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“As far as the laws of mathematics refer to reality, they are not certain;
and as far as they are certain, they do not refer to reality.”

— Albert Einstein, Geometry and Experience (1921).






Abstract

This thesis presents new developments in the De Donder—Weyl formulation of classical field
theories which treats space and time on the same footing. The formal geometric Lagrangian con-
struction of field theories takes place on jet bundles which yields the standard Euler-Lagrange
equations, while the equivalent De Donder—Weyl Hamiltonian formulation takes place on the
affine dual jet bundles, yielding the Hamilton-De Donder—Weyl equations. The (dual) jet bun-
dles act as finite-dimensional phase spaces and their multisymplectic geometry serves as a gen-
eralization of symplectic geometry in classical mechanics, thereby underlying the variational
calculus and providing a powerful set of tools for the investigation of Noether symmetries and
constraints. Moreover, the multisymplectic construction of relativistic field theories preserves
covariance throughout the analysis of such theories and by working on sections of the (dual) jet
bundles over spacetime, it is in fact possible to derive the covariant phase space formalism of
Zuckerman [152], Crnkovi¢ and Witten [34], and Lee and Wald [108] which is more well known
in the physics literature and is, in general, infinite-dimensional.

Novel contributions of this thesis include new properties of De Donder—Weyl constraints
and natural symmetries, which we provide as newly proven mathematical propositions which
can be found in the following of our publications: [63, 75, 76]. This work also provides a
multisymplectic construction of the Poisson brackets first introduced by Marsden et al [116] to
obtain the Hamilton-De Donder-Weyl equations using the action functional in direct analogy
with the analysis in classical mechanics; we show how our geometric interpretation of this Poisson
bracket also yields the field equations and we also discuss the relation of this Poisson bracket to
the aforementioned infinite-dimensional covariant phase space formalism. Finally, we provide a
first step toward understanding the multisymplectic geometry associated with the BRST-BV
analysis of gauge theories in the Lagrangian setting. After constructing the BRST symmetry, we
find the corresponding multimomentum map and show that it yields the standard BRST charge
up to a total derivative. The novelties presented in this thesis offer a new selection of geometric
techniques that allow us to pass from the infinite-dimensional language of local functionals, to
the finite-dimensional language of vector fields and differential forms while treating space and
time on the same footing.

Key words: Physics, theoretical physics, differential geometry, gravitational fields.



LA GEOMETRIA MULTISIMPLECTICA DE LES TEORIES DE
CAaMPS CLASSIQUES EN ESPAIS DE FASES
COVARIANTS DE DIMENSIO FINITA

Resum

Aquesta tesi presenta nous desenvolupaments en la formulacié de De Donder—Weyl de les teories
de camps classiques, que tracta ’espai i el temps en peu d’igualtat. La construccié geometrica
formal lagrangiana de les teories de camps té lloc sobre les varietats de jets, donant lloc a les
equacions estandard d’Euler-Lagrange, mentre que la formulacié hamiltoniana equivalent de De
Donder—Weyl té lloc sobre els jets duals afins, donant lloc a les equacions de Hamilton—De Donder—
Weyl. Les varietats de jets (i els seus duals) actuen com espais de fases de dimensié finita, i la
seva geometria multisimplectica actua com una generalitzacié de la geometria simplectica en la
mecanica classica, tot fonamentant el calcul variacional i proporcionant un conjunt potent d’eines
per a la investigacié de les simetries de Noether i els lligams. A més, la construccié multisimplectica
de les teories de camps relativistes preserva la covariancia al llarg de I'analisi d’aquestes teories i,
treballant sobre seccions de les varietats de jets (i els seus duals) sobre Iespai-temps, és possible
derivar el formalism de I’espai de fases covariant de Zuckerman [152], Crnkovié¢ i Witten [34], i Lee
i Wald [108], més conegut en la literatura fisica i, en general, de dimensié infinita.

