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Abstract A natural presymplectic structure for non-
Lagrangian equations of motion governing the dynamics
of free higher-spin fields in four-dimensional anti-de Sitter
space is proposed. This presymplectic structure is then used
in the derivation of the conserved currents associated with
the relativistic invariance and to the construction of local
functionals of fields that are gauge invariant on shell.

1 Introduction

The higher-spin (HS) gauge theories are the general-covariant
field-theoretical models involving massless fields of spin
s > 2. The nonlinear equations of motion for massless HS
fields were proposed by Vasiliev in [1]. They exhibit some
rather unusual properties compared to the low spins:

e The equations cannot be consistently perturbed about flat
space-time; the most symmetrical vacuum solution is that
corresponding to the (anti-)de Sitter space with nonzero
cosmological constant.

e The dynamical content is given by an infinite spectrum of
fields of increasing spins, admitting no finite truncation
with fields of spin s > 2.

e Afterexclusion of auxiliary fields, the interaction vertices
and the gauge symmetry transformations involve arbitrar-
ily high space-time derivatives of dynamical fields.

The infinite number of interacting fields together with the
higher derivatives may pose some technical difficulties, but
the real challenge is the non-Lagrangian form of the Vasiliev
equations. It is the absence of a closed Lagrangian formu-
lation which constrains our understanding of the quantum
properties of HS theories and prompts a search for alterna-
tive quantization methods that are not rigidly bound to the
Lagrangian form of dynamics. One of such methods was pro-
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posed in [2]. It is based on the concept of Lagrange structure,
which may be thought of as a strong homotopy generaliza-
tion of the Batalin—Vilkovisky antibracket. In [3] and [4], this
quantization method was applied to the unfolded representa-
tion of the scalar field theory and to the Bargmann—Wigner
equations for massless fields of spin s > 1/2. Unfortunately,
this approach, while general, becomes unduly cumbersome
when applied to HS theories in unfolded representation.

In the present paper, an alternative method of quantizing
unfolded HS dynamics is developed. It exploits the notion of
covariant presymplectic structure pioneered by Crnkovi¢ and
Witten [5] and independently by Zuckerman [6]. An exten-
sive historical overview of the subject and further references
can be found in [7]. Specifically, we show that the free HS
fields on four-dimensional anti-de Sitter space admit quite a
natural presymplectic structure which is compatible with the
unfolded representation of HS dynamics and generalizes the
covariant presymplectic structures for low-spin theories. As
is well known, every presymplectic structure gives rise to a
Poisson bracket in the space of gauge invariant functionals
of fields and can be quantized, in principle, by means of the
deformation quantization technique. There is reason to hope
that the proposed presymplectic structure admits a consistent
extension to the interacting HS fields. If this is the case we
get a good starting point for the covariant quantization of
nonlinear HS dynamics.

The concept of covariant presymplectic structure is found
to be useful in the study of some other aspects of HS dynam-
ics, not directly related to the problem of quantization. For
example, every presymplectic structure is well known to pro-
vide a systematic correspondence between symmetries and
conservation laws. So far such a correspondence has been
established indirectly just by comparing tensor parameters
entering the conserved currents and the symmetry transfor-
mations of the free HS fields. Furthermore, given a presym-
plectic structure, it is possible to define a local functional of
fields whose stationary surface includes all the solutions to
the original field equations [8,9]. It is hoped that function-
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als of this kind may find applications in the context of the
AdS/CFT correspondence [10-13].

The plan of the paper is as follows. In Sect. 2, we provide
some background material on presymplectic geometry and its
relation to classical mechanics. Next, in Sect. 3, we briefly
discuss the covariant phase-space approach to field theory
and, by way of illustration, derive the covariant presymplec-
tic structures for various fields of low spins. There, we also
define a general notion of covariant presymplectic structure
for not necessarily Lagrangian field theories. In Sect. 4, we
review the unfolded representation for the free HS fields on
four-dimensional anti-de Sitter space. The main result of the
paper is presented in Sect. 5, where we derive a covariant
presymplectic structure for the free HS equations in unfolded
representation. In Sect. 6, this presymplectic structure is used
to define the gauge noninvariant conserved currents associ-
ated with the anti-de Sitter invariance of the free HS equa-
tions. As a byproduct this proves nontriviality of the proposed
presymplectic structure. Section 7 is devoted to the deriva-
tion of on-shell gauge invariant functionals of HS fields. In
the last Sect. 8, we summarize our results and discuss further
perspectives.

2 Presymplectic mechanics

Let us briefly recall some basic notions of presymplectic
geometry and geometrical mechanics.

By definition, a presymplectic manifold is a pair (M, Q2)
consisting of a smooth manifold M endowed with a closed
2-form €2, the presymplectic form. Denote by ker €2 the space
of all vector fields V on M satisfying the equation

iv2=0.

The form 2 being closed, the space ker €2 generates an inte-
grable distribution on M. In the case that ker 2 = 0 one
speaks of the symplectic 2-form €2 and the symplectic man-
ifold M.

A vector field X (a function f) is called Hamiltonian if
there exists a function f (a vector field X) such that
ixQ =df. 2.1
In order to indicate the relationship between the Hamiltonian
vector fields and functions we will write X ; for X and refer
to f as a Hamiltonian of the vector field X ¢. Note that the
above correspondence f <> X ¢ is far from being one-to-one.
On the one hand we can add to X any vector field from ker 2
without any consequence for f, on the other it is possible to
shift f by an arbitrary constant. This motivates us to consider
two Hamiltonian fields as equivalent if they differ by an ele-
ment from ker 2. By definition, the space ker €2 consists of
the Hamiltonian vector fields with constant Hamiltonians. In
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the following we will often identify a Hamiltonian vector X ¢
withits equivalence class X ¢ +ker 2. Itis easy to see that the
Hamiltonian vector fields form a subalgebra Xq (M) in the
Lie algebra of all smooth vector fields X(M). Furthermore,
ker ©2 is an ideal in Xq (M) and we can define the quotient
Lie algebra X (M) / ker 2 of “nontrivial Hamiltonian vector
fields”.

An elementary, yet important, fact is that the action of a
Hamiltonian vector field preserves the presymplectic struc-
ture. Indeed,
Lx,Q=dix,Q+ix,dQ=d*f =0. (2.2)

Another simple observation is that Hamiltonian functions
form a commutative algebra with respect to the point-wise
multiplication: If f and g are two Hamiltonian functions,
then Xy, = f - Xg + g - Xy. The space of Hamiltonian
functions can be endowed with the Poisson bracket
{f. 8} =ix,ix, Q. (2.3)
One can easily verify that this expression is well defined and
satisfies all the required properties: antisymmetry, bilinearity,
the Leibniz rule, and the Jacobi identity. Denoting the Poisson
algebra of Hamiltonian functions by Fq (M), one can also
see that the map f +— X is actually a homomorphism of
the Lie algebras, meaning that X7 = [Xr, X¢].

From the physical viewpoint, the Hamiltonian functions
represent the physical observables. It follows from the defi-
nition (2.1) that each physical observable is invariant under
the action of the integrable distribution ker €2, i.e.,

Xf=0 VXeckerQ, YfeFo(M).

The vector fields of ker 2 play thus the role of infinites-
imal gauge symmetry transformations on M and the inte-
gral leaves of the distribution ker €2 should be regarded as
gauge orbits. The physical phase space is then identified
with the space of gauge orbits, though the latter may not
be a smooth manifold in general. According to this interpre-
tation the physical observables are those smooth functions
on M that are constant along the gauge orbits. Therefore,
they can be viewed as functions on the physical phase space
M’ = M /ker 2 and the Poisson bracket (2.3) passes through
the quotient.

