=0. (2.99)
Furthermore the BRST operator commutes with the partial derivative

[s,8,] =0. (2.100)

More generally, the consistent treatment of any gauge field model demands to fix the
gauge, in order to guarantee the existence of the corresponding gauge field propagator.
This is achieved with a Lagrange multiplier field B, which forms together with an antighost
field ¢ a so-called BRST-doublet '

sc=B,

sB=0. (2.101)

The dependence of this BRST-doublet within the cohomological problem (1.11) is managed
by a useful theorem [25] showing its triviality.

2.4 Differential forms

For the sake of clarity and completeness, this section is devoted to give a brief review
of some properties and definitions of the well-known and useful formalism of differential
forms. Differential forms simply provide an exceedingly compact notation for vectors and
tensors on an arbitrary manifold.
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A scalar function f(z) is called a zero form. One defines the differential of the zero
form f as the one form

_ 9f
df = é;;dm” s (2.102)

where in N dimensions the index u runs from 1 to N. Thus, the exterior derivative d can
be written as
d = dz"9, , (2.103)

which increases the form degree by one and which is a nilpotent operator
d=0. (2.104)

The nilpotency of d is automatically guaranteed because of the vanishing commutator of
two partial derivatives

0,,8,] =0 (2.105)

Given a vector function ¢, one constructs the one form ¢ as follows:
¢ = ¢ dzt . (2.106)
The exterior derivative d of the one form (2.106) is defined as
dp = %(am,, _ 8,4,)da" Adz” (2.107)
where the so-called wedge product is given by
dz" Adz” = —dz” N dz" . (2.108)
Therefore, d¢ gives the curl of ¢.

In general, given a completely antisymmetric tensor with p indices w,,,, ,, one defines

a p-form as

1
W= =Wy, G A d A LA dTt (2.109)

p!
Clearly, in N dimensions, one cannot have p-forms with p > N which do not vanish
identically. In order to simplify the notation, one omits the wedge product symbol and

one simply regards dz* as an anticommuting Grassmann object.

To illustrate the use of forms, we look at the Yang-Mills theory, where the gauge field
is the one form
A= A,dz" . (2.110)

Remark, that here A, = A{A* with generators A%, and so A is at the same time a form
and a matrix. The curvature associated with the one form A is a two form:

F=dA+ AA. (2.111)
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Then the Bianchi identity, expressed in terms of forms, is nothing but the nilpotency of d

dF = (dA)A — A(dA) , (2.112)
[A, F] = A(dA) — (dA)A . (2.113)

With the definition of the covariant derivative one has
DF =dF +[A,F]=0. (2.114)

Now we can reformulate the results of the previous sections in the calculus of differential
forms. The corresponding basic fields are given by the one forms (e*,w%, A), €%, w%, and
A being respectively the vielbein, the Lorentz connection, and the Weyl gauge field

e’ = ejdz" |
wh = wh,dz" = w,e™
A=A dz" = Ane™ (2.115)

and the two forms (T, R%, F'), T*, R%, and F denoting the torsion, the Riemann tensor,
and the Weyl curvature

Te — %T:udm"d:n" = de® + w%e’ + Ae® = De®

1
Rab - ERab,u,udm#de = dwab + wacwcb ’

F = 2 Fdotds = dA, (2.116)
where
D=d+w+ A (2.117)
is the covariant derivative (2.88). The remaining zero form fields are the scalar field ¢, the
ghost field for diffeomorphisms £*, the Lorentz ghost field 8%, and the Weyl ghost field o.
From eq.(2.116) one easily obtains the Bianchi identities
DT* = dT* + wT" + AT* = R%e’ + Fe",
DRab == dRab‘l‘wacRcb_wchac =0 3
DF =dF =0. (2.118)

Furthermore, one has the anticommutator relation

{s,d} =sd+ds=0. (2.119)

3 Maurer-Cartan horizontality conditions

The aim of this section is to derive the given set of BRST transformations, defined by
the eqs.(2.97)-(2.98), from Maurer-Cartan horizontality conditions [18, 20]. In a first step
this geometrical formalism is used to discuss the simpler case of non-abelian Yang-Mills
theory [39].
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3.1 Yang-Mills case

The BRST transformations of the one form gauge connection A® = Ajdz" and the zero
form ghost field ¢* are given by

sA® = dca+fabcchc ,
1
s¢® = if“bccbcc ; (3.1)

with

s2=0, (3.2)
where £ are the structure constants of the corresponding gauge group?. As usual, the
adopted grading is given by the sum of the form degree and of the ghost number. In this
sense, the fields A* and ¢* are both of degree one, their ghost number being respectively
zero and one. A p-form with ghost number ¢ will be denoted by (12, its total grading being
(p+ q). The two form field strength F'* is given by

1 1
Fe = §Fg,,da:“dm” =dA® + 5 b aad? L (3.3)
and
dF® = fachbAc ) (34)
is its Bianchi identity. In order to reinterpret the BRST transformations (3.1) as a Maurer-
Cartan horizontality condition we introduce the combined gauge-ghost field

A=A, (3.5)
and the generalized nilpotent differential operator
d=d-s, d&=0. (3.6)

Notice that both A? and d have degree one. The nilpotency of d in (3.6) just implies the
nilpotency of s and d, and furthermore fulfills the anticommutator relation (2.119).

Let us introduce also the degree-two field strenght F*:

Fe = @t 4+ f VA (3.7)
which, from eq.(3.6), obeys the generalized Bianchi identity
dF® = fibeFbAe (3.8)
The Maurer-Cartan horizontality condition reads then
Fo=Fe . (3.9)

Now it is very easy to check that the BRST transformations (3.1) can be obtained from the
horizontality condition (3.9) by simply expanding F* in terms of the elementary fields A®
and ¢* and collecting the terms with the same form degree and ghost number. In addition,
we remark also the equality leading to the generalized Bianchi identity

dF® — fobc b Ac = dF* — fcFbAc =0 . (3.10)

“Notice that here the indices a, b, c, ... are denoting the gauge group indices.
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3.2 Gravitational case with Weyl symmetry

To write down the gravitational Maurer-Cartan horizontality conditions for the model
described in the previous section one introduces a further ghost, as done in [18, 20], the
local translation ghost #* having ghost number one and tangent space indices. As explained
in [20], the field 7 represents the ghost of local translations in the tangent space. See also
the discussion of [40] based on an affine approach to gravity.

The local translation ghost 7* can be related [20] to the ghost of local diffeomorphism
&* by the relation
¢ =Em* , n"=¢%;, (3.11)

where E7 denotes the inverse of the vielbein €, i.e.

e, By =& ,
B =8 (3.12)

Proceeding now as for the Yang-Mills case, one defines the nilpotent differential operator
d of degree one:

d=d-s, (3.13)
and the generalized vielbein-ghost field &, the extended Lorentz connection &%, and the
generalized Weyl gauge field A

ea"ea+na,
~ab=fab+ea’
A=A+o, (3.14)

where W% and A are given by

oY = W, e" = w0,
A=A e"=A+ Ap™, (3.15)

with the zero forms w?,.° and A,, defined by the expansion of the zero form connection
w%, and the zero form Weyl gauge field A, in terms of the vielbein €, i.e.:
wh, = whne
A, = Aney . (3.16)
As it is well-known, the last formulas stem from the fact that the vielbein formalism allows

to transform locally the space-time indices of an arbitrary tensor N, . into flat tangent
space indices N pq.. by means of the expansion

Npupa... = abed..‘ezezeced--- - (317)

SRemark that the zero form w?,. does not possess any symmetric or antisymmetric property with respect
to the lower indices (bm).
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Vice versa one has
Nabed... = Af,,,,pa._,E;‘E,’,’Eng... . (3.18)

According to egs.(2.116), the generalized torsion field, the generalized Riemann tensor,
and the generalized Weyl curvature are given by

T = de® + &%¢* + Aée* = Dé* |
R = di® y + 0%W%
F=dA, (3.19)
and are easily seen to obey the generalized Bianchi identities
DT* = dT* + & T" + AT* = R*&* + Fee
b’ﬁab = Jﬁab_i_&acécb_acbéac:o 3
DF =dF =0, (3.20)
with _
D=d+uo+ A (3.21)
the generalized covariant derivative.