Les contribucions originals d’aquesta tesi inclouen noves propietats dels lligams de De Donder—
Weyl i simetries naturals, que presentem com a proposicions matematiques demostrades recentment
i que es poden trobar a les segiients publicacions: [63, 75, 76]. Aquest treball també proporciona
una construccié multisimplectica dels parentesis de Poisson introduits per Marsden et al. [116]
per obtenir les equacions de Hamilton-De Donder—Weyl a partir del funcional d’accié, en analoga
directa amb ’analisi de la mecanica classica. A més, mostrem com la nostra interpretacié geometrica
d’aquests pareéntesis de Poisson també condueix a les equacions del camp i discutim la seva relacié
amb el formalisme covariant de dimensié infinita esmentat anteriorment. Finalment, oferim un
primer pas cap a la comprensié de la geometria multisimpléctica associada a I’analisi BRST-BV
de les teories de gauge en el marc lagrangia. Després de construir la simetria BRST, trobem la
aplicacié multimoment corresponent i mostrem que proporciona la carrega BRST estandard llevat
d’una derivada total. Les novetats presentades en aquesta tesi ofereixen una nova seleccié de
tecniques geometriques que ens permeten passar del llenguatge infinit-dimensional dels funcionals
locals al llenguatge finit-dimensional dels camps de vectors i les formes diferencials, tot tractant
I’espai i el temps en peu d’igualtat.

Paraules clau: Fisica, fisica tedrica, geometria diferencial, camps gravitatoris.
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Part 1
Introduction

The concept of covariant phase space has a long-standing presence in theoretical physics at the foun-
dational level of classical field theory, with origins which can be traced back to the development
of the variational principle. The foundation of modern variational calculus was first introduced by
Leonhard Euler in 1744' in the context of classical mechanics. Since then, variational techniques
have played a crucial role across numerous areas of mathematics and physics. For conservative sys-
tems within classical physics, it is well established that the governing equations of motion—whether
dynamical equations in mechanics or field equations in field theory—can be derived from a vari-
ational principle; this involves an action functional whose stationary configurations satisfy the
system’s equations of motion.

The notion of covariant phase space then arises from the desire to carry out the variational
calculus and analysis of symmetries of relativistic field theories in a manner which respects the
covariance of such field theories throughout the analysis in both the Lagrangian and Hamiltonian
setting. In the case of Lorentz covariant field theories—that is, those which are specified by Lorentz
invariant Lagrangians on fixed background spacetimes—the objective is to maintain Lorentz co-
variance throughout the analysis in which we identify and solve the equations of motion, identify
the Noether symmetries and find the corresponding conserved currents, and identify all constraints
if any exist. Similarly, in the case of generally covariant theories—i.e., theories with a dynamical
background spacetime (or worldvolume) which under the group action of diffeomorphisms leaves
the Lagrangian invariant—the objective is to maintain the diffeomorphism invariance of such the-
ories throughout the full analysis. This, of course, is a challenge when constructing the canonical
Hamiltonian from the canonical momenta which requires a splitting of space and time, thereby
breaking the covariance of the field theory under investigation. Constructing the phase space of
the theory in a covariant manner then requires a deeper understanding of the underlying differential
geometry from which the variational calculus arises. However, the formal geometric construction
of the variational calculus for field theories continues to be an evolving field of research, with much
of the progress being made nowadays within the differential geometry and mathematical physics
communities.

Yet, this field of research is also of great importance to the physics community, especially to
those of us who are interested in gravitational theories. In most cases, including in the cases which
are physically viable given the observations of our universe, gravity continues to evade a promising
quantum description. On the theoretical side, this is partially due to the fact that space and
time are treated on a separate footing in the Hamiltonian setting. Modern gravitational theories
also fail to provide us with a full understanding of black holes; the microstate construction of
the laws of thermodynamics for physical black holes is still an open problem and the information
paradox presents an even more challenging problem which is not understood even in gravitational
theories for which we have a consistent quantum theory, including those for which we have a
microstate description of black holes. Much of the modern literature which addresses such problems
in gravitational theories involves the use of covariant phase spaces. The objective of this thesis is
to contribute to the ongoing development of the differential geometry underlying the variational
calculus in classical field theory, with the intention of expanding our understanding of covariant
phase spaces. This, in turn, could provide us with a more powerful set of tools for addressing some
of the gaps in our understanding of quantum gravity and black holes.