In order to define the time evolution of physical observ-
ables one needs to specify a particular vector field X that
leaves invariant the presymplectic structure, that is,

LxQ = 0. (2.4)

Then the equation of motion for an observable f reads

f=Xf. @5)
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Each vector field X satisfying (2.4) is called locally Hamilto-
nian. From (2.2) it follows that each Hamiltonian vector field
is locally Hamiltonian. Equation (2.4) is clearly equivalent
to dix 2 = 0, which implies the existence of a smooth func-
tion f such that ixQ|y = df|y for any contractable open
domain U C M (the Poincaré Lemma). In other words, each
locally Hamiltonian vector field becomes Hamiltonian when
restricted to a small vicinity, hence the name.

The flow generated by a locally Hamiltonian vector field
X defines a one-parameter group of automorphisms of the
Poisson algebra Fq (M), provided X is complete. In case X
is Hamiltonian, that is, X = X, for some h € Fq(M), Eq.
(2.5) assumes the more familiar form

f=1{fh}

Bringing the classical dynamics into the Hamiltonian form
is usually considered as “a must” step toward quantization.

3 Covariant phase space

Recall that in the conventional Hamiltonian formalism the
phase space of fields is identified with the space of Cauchy
data to the field equations. This requires a priori splitting
of physical space-time into space and time, violating thus
the relativistic invariance. This drawback is avoided in the
covariant approach to Hamiltonian mechanics, where the
phase space of fields is identified with the space of solutions
to the field equations, rather than the Cauchy data. Under cer-
tain technical assumptions, like global hyperbolicity of the
underlying space-time manifold, these two spaces may be
viewed as equivalent. For Lagrangian equations of motion the
solution space comes equipped with a natural presymplectic
structure, making the space of gauge invariant functionals of
fields into a Poisson algebra.
Consider, for example, the action functional

SIg] = /v L@, 1)d"x G.D)

for a collection of bosonic fields ¢’ (x). Here ¢, = 9,,¢" and
integration is performed over a bounded domain V in an n-
dimensional space-time manifold with local coordinates x*.
Varying the action, we get

9 9 :
35:[ i—aﬂi 5¢' Ad"x
v \ag ~ ogl,

L .
+f —8¢' Ad"x,.
av 09y,

Hereafter we use the following properties of the de Rham
and variational exterior differentials:

3.2)

d*=8>=0, ds=-8d, 98,8=2350,, (3.3)

dx#* A dxV = —dx"” A dx*,
8¢' NS = =8¢ A SP',
dx" A 8¢l = —8¢" A dx.

The bulk term in (3.2) defines the classical equations of
motion

0L 0L
Al g,

while the boundary term gives rise to a functional 1-form
oL
—3
a¢;,

with ¥ being a Cauchy surface. To make contact with the
notation of the previous section, we denote by M the space
of all solutions to the field equations (3.4). This will be con-
sidered as an infinite-dimensional submanifold in the space
of all field configurations ®. Some authors refer to ® and
M as the spaces of all and true histories, respectively. We
will call M the dynamical shell or just shell. Applying the
variational differential to ® gives the functional 2-form on
P

L '
Q:(S@:/ S| — ) nspl nd"lx,
b Gl

2 S 2 S
:/ ( L ssi nsel +—E sgl /\&p’) Ad" M xy.
£ \ 09799y, A 09l
(3.5)

¢i /\dl’l—l‘xu,

1. 5] =/
>

By construction, the 2-form €2 is §-closed and, upon restric-
tion to M, endows the solution space with a presymplectic
structure. For simplicity we will denote the restriction 2|y
by the same symbol €2. The functional 1-form ® is called the
presymplectic potential.

An important property of the form 2 is its on-shell inde-
pendence of the Cauchy surface . Let ® be the space of
fields that vanish at spatial infinity together with their deriva-
tives and let Qyx and Q5 denote two presymplectic forms
associated with nearby space-like hyper-surfaces ¥ and ¥'.
By Stokes’ theorem

AL :
Qs — Q ,=/d S—— A8 | Ad" xy,
* % (3¢L :

where 0V = ¥ — X'. Using Egs. (3.3) and the identity

dxV A d"flxu = (Sl‘id"x,

@ Springer
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we find

_ oL i oL i n—1
Qy — Qs _/‘;<—8<d3¢£‘>/\5¢ +8<8¢;'L)A8d¢>Ad X
L ; L ; .
:/J/(B <3“8¢;'L>A8¢ +5<8¢L)/\8¢M>Ad x
L ; L ; .
N/‘;((S(a(pi)/\w +8(3¢fL)A6¢#>AdX

= f 2L Ad" x =0.
14

Here we introduced the sign “~”, meaning the equality “on
shell”.

If there is no gauge symmetry in the theory, then the Hes-
sian matrix

(i)
Ao}

is nondegenerate and one can pass directly to the Hamilto-
nian formalism. It can be seen that the canonical symplectic
structure on the phase space of fields and conjugate momenta
is essentially equivalent to the presymplectic structure (3.5).
In particular, the on-shell presymplectic form €2 appears to be
nondegenerate in this case and defines actually a symplectic
structure.

For gauge invariant action functionals (3.1) the corre-
sponding 2-form €2 is necessarily degenerate [14,15]. This
can be seen as follows. For each solution ¢ € M, the on-
shell presymplectic structure defines an antisymmetric bilin-
ear form Q[d¢, 6¢] on the tangent space Ty, M. Let §;¢ be
an infinitesimal gauge transformation of fields, with ¢ being
an arbitrary gauge parameter. Since the gauge transforma-
tions map solutions to solutions, ;¢ € T, M. We want to
show that Q[8¢, 6;¢] = O forall ¢ € M and §¢ € Ty M.
By definition, the functional [§¢, 6, ¢]is given by the inte-
gral over ¥ of a smooth form depending linearly on ¢ and
its derivatives. This means that Q[6¢, ;¢] = 0, whenever
¥ Nsupp ¢ = @. On the other hand, we have shown that the
on-shell presymplectic form does not depend on the choice
of the hyper-surface ¥; and hence, Q[d¢, §;¢] must vanish
for any compactly supported function ¢. In view of locality,
the last fact implies that 2[§¢, 6, ¢] vanishes identically for
arbitrary gauge parameter ¢ and every infinitesimal gauge
transformation corresponds to a degenerate direction for the
on-shell presymplectic form 2.

As usual one can factor out the presymplectic manifold
M by the action of gauge transformations and obtain thus
the physical phase space M'. The latter is equipped with the
symplectic structure p, (€2) given by the pull-back of the on-
shell 2-form €2 with respect to the canonical projection p :
M — M'’. The physical observables, i.e., functions on M’,
can then be identified with the gauge invariant function(al)s

@ Springer

on ®; in so doing, two physical observables are considered
equivalent if they coincide on shell.

Let us now illustrate the general formalism above by a few
well-known examples from field theory.