With these definitions the Maurer-Cartan horizontality conditions for gravity (with
non-vanishing torsion) in the presence of a scalar field may be expressed in the following
way: € and all its generalized covariant exterior differentials can be expanded over
€ with classical coefficients,

& = {,‘é" = horizontal , (3.22)
T°(&,m) = 2 T, .(e,w)e™e" = horizontal , (3.23)
RY(®) = 2R“,,mn(w)é"‘ = horizontal , (3.24)
F(A) = % mn(A)EME" = horizontal , (3.25)
Dy = (Dp)é™ = (8 — uAmt,o) é™ = horizontal . (3.26)

Through eq.(3.17), the zero forms T2, R%,..., and F,,, are defined by the vielbein expansion
of the two forms of the torsion, the Riemann tensor, and the Weyl curvature of eq.(2.116),

T = %Tf,‘me g" ;
1 m _n
Rab = "2"Rabmne e,
s %que’“e" , (3.27)

and the zero form of the covariant derivative D,, is given by (see also later)

D=e™D,,. (3.28)
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Notice also that eqs.(3.15) are nothing but the horizontality conditions for the Lorentz
connection and the Weyl gauge field expressing the fact that & and A themselfs can be
expanded over €.

Eqgs.(3.22)-(3.26) define the Maurer-Cartan horizontality conditions for the gravita-
tional case in the presence of scalar fields and, when expanded in terms of the elementary
fields (e*,w%, A, 0", 6%,0), give the nilpotent BRST transformations corresponding to the
diffeomorphism transformations, the local Lorentz rotations, and the Weyl transforma-
tions.

For a better understanding of this point let us first discuss in detail the horizontality
conditions (3.26) for the scalar field and (3.23) for the torsion. Making use of egs.(3.13),
(3.14), (3.15) and of the definition (3.19), one verifies that eq.(3.26) gives

N -2 N-2 N
dp —sp — ——Ap - ——Aun"p -

iz 9 -
5 op = (Dnp)e™ + (Dmp)n™ ,  (3.29)

and eq.(3.23) leads to

de® — se® + dn® — sn® + w?e® + 6%e°

+ Wy’ + 0% + e’ + W™’

+ Ae® + A,,n"e® + oe® + An* + A,.n"n* + on®

= %T,‘,‘meme" + T e™ + %T,‘,‘mnmn" , (3.30)
from which, collecting the terms with the same form degree and ghost number, one easily
obtains the BRST transformations for the scalar field ¢, the vielbein e*, and for the ghost

- N-2
sp = —0"Onp — —5—0p

g™ = dna+wabnb+6abeb+wabmnmeb+Amnmea+a.ea
+ Ana - T‘r?'l,nemnn b
1

QTi,m"‘n" . (3.31)

Sna — eabnb +wabmnmnb 4 Amnmnu T a_na _
These equations, when rewritten in terms of the variable £* of eq.(3.11), take the more

familiar forms (see eqs.(2.97))

N -2
sp = —E0hp — 5P

se;, = O“bei + Leej, + o€, ,
& = —£a,¢* (3.32)

where L¢ denotes the ordinary Lie derivative along the direction &*, i.e.

Leet = —£0xel — (8,85 (3.33)
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It is now apparent that eq.(3.31) represents the tangent space formulation of the usual
BRST transformations corresponding to local Lorentz rotations, diffeomorphisms, and
Weyl transformations for the scalar field ¢, the one form vielbein field e, and the zero
form translation ghost field n®.

One sees then that the Maurer-Cartan horizontality conditions (3.22)-(3.26) together
with eq.(3.19) carry in a very simple and compact form all the informations concerning
the symmetry content with respect to the BRST formalism. It is quite easy indeed to
expand eqs.(3.22)-(3.26) in terms of e* and 7* and work out the BRST transformations of
the remaining fields (w%, A, R%, T, F,...).

However, in view of the fact that we will use as fundamental variables the zero forms
(Whms Ams R%ns T2, i) and the one form e® rather than the one form Lorentz connec-

tion w®, the one form Weyl gauge field A, and the two forms R%,, T'*, and F, let us proceed

by introducing the partial derivative 8, of the tangent space. According to the formulas
(3.17) and (3.18), the latter is defined by

8. = E*, , (3.34)

and
9, = €0, , (3.35)

so that the intrinsic exterior differential d becomes
d = dz"9, = €0, , (3.36)
and analogous for the covariant derivative D
D =dz"D; = ™D, . (3.37)

The introduction of the operator §, and the use of the zero forms (w%.,,,Am, R%mn:
T2, , Fmn) and the one form e® allows for a complete tangent space formulation. This step,
as we shall see later, turns out to be very useful in the analysis of the corresponding BRST
cohomology. Moreover, as one can easily understand, the knowledge of the BRST trans-
formations of the zero form sector (w®,., A, R%,..s T2, Finn) together with the expansions
(3.16), (3.27) and the equation (3.31) completely characterize the transformation law of
the forms (w%, A, R%, T, F).

For completeness, now we will discuss the remaining Maurer-Cartan horizontality con-
ditions and we will derive the BRST transformations of the corresponding fields. From
eq.(3.25) follows

dA — sA+d(A.n™) — s(A.n™) + do — so

1 1
= 5 Fmne€"€" + Frun€™" + S Fruti™0" , (3.38)

from which, collecting again the terms with the same form degree and ghost number, one
can read off the BRST transformations for the one form Weyl gauge field A and for the
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zero form ghost field &:

sA = da — F.e™n"

1
$7 = =g Futi™ ", (3.39)
where & is given by the combination
c=An"+o. (3.40)

To determine the BRST transformation for the zero form Weyl gauge field A,, one needs
the partial derivative of it in the tangent space. This can be found by the definition for
the two form Weyl curvature F' (2.116)

dA =F = %ane’“e"

= d(Ane™) = %(8mA,, B An)eme + An(de™) . (3.41)

By inserting the definition of the torsion two form T (2.116) above equation leads to

am-An - an-Am - an - Aka

mn

— A+ At (3.42)

With the help of eq.(3.31) one easily finds from eq.(3.39) the BRST transformation of the
zero form Weyl gauge field A,, according to

$Am = —n*0A,, — 6 A, — 00— A0, (3.43)

and by using the eqs.(3.31), (3.42), and (3.43) one gets the BRST transformation of the
Weyl ghost o from eq.(3.39)
so = —nfdo . (3.44)

These equations, when rewritten in terms of the variable £#, take the form (see eqs.(2.97))
sA, = - A, — (0,6 A, - 0,0,
so = —£0,0 . (3.45)
Finally, the Maurer-Cartan horizontality condition for the Riemann tensor (3.24) gives
dw’y — swy + d(w, ") — s(Whn™) + d6%, — 6%
+ Wt + w0 + %W, + 6965,
+ wacwcbrnnm + wacmnmwcb + wacmnmwcb'lnn
+ gﬂcwcbmnm + wacmnmecb
1 1
= SR - Ry ™"+ 5 ™1 (3.46)

from which the BRST transformations for the one form Lorentz connection field w? and
for the zero form ghost field 6% are found to

sw = d8% + 6° w4 — 8w — RY, .e"n"