Example 1 (Scalar field) The dynamics of a single scalar
field ¢ in four-dimensional Minkowski space are governed
by the action

1
Sle] = / (53;&3“@ - V(w)) d*x.

Varying this action functional, we get the equation of motion
and the presymplectic potential:

Op+V'i(p)=0, ©= / Mg A dx,.
p)

Note that only the terms with derivatives of ¢ contribute to
®. The corresponding presymplectic structure is

Q= / 8o A M8 Ad3x,,. (3.6)
by

If we choose T to be a time slice x° = const, then the

presymplectic structure takes the form

Q= /8(,0 A 8@ A dx. (3.7)

The corresponding equal-time Poisson brackets of fields and
velocities read

P, p(x)} =0, {$(x), p(x)} = 5 (x = x), {p(), p(x)} = 0.

This is in line with the usual Hamiltonian formalism as for
the scalar field ¢ = m, where 7 is the canonical momentum.
Thus, the on-shell presymplectic structure (3.7) is nondegen-
erate and coincides with the canonical one.

Example 2 (Spinor field) Consider the Majorana spinor field
Y of mass m with the action

st = [ (i9atauw = Sww - Sii) d

For the two-component spinor formalism and definition of o -
matrices see e.g. [23]. Notice that the very possibility to write
the mass term implies that the components of the Majorana
spinor ¥ anticommute.

The equations of motion and the presymplectic structure
following from this action are given by

idho,y =my,  Q =/ iy AGHSY AdPx,.  (3.8)
)

For the Cauchy surface £ : x° = const, the equal-time

Poisson brackets of component fields are
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{¥a (), Yp(x)} = 0,

Notice that the matrices of the presymplectic structure and

Poisson brackets are purely imaginary for fermionic fields.
Again, this is in harmony with the canonical formalism where
the canonical momentum of the spinor field ¥, is given by
7% =i(ya0)®.

Example 3 (Gauge vector field) The standard action func-
tional for the free, massless, vector field A = A, dx" is
given by

1 nv 4
S[A] = 1 FuwF"d"x, Fu =0,A, —0,A,.

The action is clearly invariant under the gauge transforma-
tions

SeAy = Bt (3.9)

where ¢ is an arbitrary scalar function. The variation of this
action yields the following field equations and the presym-
plectic potential:

3"Fy, =0, ©= / FISA, A dx,.
z

Because of the gauge invariance (3.9) the corresponding
presymplectic form

Q= / SFMY NSA, Adx,. (3.10)
z

is on-shell degenerate. Indeed,
QI8A, 5, Al :[ SFMY3,¢ A dx,
X
Z/ I (BFM 7Y Adx,
)
— / C8@ F™) A dx,
)

A /32 CSFM A dPxy, = 0.

The last integral vanishes due to the zero boundary conditions
for A.

Example 4 (General relativity) In the vierbein formulation
of general relativity the space-time geometry is described by

a vierbein ¢4 = el‘idx“ and a Lorentz connection w®?
b

wzb dxt, @ = —@P. The curvature tensor of the Lorentz
connection has the standard form

R//,vab = a,uwvah - akuab + [w/u wv]ab-

Hereafter all the Lorentz indices are raised and lowered with
the help of the Minkowski metric 74p.

(Y (), Yo (X)) = —i00,8% (x — X)).

The Einstein—Hilbert action with cosmological term can
be written as

1 1 .
Sle, 0] = 5/ ’”)“Seabcdeﬁe{j (R%l + 5Ae§e§> d*x. (3.11)

Variation with respect to the connection w yields

Dyey — Dyey, =0,

where D = d + w is the Lorentz-covariant derivative. This
equation allows one to express the Lorentz connection in
terms of the vierbein, ® = w(e, de). Varying (3.11) with
respect to e, we get

eZ va = Aeyp,

where e} is the inverse matrix of e{. This equation is equiva-
lent to the vacuum Einstein equation with cosmological term.

Using the general definition (3.5), one can find the follow-
ing presymplectic form on the space of vierbeins and Lorentz
connections:

Q=2 /2 " Meapeqetdel NSt A dxs. (3.12)
Notice that the cosmological term does not contribute to 2.

Besides the space-time diffeomorphisms, action (3.11) is
invariant under the local Lorentz transformations
S{ea — cabeh’ Sca)ab — Dé'ab,
with ¢% = —¢?4 being infinitesimal gauge parameters. As
a result, the presymplectic form (3.12) is necessarily degen-
erate on shell.

Unlike the previous example, the Einstein—Hilbert action
is rather nonlinear and so is the presymplectic structure (the
components of 2 depend on the vierbein field e). Lineariza-
tion about a particular vacuum solution e = h, w = w, e.g.
(anti-)de Sitter one, brings the presymplectic structure (3.12)
into the form

A

Q=2 / " €qpeahy 86l N8OS A dxs, (3.13)
z

where ¢ and @ are fluctuations around the background vier-
bein /& and the Lorentz connection w. This presymplectic
form is also degenerate along the directions of the linearized
gauge transformations.

More examples of presymplectic structures, including
those associated with the frame-like Lagrangians for mass-
less higher-spin fields, can be found in [16].

In the following it will be convenient to work with the
nonintegrated density £2 of the presymplectic form €2. This
is defined as

Q:[.Q.
b

(3.14)

@ Springer
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Here the integrand 2 = £2(5¢, §¢) may be viewed as an
antisymmetric, bidifferential operator in §¢’s with coeffi-
cients depending on the derivatives of ¢’s and taking values
in (n — 1)-forms on the space-time manifold. Another way of
thinking of §2 is to interpret it as a “hybrid” differential form
of type (2, n — 1), that is, a variational 2-form in the func-
tional space ® and a usual (n — 1)-form on the space-time
manifold. This last point of view can be formalized within the
concept of variational bicomplex, see e.g. [17,18], although
we will not dwell on it here. In the sequel we will refer to £2
as a presymplectic current. In order to have a one-to-one cor-
respondence between the covariant presymplectic structures
(3.14) and their currents we will identify two presymplectic
currents §2 and 2’ if they differ by a d-exact (2, n — 1)-form,
ie.,

Q -0 =dp

for some (2, n — 2)-form B. In this case we write 2’ ~ (2.
Besides, we assume the space ® to consist of fields that vanish
at space infinity.

The notions of presymplectic form and presymplectic cur-
rent can be extended beyond the scope of variational dynam-
ics. Let we have given a set of (not necessarily Lagrangian)
field equations
E. (¢,0¢,...,3"9) =0 (3.15)
for a collection of fields ¢’ living on an n-dimensional man-
ifold N. Following [8,9], we say that a (2, n — 1)-form §2
on @ x N defines a presymplectic current compatible with
equations of motion (3.15) if
882 ~ 0,

de ~0. (3.16)

The form £2 is assumed to have the following appearance:

K,L
Q= Z Q‘U(k)y)t(l)

i J % Hn—
ljmwn48¢v(k)AquW)Adx PA- s Adx et
k,1=0

(3.17)

where

¢1lj(k) = ¢1li|v2~~-vk =0y, 0y, " - 8vk¢l

and the coefficients Q;}Z?ASLI are given by smooth func-

tions of fields and their derivatives up to some finite order.
The second equation in (3.16) ensures the independence
of the corresponding presymplectic structure of the choice
of the Cauchy surface X. Therefore, it induces a 2-form on
the phase space of all solutions to the field equations (3.15).
Then the first condition in (3.16) identifies this 2-form as a
presymplectic one. This presymplectic structure gives rise to

@ Springer

a Poisson bracket in the space of Hamiltonian (0,n — 1)-
forms on ® x N in a similar way to the finite-dimensional
presymplectic manifolds of Sect. 4.2. For a more detailed dis-
cussion of the covariant phase space and the Poisson algebra
of physical observables we refer the reader to [18].

4 Free HS fields in Ad Sy

The four-dimensional anti-de Sitter space, Ad Sy, is a maxi-
mally symmetric solution to the vacuum Einstein equations
with negative cosmological constant. As was first noticed
by Fradkin and Vasiliev [19,20] it is the only background
geometry with maximal symmetry that admits a consistent
interaction of higher-spin massless fields. In the vierbein
approach the geometry of AdSs is described by the vier-
bein h* = hj;dx" and the compatible Lorentz connection
w = wﬁb dx*. All Lorentz indices are raised and lowered
by the Minkowski metric 1,.

In the unfolded formulation of the free HS dynamics the
massless particles of all spins in Ad S4 are described in terms
of two master fields: the gauge field w and the Weyl field C.
These are given, respectively, by 1- and O-form on Ad S4 with
values in an infinite-dimensional associative algebra W, the
Weyl algebra. It is the infinite-dimensionality of W which
allows the master fields to accommodate the whole spectrum
of spins, from zero to infinity. Since the Weyl algebra is in
the core of the HS field equations, we begin with explaining
of its structure. A comprehensive account of the subject can
be found in [21,23].

As a linear space the algebra W is given by formal power
series in the complex variables y“, )7‘5‘, o, & = 1,2, so that
the general element of W reads

1 »
f=y — i Jemam OGO faemam € C.

m,n

“.n

As above we use the shorthand notation for symmetric
indices,

U

OGN =y"y

Jamyam) = foy—amir-—an

The mutually conjugate complex variables y* and 7% may
viewed as components of the left-handed and right-handed
Weyl spinors for the Lorentz algebra so(3, 1) ~ sl(2, C).

The multiplication in W is given by the so-called Weyl—
Moyal *-product:

a 0 R I
— s ap Y Y . ap
f*g_eXp<lE e 9P ¢ 50 azﬂ)
Xf(y? y)g(z, Z)|z=y.
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Here €®f and €% are the pair of s/(2, C)-invariant tensors
defined by the rule

edﬂ:_eﬁa’ 612:1,

and the same for P All spinor indices are raised and low-
ered by €P, €F and their inverse: y* = e“ﬁyﬂ, Vo = yﬁeﬂa
and the same for dotted indices. The two main properties of
the *-product above are associativity and unitality, meaning
that

(fxg)xh=fx(g=xh), lxf=f=fx1, Vf,g,heW.

One more important property of the Weyl algebra, explain-
ing to some extent its relevance to the HS dynamics, is that the
Lie algebra of internal derivations of W contains the anti-de
Sitter algebra so(3, 2) ~ sp(4) as a finite-dimensional sub-
algebra. This is generated by all the quadratic monomials

Myp = —%yayﬁ, My; = —%ﬁdi,g;, Pog = _%)’a}_’d
with respect to the *-commutator. The monomials Mg and
Md 4 span the Lorentz subalgebra so(3, 1) C so(3,2) and
P, correspond to the anti-de Sitter translations. Using the
standard vector—spinor dictionary (see e.g. [23]) we can also
pass to a more familiar basis of so(3, 2) generators labeled

by the Lorentz indices:

«,

Po=08%Poy,  Map = 00 Map + G5 My

4.2)

In this basis the commutation relations take the form

[Map, Mcals = npeMag — NacMpa — Mpa Mac + Naa Mpe,
[Map, Pels = b Pa — Nac Pp,
[Pa, Ppls = Mgp.

Tensoring now the Weyl algebra W with the exterior alge-
bra A = @@, AX of differential forms on AdSs, we arrive
at the associative algebra 7 = A ® W with the x-product
defined by the rule

@@ fHI*BRH=@AB)Q(f*g) Va,BeA, VfgeW

The *-product algebra is naturally graded with respect to the
form degree:

FP,  FP=APQ@W, FPxF1cCFPt,

P -

f =
p=0
We will denote the form degree of a homogeneous element
F € FP by |F| = p.
Geometrically, the elements of F may be viewed as dif-
ferential forms with values in W:

i 1 »
F 313, d2) = Y 7 —— Fagmyaon (6, 40 (") (59"

m,n

The expansion coefficients Fy(n)q(n) (X, dx) are then natu-
rally interpreted as form-valued, spin-tensor fields on Ad Sy.
In accordance with the standard relationship between spin
and statistics the component fields with even number of
spinor indices are treated as bosons, while those with odd
number of spinor indices are declared to be fermions.

Associated to F is the Lie superalgebra £(F) with the
*-commutator

[F,Gl,=F+G— (—=D/FIIGIG « F.

Considering the first factor in the tensor product F = AQ W
as basic ring, one can endow the algebra F with a supertrace
operation Str : 7 — A and a nondegenerate inner product
(-]-): F®F — A.These are given by [21]

Str(F) = F(0, Olx, dx),

(FIG) = St(F+G).  (4.3)

By definition, the supertrace vanishes on the x-commutators,

Str([F,Gl,) =0 VF,G e F,

and the inner product is invariant under the adjoint action of

L(F):

(lH, F1,|G) + (=DHIFUFI[H,G),) =0 VH,F,G e F.

For later use we also define the x-anticommutator
(F,G}, = FxG + (=DIFICIG » F.

The background geometry of Ad S4 allows us to endow the
algebra F with the Lorentz covariant differential D : 77 —
FP+1 This is defined in terms of the Lorentz connection w®”
as
w = Ew“bMab,
with M, being given by (4.2).

By definition, the operator D differentiates the x-product
by the Leibniz rule,

DF =dF + [w, Fl,,

D(FxG)=(DF)+G+ (-DIfIF«x DG VF,G e F,

but is not nilpotent; instead, we have the curvature 2-form

2 A a b
D°F = [R, F], R = ?h ANh" My € Fo, 4.4
which is proportional to the cosmological constant A. In the
following we set A = —3.

Besides the covariant differential and curvature, the alge-
bra F possesses a distinguished element associated to the
Ad Sy vierbein, namely, h = h* P, € F|. The compatibil-
ity of the Lorentz connection and vierbein implies that the
1-form £ is covariantly constant, that is,

Dh = 0. 4.5)
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By making use of &, we can write the curvature 2-form as
the x-square of the vierbein form
R=—hxh. (4.6)
Taken together the last two equations imply the Bianchi iden-
tity DR = O for the curvature. It is worthy of note that all
three Egs. (4.4), (4.5), and (4.6) are equivalent to a single
zero-curvature condition for the anti-de Sitter covariant dif-
ferential
D=D+Ih, -], D*>=0. 4.7
Now we are ready to present the free HS equations for the
master fields C € F° and @ € F'. These read [21,23]

Do+ [h,wl,=H,C_+H_C,, DC+{h, C}. =0.

(4.8)

Here we introduced the projections onto the purely holomor-
phic and anti-holomorphic sectors of the Weyl field,

Cy=C{H.0lx), C-=C0O,ylx),

together with the pair of differential operators

I:I+ = Hdﬁ-adaﬂ, H_ = H“ﬂaaaﬂ,

HY = v A B HYP = AR

Notice that the left hand side of the first equation in (4.8) is
given by the anti-de Sitter covariant differential (4.7) of the
gauge field w.