~ 1
s6% = 0" 6°, — ERa&mn"im’?" , (3.47)
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where 8% is defined by the combination

—~

gab == wab’nnm + eab . (3-48)

The partial derivative of the zero form Lorentz connection w?,, follows from the definition
of the two form Riemann tensor R% (2.116)

dw®, = R% — w® W’ = ER“,,mneme" - w?, wh.eme”

= d(w",e") = %(6mw“bn — 0w )eme + wh, (de™) , (3.49)

which leads to
a a __ pa a c a c a k
amwlm_aﬂwbm _Rbmn—wcmwbn+watwbm_wkamn
a k a k a a
+ w bk nm T W oW n +w bnAm — W mAn . (3-50)

The BRST transformations for the zero form Lorentz connection field w?,, and for the
Lorentz ghost 6% are then determined by

Swa,,m == —'nkakwab'n e 6”190& + Qancbm e chwam == Bkmwabk = O'wab'n s (3.51)
Sgab - _nkak ab + Qacgcb - (3-52)

By using the variable £# above BRST transformations correspond to (see eqgs.(2.97))

swab.u — _E/\a/\wab‘u _ (6“£;\)wab)\ _ aﬂgab £ gacwcb‘u _ 91‘.‘13“'-}#.1.(:'u ;
80%, = —£*9\0° + 6°.6°, . (3.53)

The BRST transformations for the two forms (T, R%, F'), the torsion, the Riemann tensor,
and the Weyl curvature, can be worked out from the generalized Bianchi identities (3.20)

sT® = (dT%,)e™y" — T% e™(dn™) + 0%,T° + oT* + T2, T™n"

— T whekfny® + W T + Wi TD e™p™ + AnfTe

— R = Ryp™ne” — Frf* — Frnd™ne® (3.54)
sR% = (dR%,,)e"n" — R%,, .e™(dn") + 0°.R°, — 0°,R",

a m k.. n a k pe c k pa a pc m,.n
—Rbmnwken tw kan_wbkch-{—chbmne n

[

- wchacmnemnn + RabmnTmnn - RabmnAemnn ’ (355)
sF = (dFm)e™)" — Frne™(dn") + FonT™ "
— Fwhefn® — F,Ae™p" . (3.56)

To calculate out the corresponding zero forms (T}5,, R%m,., Fma) one needs the partial
derivative in the tangent space of these fields. From the Bianchi identities (2.118) one gets

the complete antisymmetrized relations

8kT;rzm y am 1?k + 871T:m = R* bsrigs T Ramﬂ.k + Rankm
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+ 8 Fn + O Fok + 65 Firn

- waka:m - wahnT:k - wabnTIgm

+ Ao, + AnTo + ATE,

~ T4Ton = T T — T Tim

+ Thw' o + Tit i + T 4

- mwlmn - mwlnk - fl“z‘;w'km ) (3.57)
OR%,. + O BR%, . + O, RY,,, = —W°, RS, — W Ry — W B

+ WUR o + O Bk + W B i

- ablkTrlnn - R’ blmTrlzk - R Tim

+ Ry’ o + Ry i + Byt

- Rablkwlmn ~ [T blmwlnk - R blnwlkm

+ 2AR%,.. +2AnR%,. +2A, R, , (3.58)

Ok Frun + OmFuie + OnFiom = ~FuTh,, — FinThy — FuTi,,

+ P + Frw o + Fim'y,

- Ekwlmn - Flmwlnk - Flnwtkm

+ 2AiFpn+ 24555 + 2244 B, (3.59)

Inserting eqs.(3.57)-(3.59) into egs.(3.54)-(3.56) leads to the BRST transformations of the
zero form torsion field T}, the zero form Riemann tensor R%, ,, and the zero form Weyl
curvature F,,,

§Tn, = =0 0Tn, + 60%Ty, — 65,15, — 05,2 — oT5, (3.60)
sR®,,, = —n*8.R%,, +0°.R°,  —0° R —6* R

-6~ R . —2R% . , , (3.61)

$Fpn = =00 Fp — 6°_Fi — 0% Frp — 20 F s, . (3.62)

These equations, when rewritten in terms of the variable £#, take the form (see egs.(2.97))

sTy, = —£'ATy, — (8.8MT5, — (.8 T + 0T, + 0T,

sRab,uu = -—E’\a)‘Rabpu - (8M£)‘)Rab/\u - (BVEA)RGI)#/\ + gacRcb,u,u - gchac,u.u ’
sF,uu = _E,\a)uF;w - (aygA)FAu - (aug/\)F;u\ . (363)

Notice that, contrary to the case of the usual space-time derivative §,, the operator d,
does not commute with the BRST operator s or with the exterior derivative d due to the
explicit presence of the vielbein e* (see Appendix A for the detailed calculations). One
has:

{37 3"1] = (amnk - gkm - Trfmnn - wkmnnn + wknmnn
+ Ann® — A6k — a8k)o, (3.64)
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and

[d,8,] = (T, e” +u* " —w* e — Anef

mn n

+ A,e"6F — (0me"))0k . (3.65)
Also the commutator of two tangent space derivatives does not vanish
[3m, aﬂ] = h(TrI:m + wkmn, - wknm - Améﬁ + An‘sr’:z)ak s (3'66)

Nevertheless, taking into account the vielbein transformation (3.31), one consistently ver-
ifies that

{s,d}=0 , d&=0 , s=0. (3.67)

3.3 BRST transformations and Bianchi identities

The last section is devoted to collect, as a summary for the reader, the whole set of
BRST transformations and the Bianchi identities which emerge from the Maurer-Cartan

horizontality conditions (3.22)-(3.26) and from egs.(3.19), (3.20) for each form sector and
ghost number.

e Form sector two, ghost number zero (7T, R%,, F)

sT® = (dT° Ye™p" — T2 e™dn™ + 6°,T" + aT° + T2, T™ "

mn

. T:L,lwm,;ekn” + wabknlch + wabTb em,r]n + AknkTa

mn
m_n_a

— R*n® - R%,e™n"e’ — Fy® — Fp.e™ne®
sR* = (dR", )e"n" — R%, e™dn™ + 6" R°, — 6 R",
— R%,, whe'n" + Wiy " R — woyn* R% + W ROy ™"
- wo R e+ R TTn" — R, Ae™n" |
sF = (dF)e™ " — Fe™dn" + Fpn I g™
— Fpwhefg" — F,, Ae™n™ . ‘ (3.68)

For the Bianchi identities one has

DT* = dT° + w*T* + AT® = R°eb + Fe
DRab - dRab + wacRCb e wchac = O ’
DF =dF =0. (3.69)

¢ Form sector one, ghost number zero (e*,w%, A)
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se® = dn® + wyn’ + 0%’ + w“,,mnme" + An"e" + oe”
+ An® - T e™ "
swh = (dw’y, )™ + W dn™ + d6% + W™ wh + 0%
— Wl W — 85w — R%e™ 0",
sA = (dA,)n™ + A, dy™ + do — F.e™n" . (3.70)

The exterior derivatives of these fields are given by the definitions of the two form
field strengths (2.116)

dwab - Rab - wacwcb y
de® = T° — we’ — Ae”
dA=F . (3.71)

e Form sector zero, ghost number zero (p,w,., Am, T2 Bmns Fmn)

N-—-2
2 ,
swh, = —n G, — O + 6% ", — 0% W, — oF W%, —ow®, ,
gl = —nkakAm — HkmAk — Ono — Ao,
sTe = —nfo, T2 +6°Tt — o T2 —6* T°, — oT%

mn n*mk mn ?

sp = —N"Onp — op ,

SRabmn = —nkakRabnm =+ BacRclmm - chRacmn - ka abkn
§Fpn = —0 Ok Fipy — 0% Frp — 0" Fri — 20F,, . (3.72)

The Bianchi identities (3.69) are projected on the zero form torsion T}, the zero
form Riemann tensor R® and on the zero form Weyl curvature F,,, to give

bmn?