Since the system (4.8) is linear, it decouples into an
infinite set of subsystems for the particles of definite spin
s =0,1/2,1,....In order to single out the contribution of
each particular spin, it is convenient to introduce the pair of
operators

Ny = y% 9 £ 504,

which count the number of y’s and y’s. Then the master fields
decompose into the sums

00
w = E s) ,
s=1

where

o0
C =) (Co+Co),
s=0

1(’+cu(s) =2(s — Do), I\AZ_C(x) =25Cs), N_C(S) = —2SC_'(X).

The massless particle of spin s is now described by the

component fields (we), C)) with the understanding that
w0 = wap = 0 (no gauge fields for the scalar and spin-
1/2 particles). Being expanded in y’s and y’s, these fields
generate an infinite number of spin-tensor fields on Ad Ss:

@ Springer

Cy = {Ca(25+n)d(n)}?zo:0'
(4.9)

2s—2
W) = {wa(2s—2—n)d(n)}ns=() s

Most of these fields are auxiliary and can in principle be
excluded from consideration by means of the equations of
motion.

The system of field equations (4.8) is well known to be
non-Lagrangian. This fact can be seen as follows. First, we
note that the Eq. (4.8) are not independent, rather they obey a
set of gauge identities that follow from applying the covariant
differential D to both sides of (4.8). This property is usually
referred to as the formal consistency of the HS system (no
hidden integrability conditions). The space of gauge identi-
ties is naturally parameterized by the elements of F! @ F2.
Besides the gauge identities, the system (4.8) enjoys the obvi-
ous gauge invariance
S0 =D¢, §C=0, V¢eF (4.10)
If the system (4.8) were Lagrangian then, according to the
second Noether theorem [24], there would be a one-to-one
correspondence between the gauge symmetries and identi-
ties, which is not the case as F° #= F '@ F2 Furthermore, the
gauge identities appear to be reducible, while the gauge sym-
metries (4.10) are not. The last disagreement is also impos-
sible for Lagrangian systems.

It is the non-Lagrangian nature of the free HS equa-
tions (4.8) and their nonlinear extensions, see [21,23], which
presents a real challenge to the quantization of HS theories.

Let us now explain how the system (4.8) works in the case
of low spins.

Spin 0. As is seen from (4.9) no gauge fields correspond to
the scalar massless particle; all the fields are accommodated
in Co) = {Cam)a(n)}mep- The first term of this sequence is
identified with the scalar field itself

p(x) = C(0,0lx).

This takes values in the center of the Weyl algebra. The sec-
ond equation in (4.8) gives rise to an infinite chain of equa-
tions for the fields C(y. The chain starts with the equation

. i

de = —ih*Coy & Coq = EDad(pa (4.11)
where Dyg = Jgdhéf D, and hY is the inverse vierbein. In
fact, Cyg is just the notation for the first partial derivatives

of ¢. The next equation is given by
DCoiy = —ihPPCppip + ihaie.

Converting the world indices into the Lorentz ones by the
inverse vierbein and using (4.11), one can find that this equa-
tion is equivalent to
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i

1
O—-8)¢ =0, C()tﬂdﬂ. = ED(adCﬁf}) = _ZD(ode}gB)(Pa

where [J is the d’Alembert operator on AdS; and the
round brackets mean symmetrization of dotted and undot-
ted indices. We see that the scalar field ¢ does satisfy the
Klein—Gordon equation for the massless particle on AdSs,
while the spin tensors Cog and Cp g4 play the role of auxil-
iary fields. The same mechanism works for all higher-spin-
tensor fields: the second equation in (4.8) can be solved for
Cam)a(ny in terms of the successive derivatives of ¢, bringing
no new constraints on the dynamical field ¢ itself. This way
of formulating field dynamics trough an infinite system of the
first-order equations is known as the unfolded representation
[21,23].

Spin 1/2. The massless spin-1/2 particle is described by the
sequence of spin-tensor fields C1/2) = {Con+1)a(n) }eg- AS
there is no gauge symmetry, the first equation in (4.8) is
absent, while the second one gives an infinite chain of equa-
tions starting with

DCp = —ih“Cpyg.

The Dirac equation is a simple consequence of this one,
D()ldt CO[ = 07

cf. (3.8). All the rest equations impose no restrictions on the
dynamical field ¢ = C%, just expressing the higher-spin
tensors via the covariant derivatives of .

Spin 1. The gauge potential of the electromagnetic field is
identified with

A = w(0,0]x, dx).
The gauge transformations (4.10) imply that
8¢ A=d¢

for arbitrary scalar field ¢. The first equation in (4.8) just
provides the standard connection between the gauge potential
and the strength tensor of the electromagnetic field

dA = h* AP Cap + 1 A hyP Cy. (4.12)

From the second equation in (4.8) we then deduce that

D,go-,Cﬂa =0, Daﬂéﬁdzo.

This is nothing but the spinorial version of the standard
Maxwell equations for the free electromagnetic field on the
anti-de Sitter background.

All the other spin-tensor fields Cy (4+2)a (n) and éoz(n)d(n+2)
with n > 0 appear to be auxiliary and can be expressed
through the successive derivatives of the strength tensor
(4.12) in perfect analogy to the cases of scalar and spin-1/2
fields.

Spin 2. The sector of gauge fields we) includes now the 1-
forms

Wap, W fs w,, g

These are naturally identified with the fluctuations of the
background vierbein h® and the Lorentz connection w*?,
w%P . Compatibility between the full Lorentz connection and
the vierbein implies a certain relation between the aforemen-
tioned fluctuations. This relation is exactly reproduced by the
first equation in (4.8), namely,

D% + %y, A 'Y — BV A d)};d =0.

Besides, it gives the following relations between the compo-
nents of the gauge and Weyl fields:

D™ + 1% AP + hBy A = hs Ay COPTS,
D&*P + hy% A "P + hy P A @Y = hsy ARSCEPTP,
(4.13)

The left hand sides of these equations involve the linearized
curvature of the Lorenz connection plus terms proportional
to the cosmological constant.

The role of these equations is twofold. First, they identify
the spin-tensor fields C*#7% and C##79 as the components of
the linearized Weyl tensor associated to the curvature tensor.
(This justifies the name “Weyl field” for C.) Second, they
imply that the linearized Einstein equations with cosmolog-
ical constant hold for w’s.

It should be noted that Eq. (4.13) are consistent provided
that the Weyl tensor obeys the Bianchi identities

DusC%pys =0, DaaC%j5 = 0.

These identities are encoded by the second equation in (4.8).
Again, one can see that, similar to the Weyl tensor, all the
higher spin-tensor fields Cy(n+4)a(n) and éa(n)d(n+4) play
an auxiliary role and can be consistently excluded from the
theory by means of the second equation.

5 Presymplectic currents for free HS fields

In this section, we propose a family of covariant presymplec-
tic structures for the non-Lagrangian field equations (4.8).
Since the HS fields we are dealing with are free, it is natural
to look for the presymplectic structure (3.17) whose com-
ponents are independent of fields. Then the presymplectic
current in question can be written schematically as
2 =KéwAdw+ LéwANSC + NSC ASC, 5.1
where K, L, and N are some field-independent 3-forms on
AdS4 with values in bidifferential operators acting on the

@ Springer
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variational differentials of the master fields. Being field inde-
pendent, the form (5.1) is automatically 6-closed and the
only nontrivial condition to satisfy is the on-shell closedness
with respect to the de Rham differential 4. The anti-de Sit-
ter invariance of the form (5.1)—a necessary condition for
the relativistic symmetry to survive quantization—imposes
further restrictions on the structure coefficients K, L, and N.
In order to facilitate the analysis of expression (5.1) we
will make use of the natural grading in the field space.
According to the expansion (4.1) the Weyl algebra decom-
posesinto the direct sum W = € W, ;,, of finite-dimensional
subspaces spanned by homogeneous polynomials in y’s and
Vs,
Nif =

This bigraduation extends immediately to the space F =
D Fn.m by setting F, .y = A ® Wy, 1, and one can easily see
that the different homogeneous subspaces F;, ,, are orthog-
onal to each other with respect to the inner product (4.3),

mEtm)f & feWin.

(FIG) X 8y ins YF € Fn, VG € Fiy.

Expanding now the master fields into homogeneous com-

ponents,
C= Z Cinns

w = E Wmn »
m,n m,n

we can bring the HS equations (4.8) into the form

Dwmn + fl+wm—l,n+l + fl—wm+l,n—l
= 8m,0HConia + 800 H-_Cpinp,
DCpup + hoCmg1 g1 + 2k - Cy—i 1 = 0,
mn=20,1,..., 5.2)
where the operators hs and ﬁo are defined by the relations
h=[h, - le=hy +h_, hy=h"0;, h_=h"ysd,,
and
ho = ih®* 90, h = —%h“dyaiw

The introduced operators possess the following properties:

% =hg =0, [D,hel =D, hol = Dh =0,
hiHy = hoHy =0,
(Alh4B) = — (=D (h_A|B) VA,Be F. (5.3)

The last relation is enough to check for homogeneous A and
B.

Let us now introduce the following set: Q= { an}f;inzo
of complex (2, 3)-forms:
S |haSwm— , form > 0;
an — ( mn| +A m 1,n+1> (54)
—(6won|H+6C0 n42), form =0.

@ Springer

Considering 2 as an infinite square matrix, we first observe
that the matrix 2 is anti-Hermitian modulo equations of
motion and d-exact forms. Namely,

_ 1
imn + Lpm ~ dWpp, Win = _§<8wmn|5wmn> (5.5

Then using Eq. (5.3),! we find that for m > 0

Qmn = <8wnm|};—5wn+l,m—l) = _<}Al+5a)nm|8wn+l,m—l>

= _<8wn+l,m71 |hySwnm) = _QnJrl,me

Taken together with (5.5), the last equality implies that

mn > m—1.n+1 Ym > 0, (5.6)
where the sign >~ means equality modulo equations of motion
and d-exact forms.

Now we claim that the entries of the matrix £2 are given
by on-shell closed forms. In view of the equivalence relation
(5.6) it is enough to check the statement only for representa-
tives of the equivalence classes, e.g. the forms £2,, 0. Let us
first assume that m > 0, then

d2m,0 = d(Swm.olhySwm_1.1)

8Dwm,0lh8wm—1,1) + (8wm,0lh+8 Dwy—1,1)
(h_8wm.0l8 Dwp—1.1)
+8@m—1.1 + H-8Cpi2.0lh18wm_1.1)

8D 0lh+8wm—1.1) —

22

h

h_s Sy, ()|h 8wm0+h+8wm 2.2)
H_8Cpi2.0lhi8wm—1,1)
h—8wm,olh+8wm—2,)
h_H_8Cni2.0180m—1.1)

+ 8a)m0|h dwm—22) =0.

—(
—(
—(
—(
—(
—(
—(
(

Here we used the equations of motion (5.2) and identities
(5.3). In the case m = 0, we find

—d(8wo,0| H18Co2)

—(D8wo,0|H18Co2) — (8wo,0l Hy D5Co2)

(H_8Ca,0 + H18Co2|H1:8C02) — (8wo,0l HihodC) 3)
= (H_8Cy0|H5Co2) = 0.

d$20,0

1%

The last term vanishes due to the identity Hiﬂ AHY = 0.

From the general considerations of Sect. 2 we know that
the forms £2,,,, are gauge invariant modulo trivial ones. Fur-
thermore, this gauge invariance is a consequence of a more
general property that the gauge variations of fields belong
to the kernel of the presymplectic form. The last fact can be

! Note that |A| is given now by the rotal form degree which counts the
differentials of the space-time coordinates and the variational differen-
tials of bosonic fields. The variational differentials of fermionic fields
are Grassmann even, and hence commute.
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verified directly. In terms of homogeneous components the
gauge symmetry transformations (4.10) read

6g‘wmn = D¢nn + fl+§m—1,n+1 + ﬁ—{m%—l,n—h S;Cmn =0. (57)

The right hand sides of these equations define a variational
vector field V on the space of fields ®. Because of the equiva-
lence equation (5.6) the desired equalities iy €2,,, >~ 0 follow
immediately from

iv 200 = —(8:00.4 | Hy8Co n12)
= —(D&on + h_81u-11H48Co n42)
~ (¢0.n| Hy D8Co.n42) + (C1.n—11hs Hy8Co n42)
A (¢0.n| Hyho8C 1 n43) = 0.

For integer spins it is convenient to represent the equiva-
lence classes (5.6) by the diagonal elements of the matrix 2.
We set
25 =Im stl,sfl,

s=1,2,.... (5.8)

By definition, the sequence {£2,}72, consists of real presym-
plectic currents that are on-shell equivalent to the diagonal
elements of the matrix £2. Notice that the form £2; depends
on the fields of spin s.

In particular, for spin-one fields Eq. (5.8) yields

1 ~ ~
21 = —E(Swo,olHJCo,z — H_38C3y).

Being rewritten in the vector notation, the last expression is
proportional to the presymplectic current for electromagnetic
field (3.10).

For spin-two fields we get

1 ~ ~
2 = Z<8w1’llh+8w0’2 —h_bw> ).

Again, one can easily verify that, up to an overall factor, this
expression defines nothing but the presymplectic current for
the linearized gravity (3.13).

For half-integer spins it is convenient to choose the rep-
resentatives of presymplectic currents on the super-diagonal
of the matrix SAZ, namely,
2y =Im 25 10532, §s=3/2,5/2,.... 5.9

The one-parameter family (5.8), (5.9) provides nontrivial
presymplectic structures for massless fields of all but two
spins. The presymplectic structures for the remaining two
cases, s = 0, 1/2, can be read off from (3.6) and (3.8). By
making use of the identifications of Sect. 4, we set

Q0 = (8Co0lHo5C11), 212 = (8C10[H18Co 1),

(5.10)

where

Ay = hP Ahgs AR D05,

One can also include these presymplectic currents into two
families of on-shell closed (2, 3)-forms, namely,

Hy = yah®P Ahgy A nPY0,.

2= 8Cum | Ho8Crs 1 ms1)s 2oy = (8Cns1.mH+8Ch my1)-

All these currents, however, appear to be trivial except when
n=m=0.

Now the general presymplectic structure on the space of
free HS fields can be written as

o
2=Ya [ 2 ack
s=0 z

.11)

Up to rescalings of fields of definite spin, ws) — oz and
Cis) — o5C), this presymplectic structure is equivalent to
one defined by the current

2 =Im@Bwlhsdw — Hy8C_) +Im(8C[H48C) + (8C|Hy5C).

The anti-de Sitter invariance and nontriviality of the above
presymplectic structure will be proved in the next section.