T, = (Th,)e
= (B + i+ B i
+ 8 Fn + 65 Foke + 6 Fiem
- W“kar?m - WamT:k - wabnTl?m
+ A Te, + AnTe + AT

mn

— T — T Lo — T T

H in
* Tﬁwlnm + l‘;wlmk i mwlkn
- i”z‘iw'm — Thw' o — T
— OnT — 0T )e"
AR, = (Bt

_ a c a c a c
- (“OJ ckR bmn — W cmR bk — W cnR bkm

1
Woem
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+ W R + WCom B + Wi B e
= BxTn = BoynToe — BT
+ R v + Bt i + Bt
- R? blkwtmn - Rablmwlnk — R° blnwl km
+ 2A. R, +2AL R, + 2A.R%,,,
— OnR%, — aﬂRabkm)ek 3
dFpy = (O Fpn)e
= (—=FuTnn = FinToe — FinTim
+ Fiw y + ' e + Py,
— B — Bl s — T
+ 2ALF .+ 2A Fox + 2A, Fyn
— OnFoi — 8, Fim) ek . (3.73)

nm

One has also the equations

AWy, = (Opw )"

_ a c a c
= — (R, — W, T W0
k

a k a k a
- W kamn +w WY nm — Wk ma

+ wh, Am — W, Ap — O, )e"
dAm — (an.Am)en
= _(*F mn ~ AkTrI:m - Akwkmn

+ Akwknm — OmAn)e" . (3.74)

¢ Form sector zero, ghost number one (7% 6%,0)

The BRST transformations for the ghost fields are given by
1 a m, N
sn® = 60" + W™’ + Ani™n* + o = ST
s6% = 6°.8° — n*9,.6°% ,
so = —n* 0o . (3.75)

e Commutator relations for the tangent space derivative 3,

The following commutator relations are valid:

[S, C‘)m] = (am"')k - gkm - T‘nfmnn - wkmnnn + wknmnn
+ Ann* — At6F — a88) 0k,
[d, 8m] — (Tk em o wkmnen _ wk er

mn nm

— Anef + A,e"6% — (0,,€5))0 , (3.76)
and

[am’ an] = _(Tk + wkmn - wknm - Ama: + Anék;)ak . (377)

mn n
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e Algebra between s and d

From the above transformations it follows:
=0, d*=0, (3.78)

and
{s,d}=0. (3.79)

Let us conclude this section by making two remarks. The first one concerns the role
played by the torsion T in the BRST transformations. We emphasize that, as one can see
from eqs.(3.68)-(3.75), a fully tangent space formulation of the gravitational algebra can
be obtained only when the torsion is explicitly present.

The second remark is related to the use of the variable °. Observe that, when expressed
in terms of n°, the BRST transformation of the vielbein e® in (3.70) starts with a term linear
in the fields (i.e. the term dn®). This feature makes the analogy between gravitational and
gauge theories more transparent. Moreover, it suggests that one may compute the local
cohomology of the gravitational BRST operator s [41] without expanding the vielbein e*
around a flat background, as shown in [16].

4 Descent equations and decomposition

The discussion of invariant Lagrangians and anomalies implies to find non-trivial solutions
of the so-called Wess-Zumino consistency condition [11] formulated in terms of the BRST
transformations

sa=0, (4.1)

where s is the nilpotent BRST operator and a is an integrated local field polynomial in
the space of differential forms [19]. The use of the space of polynomials of forms is not
a restriction on the generality of the solutions of the consistency equation, as recently
proven by M. Dubois-Violette et al. [19]. Non-trivial solutions of (4.1) are given by the
descent-equations technique [16, 18, 19, 24, 25, 42]. Setting

a=[4, (4.2)
condition (4.1) translates into the local equation
sA+dA=0, (4.3)

where A are some local polynomials and d = dz*3, denotes the exterior space-time deriva-
tive. A is said non-trivial if

A+#sB+dB, (4.4)
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with B and B local polynomials. The volume form (N-form) A with a given ghost number
G is denoted by A%. The local equation (4.3) reads then

sAS +dASH, = (4.5)

In this case the integral of A on space-time, [ .A, identifies a cohomology class of the BRST
operator s and, according to its ghost number G, it corresponds to an invariant Lagrangian
(G =0) or to an anomaly (G =1).

By applying the BRST operator s on the local equation (4.5), due to the relations
st=d’=sd+ds=0 (4.6)
and to the algebraic Poincaré Lemma (15, 16]
dl=0 <= Q=d0+d" L+ const, (4.7)
it follows for the next cocycle
AG+1 +d.AG+2 (48)
because sA$T] is not a volume form nor a constant form. It is easily seen that repeated
applications of the operator s generate a tower of descent equations
+ d .AG+1 -
AG’—H +d .AG+2

-----

.....

SAS™ =0, (4.9)

which ends with a zero form cocycle A5V,

The main idea to solve the tower of descent equations (4.9) is based on the fact that
the exterior derivative d can be written as a BRST commutator in the following sense

d=—[s,8], (4.10)

where § is an operator which will be specified later. In general this operator decrease the
ghost number g by one and increase the form degree p by one

BAS = ASH . (4.11)

4.1 Pure Yang-Mills

In order to elaborate the general idea of solving the tower (4.9) one starts again with
the discussion of the pure Yang-Mills theory, as it was done in a recent paper of S.P.
Sorella [26]. For this one introduces the operators 6 and G defined by

e 9 a abc Ab Ac 0
§ s e A FS 4 f AA) oo

= (4.12)
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and

0 g
= _—fo_~_ achbAc_ . 4.13
g 36‘+_f ddc* ( )
It is easily verified that § and G are respectively of degree zero and one and that the

following algebraic relations hold:

d=—[s,é], (4.14)

26 =1[d,94], (4.15)
{s,g}=0 , gG=0, (4.16)
{d,G}=0 , [G,8]=0. (4.17)

Notice that the closure of the algebra between d, s and é requires the introduction of the
operator G. As an example, we discuss the three-dimensional Chern-Simons term, which

is also relevant for the two-dimensional gauge anomaly. In this case the descent equations
read:

s +dQ =0,
U +dB =0,
sV +dB =0,
P =0, (4.18)

where 23 is the BRST invariant ghost monomial defined by
0 = % febectcber . (4.19)
Acting with the operator § of eq.(4.12) on the last equation of the tower (4.18) one gets
[6, 8]0 + 8605 =0, (4.20)
which, using the decomposition (4.14), becomes
s +dU =0 . (4.21)

This equation shows that 6} gives a solution for the cocycle 2 in the tower (4.18). Acting
again with é on the eq.(4.21) and using the algebraic relations (4.14),(4.15) one has

86
s?szg - GO +d6% =0 . (4.22)
Moreover, with the relations
GOy = s},
Q) = Foc® (4.23)
eq.(4.22) can be rewritten as:
66 13 _ &1 3
(=8 — Q) +déQYy =0. (4.24)

2
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One sees that (203 — Q) gives a solution for 2} modulo trivial contributions. To solve
completely the tower (4.18) one have to apply once more the operator é on the eq.(4.24).
After a little algebra one gets:

066

o~ 86 -
3!—93 — 681) + d(;ﬂﬁ -0 =0, (4.25)

s(
which shows that the cocycle 03 can be identified with (£203 — 6Q}). It is apparent then
how repeated applications of the operator § on the zero form cocycle 23 and the use of
the operator G in the tower give in a simple way a solution of the descent equations.
Summarizing, the solution of the descent equations (4.18) is given by

Q) = %55593 — 604, (4.26)
Ql = %&mg -0, (4.27)
(=80 , (4.28)
where
Q) = Foce (4.29)
1
03 = 3 fbectcbe | (4.30)
Q= —% £ AT = (de)et — s(A%CR) | (4.31)
Qé o %fﬂbcAaAbcc_Fa a=_(dAa)ca , (432)
1
) = FoA° — 7 i o - ol (4.33)

One sees then, that (4.32) and (4.33) give respectively the two-dimensional gauge anomaly
(modulo a d-coboundary) and the three-dimensional Chern-Simons term.