6 Symmetries and conservation laws

As an immediate application of the covariant presymplec-
tic structure above we are going to derive the conservation
laws associated with the anti-de Sitter invariance of the HS
equations (4.8). Since the equations are non-Lagrangian, the
first Noether theorem [24] is not directly applicable to them
and the presence of global symmetries does not automati-
cally imply the existence of the corresponding conservation
laws. Actually, it is the presymplectic structure, rather than
the Lagrangian itself, which enables one to convert global
symmetries to conservation laws.” Here by a conservation
law we understand a 3-form J built from the (derivatives of)
dynamical fields such that
dJ =~ 0. 6.1)
Two conservation laws J and J' are considered equivalent if
they differ on shell by an exact form, that is, J >~ J’. Due to
the Stokes theorem, equivalent conservation laws share the
same charge Q defined by the integral

o[

2 The correspondence is not generally one-to-one due to the possible
degeneracy of the presymplectic structure for non-Lagrangian dynam-
ics. Reversely, it is the concept of Lagrange structure [2] which allows
one to relate conservation laws to global symmetries for not necessarily
Lagrangian theories [4,25].
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By virtue of (6.1) the value of Q is independent of the choice
of the Cauchy surface X.

The global symmetries of free HS fields are known to
form an infinite-dimensional Lie group. Below we restrict
our consideration to the subgroup of symmetries associated
with the isometries of AdSs. These have a clear geometric
interpretation and constitute a finite-dimensional subgroup,
the anti-de Sitter group SO (3, 2). The infinitesimal action of
the anti-de Sitter group in the space of free HS fields is given
by the relations

Sew = [£, ], +2H5C_ + 20 C4,

8:C=1[£",Cl. +{¢, Cl, (6.2)
where
E—t 48 6.3)
i -
§'= =58 Yude € I
i i a5 _
§" = =26 yayp — 76 TaTp € F20 ® F02

are infinitesimal parameters and

A =& h%P 0595, HY = £%6hP90,0.

The parameters (6.3) are assumed to satisfy the condition

D& =DEH+[h,E]=0. 6.4)
For the derivation and explanation of these formulas we refer
the reader to [26, Sec. 5], [27].

Strange as it may seem, the symmetry transformations
(6.2) induced by the isometries of AdSs do not involve
the space-time derivatives of fields. One important point to
remember is that the generators of global symmetries are
defined only modulo equations of motion and the unfolded
form of dynamics enables the derivatives to be expressed
through nondifferentiated fields. Notice also that the sym-
metry transformations (6.2) do not mix the fields of different
spins.

Considering that D> = 0, Eq. (6.4) is integrable and
allows one to reconstruct the function £(x) by its value
&(xp) at any given point xo of AdSs. We are led to con-
clude that there are exactly ten linearly independent solutions
to Eq. (6.4). These solutions—the spin-tensors £&—are natu-
rally identified with the Killing vectors of the anti-de Sitter
metric. Since the operator D differentiates the x-product, the
solutions to Eq. (6.4) form a closed Lie algebra with respect
to the x-commutator, the anti-de Sitter algebra. If £ and &
are two such solutions, then [J¢,, 8¢, ] = 8[¢, .5,

By definition, the generators of symmetry transformations
(6.2) are given by the variational vector fields that are tangent
to the subspace M C & of solutions to the HS equations (4.8).
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Letus show that these vector fields are Hamiltonian relative to
the presymplectic structure (5.11). This obviously the case
for the fields of low spins (s < 2) where the presymplec-
tic structures come from the standard Lagrangians. By the
Noether theorem the global symmetries of a Lagrangian give
rise to the conserved currents. These currents are nothing but
the Hamiltonians that generate the symmetry transformations
through the Poisson bracket on the covariant phase space. So,
without loss in generality, we can restrict ourselves to the case
s > 2. For higher spins the expressions for the presymplectic
structure (5.11) and the symmetry transformations (6.2) are
considerably simplified. In terms of homogeneous compo-
nents, the transformations of the gauge field can be written
as

(Sgwmn = 5//wmn +$/—wm+l,n—l +§-/§-wm—l,n+lv mn > 0,

where

& =18", 1u = £ yadp +EP 5505,

E =g, =8 +&, & =%5,0,, & =£"%,0;.

Let us mention the following useful properties of the intro-
duced operators:

(€"A|B) = —(AI§"B),  (E,A|B) = —(Al§_B) VA,BeF,

(€L, hel =0, [D,E.]1+[he,E"1=0.

Denoting by U the variational vector field defined by the
r.h.s. of Eq. (6.2) and using the relations above, one can check
that

2y ~ 6J; +dE;y, s > 2, (6.5)

where

Jy = _Im<wmn|§//ﬁ+wm—l,n+l + I;+§/_U)mn>
_Im<wm+l,n+l |§_/:,.}Al+a)m—l,n+l> (6.6)

and

Ey = Im(aa)mn|§./:,_0)m—l,n+l>~

In these formulas one should put m = n = s — 1 for integer

spinsand m = s — 1/2, n = s — 3/2 for half-integer spins.
Equation (6.5) implies two things. First, applying § to both

sides of the relation yields

Ly$2s ~ 0.

This means the anti-de Sitter invariance of the form £2;. Sec-
ond, acting by the exterior differential d on the left and right
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hand sides of (6.5), we get 8dJ; =~ 0.3 The form J; being
field-dependent, the last relation is equivalent to

dJs; ~ 0.

In other words, the Hamiltonian J; is conserved. A direct
verification shows that the forms J; are nontrivial. Thus, the
presymplectic structure (5.11) enables us to relate the anti-de
Sitter invariance of the HS equations with the conservation
laws. Up to trivial redefinitions the forms J; are seemed to
coincide with some of spin-two currents obtained recently in
[28]. In that paper the authors argued that the forms J; are
bound to be gauge noninvariant whenever s > 2. This last
fact can also be seen from Eq. (6.5). In the previous section
we have proved the relation

iy 2, ~ dIl',

where V is the vector field defining the gauge variations of
fields (5.7) and T’y is some local (1, 2)-form. Contracting
(6.5) with V yields

LyJs =~ d(iUFs +iy Es)-

We see that, in the general case, the conserved currents J
are gauge invariant only modulo d-exact forms.

Asabyproduct we have shown nontriviality of the presym-
plectic structure (5.11): for if it were trivial, then the con-
served currents (6.6) would be trivial as well.

7 Weak Lagrangians

Let £2 be a presymplectic current compatible with (not nec-
essarily Lagrangian) equations of motion (3.15). As is shown
in [8,9], such a current defines a weak Lagrangian. This is
given by a top form £ on N built of the fields ¢’ and their
derivatives. Regarding £ as a conventional Lagrangian den-
sity, one can define the Euler—Lagrange equations

8_4 =0 (7.1)
S¢!
The adjective ‘weak’ means that all solutions to (3.15) also
solve (7.1). In general, the Euler—Lagrange system (7.1) is
not equivalent to the original system of equations, but only
to a subsystem thereof, hence the name.

The form L is constructed with the help of the cohomo-
logical descent method. Assuming that the §-cohomology is
trivial* in positive degree, we can write the presymplectic

3 Let us mention the useful identity iyd 4 diy = 0, which holds for
all (even) variational vector fields U.

4 This is always the case where the target space of fields is contractible
[17]. If the equations of motion are regular, then the differential &
remains acyclic upon restriction to the shell.

current as
2 =60

for some presymplectic potential current &. By definition,
® is a hybrid form of type (1, n — 1). Applying now the de
Rham differential d to both sides of the last equation and
taking into account (3.16), we find

8d® = 0.

Using the acyclicity of § once again, we conclude that there
exists a (0, n — 1)-form A such that

de ~ 5A.