4.2 Gravity with torsion

Now one can apply the same technique to solve with an appropriate decomposition (1.18)
the ladder for the gravitational case. In a first step one neglects the Weyl symmetry to
simplify the matter. For this purpose one defines the operator é as

§— —end (4.34)

oo’

or in terms of the basic fields

6¢ =0 for ¢=(p,w,e,R,T,0). (4.35)
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It is easy to verify that é is of degree zero and that, together with the BRST operator s,
it obeys the following algebraic relations:

[s,6] = —d, (4.36)
and
[d,6]=0. ' (4.37)

One sees from eq.(4.36) that the operator ¢ allows to decompose the exterior derivative
d as a BRST commutator. This property, as already shown in [26], gives an elegant and
simple procedure for solving the descent equations (4.9).

The BRST transformations for gravity with torsion but without Weyl transformations
are easily found by setting the corresponding Weyl fields, namely the Weyl gauge field
A, the Weyl ghost o, and the Weyl curvature F, to zero. Furthermore, for this case one
has also to modify the projected Bianchi identities (3.73) and the commutator relations
(8.76)-(3.77). This leads to the following summarized result:

e Form sector two, ghost number zero (7, R%)

sT* = (dT,,)e™n" — Tp,emdn" + 6T + T, T™n"

- T'r(rlmwn;ceknn + wabknka + W“bwamem"?"
_ Rab,r]b _ Rabmuemnneb ;
sR% = (dR",,.)e"n" — R°, . e™dn" + 8°. R — 6° R",
— R%,, e n + Wy RS — Wy R, + WO Ry €
~ WSRE Mt R T (4.38)

cnn bmn

For the Bianchi identities one has

DT = dT* + w*T* = R ,
DRab = dRab +wucRcb s wchﬂc - 0 . (439)

e Form sector one, ghost number zero (e*,w?,)

Sea — d?.’a e wabnb s Habeb e wabmnmeb _ T,inemﬂn
Swab = (d"‘)abm)nm y 3 wﬂbmd’nm + dgab + wacmnmwcb + Bacwcb
- wcbmnmwac - gcbwac - Rabmnemnn 3 (440)

The exterior derivatives of these fields are given by the defintions of the two form
field strengths

de® =T — web,

dw®, = R% — w'uf, . (4.41)
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e Form sector zero, ghost number zero (p,w%,,, R Tan)

sp = —1"0np ,
Swabm, = —'l’)kakwabm - 8 90 + 90. wcb,m' m— gcbwam — kawabk :
sTa, = —0*Ta, + 0%Th, — 65,15 — 65Ty

SRubmn = -1 akRabrmn + eacR bmn — 6 bRacmn - akaablm - BknRabmk s

From the equations (3.73) one gets

Ty, = (0Ty,)e*

= (R%mn + B pnk + B
- wakar?m Wamebk - wabnTI?m
~ TiTon — T Tos = “Tﬁm
+ ﬂ‘zw‘m 3 Tf;w i + Tt
- T‘i ~ T w' nlc Tl?;

ok~ 3 )€
dR%,, = (BkRabmn)e

= (W R hmn — Wron Bk — W B hem
+ WU R o + Wom B ok + Wi B e
- RablkTmn R* blank R bluTlm
+ R + R i + Ry
- Rablkwlmn =l i blmwlnk - R° blnwlkm

- amRabnk - anRabkm)ek .
In addition, one has also the equation
Ay = (On )€™
= (—Rabmn + wacmwcbn - wacnwcbm

a k a k a k a n
+ w kamn — W, +w bk mn ¥y 3,.,,_&) bn)e

e Form sector zero, ghost number one (6%,,1%)

1‘ a m,n
sn® = %" + Wytt™ ' = ST
0% = 6°6° — n*96°% .

e Commutator relations for the tangent space derivative d,,

The following commutator relations are valid:

[S 6m] — (am’nk 9 - Tk 77 - wkmnnn + wknmnn)ak ?

mn
k n

[d am] - ( mne i - w mn© e —w am€ (amek))ak ’
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(4.42)

(4.43)

(4.44)

(4.45)

(4.46)
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and
[aﬂ"“ aﬂ] = _(T:zn + wkmn - wknm)ak * (4'47)

e Algebra between s and d

From the above transformations it follows:
s£=0, d*=0, (4.48)

and
{s,d} =0. (4.49)

4.3 Decomposition in the presence of Weyl symmetry

This section is dedicated to the description of the generalization including also the Weyl
symmetry. Analogous to eq.(4.35) one introduces the operator é defined as

é
= —e*— 4.50
or in terms of the basic fields
67)‘: = —e® 3
6¢p =0 for ¢=(p,w,e,A,R,T,F,0,0). (4.51)

It is easy to verify that ¢ is of degree zero and that, together with the BRST operator s,
it obeys the same algebraic relations as in the case without Weyl transformations®:

[5,6] = —d , (4.52)

and
[d,8]=0. (4.53)

As in the case for gravity with torsion and without Weyl symmetry the algebra is unchanged
and the operator § allows again the decomposition of the exterior derivative d as a BRST
commutator.

In order to summarize the meaning of the §-operator one has to take into consideration
the following points:

e In the discussion of non-abelian gauge anomalies without gravity one is enforced to
introduce also an additional operator G in order to have a closed algebra between
the operators d, s, 6, and G. This operator, already present in the work of Brandt
et al. [25], generates together with the BRST operator s a new tower of descent

equations which are easily disentangled by using the general results of the cohomology
of s [26].

SRemark that contrary to the previous section now s denotes the full BRST operator defined in Section
3.3.



Moritsch and Schweda 327

e The decomposition without the operator G is also present in topological field theories.
In the Chern-Simons theory in three space-time dimensions (quantized in the Landau
gauge or in the axial gauge) the operator § corresponds to a new lingar vector-
supersymmetry, which allows to prove the finiteness of the underlying model in a
very elegant manner [43, 44, 45, 46, 47]. This linear supersymmetry is also present
in string and superstring theory as it was shown recently [48, 49].

e In our present considerations we have now shown that in gravity with torsion (with
or without Weyl symmetry) the G-operator is again absent. The meaning of the
operator G is, up to our knowledge, not yet fully understood. More recently, we have
some hints that also in topological Yang-Mills theory in four space-time dimensions
the operator § corresponds again to a linear vector-supersymmetry, with a vanishing
G-operator [41].

4.4 General solution of the tower

Now one solves explicitely the tower of descent equations for the gravitational case with
and without Weyl symmetry. Therefore, without Weyl symmetry, we expect that for ghost
number G and form degree N, N being the dimension of the space-time, the Q% are local
polynomials in the fields (¢, e? w%,., T ., R%m.n" 0%) and their derivatives, whereas for
the case with Weyl symmetry one has to add the Weyl gauge field A,,, the corresponding
Weyl ghost o, the Weyl curvature F,,,, and derivatives of them. The tower of descent

equations is given by

sQ5 +d5ti =0
078 4=d0T2 =0,

.....

QTN =0, (4.54)

with (Q5, ..., QFFN-1 QS+N) Jocal polynomials which, without loss of generality, will be
always considered as irreducible elements, i.e. they cannot be expressed as the product
of several factorized terms. In particular, the ghost numbers G = (0,1) correspond to an
invariant gravitational Lagrangian and to an anomaly, respectively.

Thanks to the operator § and to the algebraic relations (4.36)-(4.37), in order to find a

solution of the ladder (4.54) it is sufficient to solve only the last equation for the zero form

QF Y. 1t is easy to check that, once a non-trivial solution for Q5" is known, the higher

cocycles Q*V9, (¢ = 1,..., N) are obtained by repeated applications of the operator § on
QSN e,

6‘1
A= SaiY L g=1..N , G=(01). (4.55)
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Therefore, the solution of the last equation of the tower (4.54) is reduced to a problem
of local BRST cohomology instead of a modulo-d one. It is well-known indeed that, once
a particular solution of the descent equations (4.54) has been obtained, i.e. eq.(4.55),
the search of the most general solution becomes essentially a problem of local BRST
cohomology.

The complete general solutions of the local cohomological problem
sQEN =0 (4.56)

are not yet obtained [41], but it is rather simple to discuss some interesting examples. This
will be done in the next section.

5 Some examples

This section is devoted to apply the previous algebraic setup and to discuss some explicit
examples. Especially, we draw our attention to the cohomological origin of the cosmolog-
ical constant, the Einstein Lagrangians, and the generalized curvature Lagrangians. In
addition, we discuss Lagrangians with torsion, Chern-Simons terms and anomalies. In a
last step we investigate the scalar field Lagrangians in the presence of gravity, the Weyl
anomalies, and the Weyl invariant scalar field Lagrangians. The analysis will be carried
out for any space-time dimension, i.e. the Lorentz group will be assumed to be SO(N)
with N arbitrary.

Remark that in the following Sections 5.1-5.6 we will discuss the gravitational case with
torsion but without Weyl symmetry. Therefore, in this sections one has to use the BRST
transformations summarized in Section 4.2. In Sections 5.7 and 5.8 also Weyl symmetry
is included, and there one has to use the full BRST transformations of Section 3.3.

5.1 The cosmological constant

The simplest local BRST invariant polynomial which one can define is

N (_I)N an
QO = "Fsalaz-"'-aNn n ..... n 9 (5-1)

.....

that in a N-dimensional space-time the product of (N + 1) ghost fields n* automatically
vanishes, it is easily checked that ) identifies a cohomology class of the BRST operator,
ie.

QN =0 , QF#£sQ)7". (5.2)
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For the case G = 0 the zero form cocycle (5.1) corresponds to the invariant Lagrangian
0

a &N 1

= N,QN mealag..... N

which is easily identified with the SO(N) cosmological constant. One sees thus that the

cohomological origin of the cosmological constant (5.3) relies on the cocycles (5.1). With

the help of Appendix B one can rewrite eq.(5.3) to the more familiar form

D =e..el=ed'c. (5.4)

734 e ™ 5 (5.3)

5.2 Einstein Lagrangians

In this case, using the zero form curvature R, , one gets for the cocycle Q) (N > 2):

mn?

1 (-)V
QY = SO | i o 5.5
0 2 (N 2)| 1200 N mnn n T] n (") )

to which it corresponds the term

0% = ﬂQN
N — NI
N %(_JV__];_2_)"'€G‘(¢2....,“NRalaimnemenea;, ..... e™
(N : 2)[8ﬂ1a2 ..... aNRalazeag ..... ™ (56)

Expression (5.6) is nothing but the Einstein Lagrangian for the case of SO(N). Using the
result given in the Appendix B one gets

1 1
0 Ay STANAg.....q 1 N
Q R mn&

N = 2(N 2)! TN oy faa...an P e as e
= ieR‘”“”"m(6::1‘5:2 — &q 670) de
=eR™  d"z =eR d'z . (5.7)
Notice also that for the case of SO(2) the zero form cocycle 3
0= %%R"”mnnmn" (5.8)
turns out to be BRST-exact:
Q2 = —s(eqw™ ™ + £8™) . (5.9)

As it is well-known, this implies that the two dimensional Einstein Lagrangian
Q) = g, R (5.10)

is d-exact, i.e.
Q) = d(eaw™) . (5.11)
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5.3 Generalized curvature Lagrangians

A straightforward generalization of the Einstein Lagrangians (5.6) is to replace any pair
of vielbeins with the two form R®. Therefore, one gets another set of gravitational La-
grangians containing higher powers of the Riemann tensor.

To give an example, let us consider the zero form cocycle

1 1
2N _ a A(2N-1)3(2N)
° (2N)! 2N ("sa’aw‘:’a"“'""(21‘\'—1)"(21*1)Rﬁll zblbzRasa‘bsb.z""‘R b(2N—1)b(2N))
% (nblnhn%nlu _____ nb(zN—l)nb(zN)) . (5'12)

Using eq.(4.55), for the corresponding invariant Lagrangian one gets

2N
QO — 6( ) Q2N
2N (2N)! 0
_{__ _l_ ( Rﬂl az Rﬂsm Ra(zfv—l)a(zN) )
(ZN)' 2N €ajazazas..... agaN—1)(2N) biby bybg=""* ban—1)b@n)

x (eMePeel ... ePen-nebam)
1

1] an 304 AN —1)A2N'
(B R L) o -, Rean-u%en) | (5.13)

As an explicit example we analyze the case of SO(4) with the cocycle
11
Z!'Z'Salaga;;m

11
E Zsalagaga.g

0 _ ajag agay by bz b3 bs
Q= FR o RN e e e Ve

EblbzbsbqRalazblbzRasﬂqbsbq e d‘%l:
1
= E(RabcdRCdab +F 4RabbdRCdca + RababRCdcd) € d‘l_r
1
= Ee(R“bcdRCdab — 4R% R, + RY) d% . (5.14)

Above expression is nothing else but the Euler density [10].

5.4 Lagrangians with torsion

It is known that, for special values of the space-time dimension N, i.e. N = (4M — 1)
with M > 1, there is the possibility of defining non-trivial invariant Lagrangians which
explicitly contain the torsion [18].

Let us begin by considering first the simpler case of SO(3) (M = 1). By making use of
the zero form T, one has for the cocycle 23 the following expression’

1 m._ Tl
20 = 5Tl e (5.15)

"Tangent space indices are rised and lowered with the flat metric gas, 70 = gasn®.
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from which one gets the three dimensional torsion Lagrangian

3

0= %Qﬁ = —-%T:uleme”ea = —T", . (5.16)
We remark that this term, known also as the translational Chern-Simons term, has
been already discussed by several authors [50] and gives rise to interesting gravitational
models. As shown by [50] it can be naturally included together with the three dimensional
topological Chern-Simons term of Deser-Jackiw-Templeton [51] and the cosmological con-
stant into the Einstein action. The resulting model is characterized by the presence of a

massive graviton moving in a space of constant curvature.