For regular equations of motion (3.15), the last weak equality
can be replaced by the following one:

N
n=0

Here E, ) = 0y, -0y, Eq are the differential conse-
quences of the field equations (3.15); A’s and v’s are some
forms of type (1, n) and (0, n), respectively. By making use
of Leibniz’s rule for the differential §, we can rewrite the last
relation as

8 (A + Y Ea, u(n)v‘”‘(")>
n

=dO + Y Equon (™ + sverm), (7.2)
n

The weak Lagrangian is defined now by
L=A+ Z Ea#(n)vau(n) ~ A.
n
Integrating the r.h.s. of Eq. (7.2) by parts, we can bring the

variation of £ into the standard form,

N
SL = Z Ea,u(n)M,‘aH(n) A 6¢l
n=0
N
+d @ + Z anﬂ(n))\’al/-(?’l)
n=0

for some M’s and A’s. This amounts to the equations

8L

5g7 = 2 EanmM",
n

d (8 + Z Eavﬂ(n)xaﬂ(n)) =dOr,
n

where @ is the current of the canonical presymplectic poten-
tial associated with the Lagrangian density £. We see that
each solution to the original equations of motion £, = 0
obeys also the Euler-Lagrange equations (7.1) for the weak
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Lagrangian. The off-shell acyclicity of d implies that ® =~
®,; and hence,

2~ Q2.

In other words, the presymplectic structure associated to the
weak Lagrangian and the original presymplectic structure are
equivalent.

Let the field equations (3.15) enjoy infinitesimal gauge
symmetry transformations ;¢ =V, i.e.,

LyE, =iy§E, =~ 0.

Then contracting the form (7.2) with the variational vector
field V, we obtain

Lyl ~0. (7.3)

This means the on-shell gauge invariance of the weak
Lagrangian.

Let us now apply this general construction to the case at
hand. In Sect. 5, we introduced the set of complex presym-
plectic currents (5.4) compatible with the HS field equations
(5.2). The currents are §-exact and can be written in the form

(fl)mn|h+8“)m—l,n+l>v form > 0;

Q = 8@ 3 @ =
m i m { —(wo.n|H+8Co py2), form =0.

Let us first assume that m > 0. Then, using identities (5.3),
we find

dOun = (Doyn|h480m—1.n11) — (@mn |8 D1 n41)
= (EQ, | h80m—1.041) — (hsomt i1 1A s80m—1041)
~(@mnlh+8Efy_y 1) + {@nn |- 8h—omn)
= (E@ |y 80m—1n+1) + (h@m—1n118h 4 Om_1 ns1)
—(h—mn|8ES_y i) + (h—opn| 8k omn)
= 8Lyn + (W4 ES_y 1 100mn) — (h_ EQ, [80m—1n41),
(7.4)
where E“ = 0 is the first equation in (4.8) or (5.2) and
1 - .
Lyn = E( +Om—1,n+1 1M+ Om—1,n+1)

1 A A N
+§(h—wmn|h—wmn) - <E$7]’n+] |h—wmn).

By construction, the imaginary part of L,,, gives us the two-
parameter family of weak Lagrangians
Ly =ImL,,,, m > 0.

These depend only on the gauge fields. Equation (7.4) implies
the following Euler—Lagrange equations:

8Lmn
Swpqg

— L OE© L E® —
= SP»mfl(qu"ﬁLlh*Emn - Sp:maq”1h+Em—l,n+l =0.

(7.5)

@ Springer

We see that the operators hy play the role of integrating
multipliers for the HS equations. Since fzi = 0, the opera-
tors /. are characterized by nonzero kernels. In particular,
imh+ C ker h+. As a result the Lagrangian equations (7.5)
are weaker than the original system (5.2).

For m = 0 we obtain

d©y, = —(Dwy n|H8Co n42) — (@0, H18DCp ni2)
= 8L — (H1E§ ,151800.) — (EQ, | Hy8Cons2),

where E€ = 0 denotes the second equation in (4.8) or (5.2)
and

N 1 - N
Loy = (00| HL E§,,5) — = (Hy Consal Hy Cona)-

[\

Taking the imaginary part, we get one more family of weak
Lagrangians,

ﬁO,n =Im LO,ns

which involves the Weyl fields. Now the most general weak
Lagrangian associated with the real presymplectic currents
{Imfzmn};’ﬁnzo reads

oo

EZ Z )‘fnm»cnmv

n,m=0

Anm € R.

As for the presymplectic currents (5.10), they give the stan-
dard Lagrangians for the massless scalar and spinor fields.

Notice that the Lagrangians £,,,,;, belonging to one and the
same spin are on-shell equivalent to each other modulo total
divergence:

. .
Lam = Ay = —5Im(H; ConslHy Cons). ntm =25 =2,

Due to Eq. (7.3), the local functional

S = L
AdSy

is gauge invariant when evaluated on the solutions to the HS
equations (4.8). There are strong grounds to believe that func-
tionals of this type may be used for establishing the AdS/CFT
correspondence. Usually, the role of functional § is played
by the ‘genuine’ action of the bulk fields. If such an action is
unavailable or does not exist for a given set of bulk fields, one
can try to use some other local functionals that are compatible
with fundamental symmetries of the model. In the context of
nonlinear HS theories, a concrete proposal for the construc-
tion of an appropriate functional S has been put forward in
[13].
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8 Conclusion

Let us comment on the obtained results and further per-
spectives. In Sect. 5, we proposed an anti-de Sitter invari-
ant presymplectic structure which is compatible with the
unfolded representation for the free HS fields in AdSy.
Although this presymplectic structure may not exhaust all the
possibilities, it looks most natural and reproduces the stan-
dard presymplectic structures in the case of low spins. The
classification of all possible presymplectic currents in the free
HS theories, especially for color multiplets, is an interesting
open problem. In many respects it is similar to the classifica-
tion of the usual conserved currents. The existence of gauge
invariant HS currents [29] suggests that such extra presym-
plectic structures are likely to exist in the sector of Weyl
fields. As discussed in Sect. 6, every covariant presymplectic
structure establishes a specific correspondence between the
global HS symmetries and the conservation laws. It would
also be interesting to relate the found presymplectic struc-
tures with those resulting from the frame-like Lagrangians
for the free HS fields [16,22]. Although the equations consid-
ered in this paper are non-Lagrangian, the study of presym-
plectic structures may in principle allow one to identify a
canonical presymplectic structure which is associated to an
action principle upon adding/removing auxiliary fields.

Another open problem is finding a nontrivial presymplec-
tic structure for nonlinear HS theories. The problem can be
attacked in two ways. First, one can proceed perturbatively,
adding quadratic vertices to the free field equations. Such
vertices are now available in a more or less explicit form;
see [23,30,31]. Deformation of the free equations of motion
implies a compatible deformation of the free presymplectic
structure. It would be interesting to find the latter or identify
obstructions to its existence. If we take this approach seri-
ously, then the quantum correlators of fields have to involve
the vertices coming from the deformed presymplectic struc-
ture in addition to those contained in the classical equations
of motion. This also opens the way for the study of quantum
anomalies. Second, one can start from the nonlinear Vasiliev
equations and try to find a compatible presymplectic struc-
ture. The problem here is worse than it was with the free
fields as the nonlinear system involves a larger Weyl algebra
and more field equations.

One way or the other, we see that the covariant presym-
plectic structure offers a far more flexible approach to the
study and quantization of HS theories than the conventional
Lagrangian formalism.
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