Generalizing to the case of SO(4M — 1) with (M > 1), one finds
1

aM-1 _ _ ~ k A2M-3)
QO T 9(2M-1) (TkmlmzR mm:;m4Raiazmsms"”R a(i’M'?)m(W*’)m("M‘?)) '
X (™M™ M- M- poem-2) | (5.17)

which yields the following Lagrangians including also torsion

1 " Ra(2M -3)

0 R = k
Q4M—1 - 2(2M—1) (TkmlmzR ulmgm..Ra azmgmeg*"" a(2M—2)m(4M—3)m(4M—2))

X ( eMe™? eMaM-3) o™ (aM-2) oM 2M~2) )

= —T}R*, R™, ...R"™ ., %M=D (5.18)

Let us also mention the possibility of defining invariant Lagrangians with torsion terms
which are polynomial in T,,. These Lagrangians exist in any space-time dimension and
are easily obtained from the SO(N) zero form cocycle

0 = "y ez a1 )™ P(T) (5.19)

where P(T) is a scalar polynomial in the torsion as, for instance [52] (see also [53] for
generalization),

P(T) =15, 10" . (5.20)
The corresponding invariant Lagrangians containing only torsion are then given by
0 6N N 1 aj ,az an
0= mﬂo D G P(T) . (5.21)

5.5 Chern-Simons terms and anomalies

For what concerns the Chern-Simons terms and the Lorentz and diffeomorphism anoma-
lies we recall that, as mentioned in the introduction, a systematic analysis based on the
decomposition (4.36) has been recently carried out by [32].
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Let us remark, however, that the decomposition found in [32] gives rise to a commu-
tation relation between the operators § and d which, contrary to the present case (see
eq.(4.37)), does not vanish (see also Section 4.1). This implies the existence of a further
operator G of degree one which has to be taken into account in order to solve the ladder
(4.54).

Actually, the existence of the operator G relies on the fact that the decomposition of
the exterior differential d found in [32] does not take into account the explicit presence of
the vielbein e* and of the torsion T°. It holds for a functional space whose basic elements
are built up only with the Lorentz connection w% and the Riemann tensor R%, this choice
being sufficient to characterize all known Lorentz anomalies and related second family
diffeomorphism cocycles [23, 54].

It is remarkable then to observe that the algebra between s, 6, and d gets simpler only
when the vielbein e® and the torsion T are naturally present. Let us emphasize indeed
that the particular elementary form of the operator é in eq.(4.35) is due to the use of the
tangent space ghost n* whose introduction requires explicitly the presence of the vielbein

ea

For the sake of clarity and to make contact with the results obtained in [32], let us
discuss in details the construction of the SO(3) Chern-Simons term. In this case the tower
(4.54) takes the form

s +dY =0,
U +dW =0,
s +d0 =0,

where, according to eq.(4.55),
02 =693,
52
(53

In order to find a solution for {23 we use the redefined Lorentz ghost
6% = w®, ™ + 6% , (5.24)

which, from eq.(4.35), transforms as

66% = —uw®, . (5.25)
For the cocycle Q3 one gets then
Qg = %gabg bcgca - %Rabmnnmnngba ) (526)
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from which 03, Q}, and 3 are computed to be

og e -~ 1
Q? e __wabebcgca + Rabmnemnngba + ERabmnnmnnwbu ’ (527)
Q% = wabwbcgca - Rabé‘ba - Rabmuemnnwba ’ (528)
1
0% = RYwb, — gw"bw"cwca : (5.29)

In particular, expression (5.29) gives the familiar SO(3) Chern-Simons gravitational term.
Finally, let us remark that the cocycle 2} of eq.(5.28), when referred to SO(2), reduces to
the expression

Q) = —(@We, (5.30)

which directly gives the two dimensional Lorentz anomaly. Analogous, for the zero form
cocycle 2§ in SO(5) one gets

0 = _%é‘“,,é“ 6c,040°, + 1R“bmnn n"8°.6°,0%
- ZRabm.unmnancklnknlgca ) (5'31)

which leads to the five dimensional Chern-Simons term

1 b

0) = 0% % wb we it Wt — ZR"bmneme"wbcwcdwda
1
+ ZR",,mne’"e"Rbck,e"e'wca
___]'_abcde__l_ bwc d_l_Ra.wac (532)
—"10wbwcwdwewa 2 bW W b c* a - i

5.6 Scalar field Lagrangians

In order to couple a massless scalar field to gravity without Weyl symmetry one now
considers the following zero form cocycle ) in a N-dimensional space-time

11
N ay m
Qy = 2N'€“1“2 _____ 0] 8 s (Dme)(D™y) (5.33)

where the covariant derivative reduces to the ordinary one

11 a m
Q(]]v 2N,5a1m ..... au'q 0. (Omyp) (0 ‘P) . (5'34)

Taking into account the truncated BRST transformation

8(Onp) = —0% (Okp) — 1" 0 (Omep) , (5.35)
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it can be easily checked that QY is BRST invariant, i.e.
s =0. (5.36)
For the case G = 0 one gets the invariant Lagrangian Q%

QD &Y QN _ 1 (_1)N

N = ﬁ 0 - §T€a1az ..... ﬂNealea2 """ eaN(Bm(p)(amtp) 2 (537)

which is easily recognized to coincide with the SO(N) scalar field Lagrangian
Q5 = %dNa: e(Fnp) (0™ p)

_ %stc J7(0,0)(8") - (5.38)

Notice that above scalar field Lagrangian is invariant under diffeomorphisms and local
Lorentz rotations, but not invariant under Weyl transformations. This case will be studied
in Section 5.8.

5.7 Weyl anomalies

In order to incorporate also the Weyl symmetry we use from now on the full BRST operator
s, defined in Section 3.3. For a better understanding of the matter let us begin by discussing
the simplest case, the Weyl anomaly in SO(2). According to (4.54) we have therefore to
solve the tower

s +dQ =0
s +dQ =0

sW=0, (5.39)
where €} is denoting the corresponding anomaly. For the zero form cocycle 2} one has
1
0 = —ieabn“nbaR : (5.40)

with R as the Riemann scalar (2.57). One can easy verify with the BRST transformation
of the Riemann scalar R, given by

sR=—n*"0,R—-20R , (5.41)
that above cocycle is BRST invariant, i.e.
s =0. (5.42)
By using eq.(4.55) one gets the well-known two dimensional Weyl anomaly
62

1
= Esabe“e”aR : (5.43)
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which can be rewritten to the more familiar form (see Appendix B)

Q. = eoR d% . (5.44)

The second example, which we will discuss now, is the four dimensional Weyl anomaly
in SO(4). One possible zero form cocycle £ is given by

1
93 k= Esabcdn“ﬂbncﬂda R?, (5.45)
which is BRST invariant, i.e.
s =0. (5.46)
This leads to the anomaly
54
0 = 05

1
== Esag,c,ie“e”e‘:edaR2

= eoR? d% . (5.47)

Two further possible zero form cocycles are given by

1
0 = J78aen' 11 '0 R B™ (5.48)
and
1
0= Z;Eabcdﬂaﬂbnc’?df’ Remu ™ (5.49)

where the zero forms R,,, and R, denoting the Ricci tensor and the Riemann tensor with
indices in the tangent space. The cocycles (5.48) and (5.49) are again BRST invariant:

s =0. (5.50)
From (5.48) and (5.49) one gets for the corresponding anomalies

= %sug,cde“ebecedaRmRm"
= @aRman“ d'z | (5.51)

and

4

5_95

410

_ 1 a b _c_d Rm'nkl
= giCae €€ o Rkl

= e Rpnu R™ d'z . (5.52)

al =
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From the variety of all possible cocycles in higher dimensions we quote only the simplest
example for a zero form cocycle in SO(2N) which has the following form:

1 a
QN+ — (21\[)!sma7 ,,,,, a1 N2 e Na RY (5.53)

Of course, it can be easily checked that all these cocycles are BRST invariant, i.e.
sV =0 . (5.54)

The corresponding 2N -dimensional Weyl anomalies are given by

2N
6 2N+1

(2N
1

= ———Caa...an € €N g R

(2N)! .....
= ec RN d*Mz . (5.55)

1
Q2N_

5.8 Weyl invariant scalar field Lagrangians

In order to couple a massless scalar field to gravity including also Weyl symmetry we
consider the following zero form cocycle 2} in a N-dimensional space-time

11

Q{)v = 5 msamz .....

a1 )™ (D) (D™ ) (5.56)

where now the covariant derivative reduces to the Weyl covariant derivative (2.74)

N =2

Vi = Onp — ———2——Am(p , (5.57)
and one gets
1 1 a: a m
Q) = 5 7pEaenan 1% t™ (V) (V) (5.58)
Notice, that from eq.(2.75) follows
N -2
sw(Vup) = — 2 a(Vup) , (5.59)

where s,, denotes only the Weyl symmetry part of the full BRST operator. Therefore, one
obtains for (5.57) the Weyl-BRST transformation

N
8u(Vmep) = 8u(E} V) = _EG(Vm‘P) . (5.60)
Taking into account the full BRST transformation (including Weyl symmetry)

(Y p) = =05 (Vp) = 10U Vup) = 5 (V) (5.61)
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it can be easily checked that 2 is BRST invariant, i.e.
sQY =0. (5.62)
For the case G = 0 one gets the Weyl invariant Lagrangian Q%

Q() 6NQN _ 1 (_1)N

NT QNI T §_N:!~_5a1a: ..... ane™ e€”....e™ (Vinp) (V™) , (5.63)

which is easily recognized to coincide with the SO(N) Weyl invariant scalar field La-
grangian

i}
Q= §de e(V,) (V™)

- %d% VIV,0) (T*9) . (5.64)

Notice that above scalar field Lagrangian is invariant under diffeomorphisms, local Lorentz
rotations, and also invariant under Weyl transformations.

6 The geometrical meaning of the operator 6

Having discussed the role of the operator § in finding explicit solutions of the descent
equations (4.54), let us turn now to the study of its geometrical meaning. As we shall
see, this operator turns out to possess a quite simple geometrical interpretation which will
reveal an unexpected and so far unnoticed elementary structure of the ladder (4.54).

Let us begin by observing that all the cocycles QC*N? (p = 0,...,N) entering the
descent equations (4.54) are of the same degree (i.e. (G + N)), the latter being given by
the sum of the ghost number and of the form degree.

We can collect then, following [31], all the QEJFN ~? into a unique cocycle () of degree
(G + N) defined as

N
Q=3 qfthr, (6.1)

p=0

This expression, using eq.(4.55), becomes

5 _ e & ein
1= Z p'_'Q‘O' 3 (62)
p=0 &

where the cocycle Q5 according to its zero form degree, depends only on the set of zero

form variables (w%,., R%, .., T, 0%, n%) and their tangent space derivatives 8,,. Taking
into account that under the action of the operator é the form degree and the ghost number
are respectively raised and lowered by one unit and that in a space-time of dimension N
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a (N + 1)-form identically vanishes, it follows that eq.(6.2) can be rewritten in a more

suggestive way as
Q= eanng(na’ 6% Whns Bbmns T:m) ' (6'3)

Let us make now the following elementary but important remark. As one can see from
eq.(4.35), the operator é acts as a translation on the ghost 7* with an amount given by
(—e®). Therefor €’ has the simple effect of shifting * into (n® — €*). This implies that the
cocycle (6.3) takes the form

ﬁ = Qg+~(’70 - ea1 gaba wabma Rabmna Tf‘:m) . (64)

This formula collects in a very elegant and simple expression the solution of the descent
equations (4.54).

In particular, it states the important result that:

To find a non-trivial solution of the ladder (4.54) it is sufficient to replace
the variable n* with (n°—e®) in the zero form cocycle Q5™ which belongs to
the local cohomology of the BRST operator s. The expansion of Q5N (n°—
e, 0%, W, R, T2.) in powers of the one form vielbein e* yields then

all the searched cocycles QCHN-7.

It is a simple exercise to check now that all the invariant Lagrangians and Chern-
Simons terms computed in the previous section are indeed recovered by simply expanding
the corresponding zero form cocycles Q5+ taken as functions of (n® — e%).

Let us conclude by remarking that, up to our knowledge, expression (6.4) represents a
deeper understanding of the algebraic properties of the gravitational ladder (4.54) and of
the role played by the vielbein e® and the associated ghost n®.

7 Conclusion

The algebraic structure of gravity with torsion in the presence of Weyl symmetry has
been analyzed in the context of the Maurer-Cartan horizontality formalism by introducing
an operator § which allows to decompose the exterior space-time derivative as a BRST
commutator. Such a decomposition gives a simple and elegant way of solving the Wess-
Zumino consistency condition corresponding to invariant Lagrangians and anomalies. The
same technique can be applied to the study of the gravitational coupling of Yang-Mills
gauge theories as well as to the characterization of the Weyl anomalies [41].
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Appendices:

Appendix A is devoted to demonstrate the computation of some commutators involving
the tangent space derivative 8, introduced in Section 3. In the Appendix B one finds the
definition of the determinant of the vielbein in connection with the ¢ tensor.

A Commutator relations

In order to find the commutator of two tangent space derivatives 8,, we make use of the
fact that the usual space-time derivatives 9, have a vanishing commutator:

[aus 6,,] =0. (Al)
From
8y = €10 (A.2)
one gets
[8,58,] =0 = [ei’f@m, e"d,]
= €€} [On, O] + € (Ome},)0, — €,,(0,e)On
= €€} [On, Ou] + (Ouel — 8,,eﬁ)8k
- e:te:,‘[c‘)m, a,] + (Tf,, — (,u"’n‘ue:,l + wkm,,e:f — A“e,"j + A,,eﬁ)ak
= e,TeL‘(T:ﬁn ‘i wkmn - wkum - Am@'ﬁ + A,ﬁ,’;)@k
+ € Om, 8] (A.3)
so that
[Bm, 8] = =(TF, 4+ Wk —w*  — A6+ A,65)0: . (A.4)

For the commutator of d and 8,, we get

[da 3m] = [enam 6m]
= —(3ntek)3k — e [ams an]
= _(6mek)8k : en(Tr’:m - wkmn - wknm - Ama:: + Afl6:1)ak ’ (A5)
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and one has therefore

[dv am] = (T:men + wkmnen — W e = Amek + Anen‘sfn - (6mek))6k : (A-ﬁ)

nm

Analogously, from
[5,0,] = (A.7)
one easily finds
[8,0m] = (Omn® — 6% — 085)0k + 1" [Om, Bn)
= (80 — 6% — Tpal" — W™ + w”
+ A — A8k — a6F)8, . (A.8)

B Determinant of the vielbein and the ¢ tensor

The definition of the determinant of the vielbein e is given by

1
p— ay H1H2. oo AN 501 5,02 aN
e = det(e;) = —Eoyy..ayt SR il (B.1)

One can easily verify that the BRST transformation of e reads

se = —3y (&) . (B.2)
For the volume element one has
1
el....el = S an €™ ....e™N
1 a a 1
== meal _____ P4 SO . dz" .....dzHN
1 a a
= meal ,,,,, gl PG R s eﬁgdml ..... dz
= ed"z = \/gd"z , (B.3)
where g denotes the determinant of the metric tensor g,,
g = det(g,,) . (B.4)
The € tensor has the usual norm
B 0 =L, (B.5)
and obeys the following relation under partial contraction of (N — 2) indices
€™ = (N = D)(EEE, — E267) (B.6)

and in general the contraction of two e tensors is given by the determinant of § tensors in
the following way

b b
6;:; 65 ..... 6,55*
oyt = | G Oy e S | (B.7)

--------------------
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