Before discussing the underlying differential geometry of the variational calculus in classical field

'L. Euler: “Methodus inveniendi lineas curvas maximi minimive proprietate gaudentes, sive solutio problematis
isoperimetrici latissimo sensu accepti”. 1744.
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theory, it is instructive to revisit the analogous geometry in classical mechanics which has been well
understood for several decades now (see, for instance, [1, 9, 42, 61, 85, 110, 117, 122, 138]). In the
context of mechanical systems, the variational calculus—often referred to as the simple variational
calculus—involves single-variable functions, namely the generalized coordinates ¢'(t). In particular,
one begins by constructing a configuration manifold @ on which the dynamical variables ¢’ are
parameterized curves. More specifically, the Lagrangian setting takes place on the target space of
the tangent bundle T'QQ — @Q while the Hamiltonian setting takes place either on the target space
of the symplectic cotangent bundle T*() — @ in the case of regular mechanical systems or, in
the case of singular mechanical systems, on the primary constraint submaniofold P, C T%(Q which
is presymplectic and is assumed to also have the structure of a fiber bundle over (). Then, the
action functional is formally identified as a spacetime integral mapping from the space of sections
of such fiber bundles to R and the variational problem can be posed in terms of the (pre)symplectic
structures on the aforementioned fibered manifolds. Moreover, the constraint analysis of singular
mechanical systems can be carried out using the Dirac—Bergmann theory of constraints (7, 44]
in which one extends the presymplectic structure on P, to all of T*(Q which is equipped with a
canonical symplectic structure used to construct the Dirac Poisson bracket. The Dirac—Bergmann
constraint analysis was later extended to the Lagrangian framework in [15, 16], where equivalence
with the Hamiltonian setting is specified. Equivalently, one can perform the constraint analysis
of singular systems in geometrical terms by means of the Gotay—Nester—Hinds approach [66, 71]
and similar approaches such as [115] which make use of the presymplectic structure on P, to
algorithmically identify the final constraint submanifold (if one exists) of the constrained mechanical
system. The equivalent Lagrangian geometric constraint algorithms are presented in [70, 121] (see
also [72]). Furthermore, Noether symmetries correspond to Lie group actions on () whose natural
(canonical) lifts to T'Q and T™*@Q preserve the corresponding (pre)symplectic structures.

Now, classical field theories describe the physics of some fields ¢ € C°° (M) which are functions
of several variables. We then use the multiple variational calculus to find the relevant field equations.
The configuration manifold is identified as the target space of the configuration bundle 7 : £ — M,
where the base space is taken to be m-dimensional spacetime (or worldvolume) and the space of field
configurations is given by the space of smooth sections I'(r) = {¢ : M — E}. The covariant phase
space formalism that is typically used in the physics literature to study relativistic field theories was
introduced by Zuckerman [152], by Witten and Crnkovi¢ in [34, 148], and was further developed
by Lee and Wald in [108]. This covariant phase space formalism takes place on the space of field
configurations which, under suitable conditions, is a Banach manifold that is typically infinite-
dimensional and is equipped with a presymplectic form, obtained by integrating the presymplectic
current over a Cauchy surface [108]. Similarly, the space of field configurations which satisfy
the equations of motion is an infinite-dimensional manifold equipped with a symplectic form [34].
Moreover, Lee and Wald showed us in [108] how local symmetries are associated with first-class
constraints. The first triumph of this formalism is that covariance is maintained in the canonical
Hamiltonian formulation of relativistic field theories, and the symplectic structure within the space
of solutions is independent of the choice of the Cauchy surface. This covariant phase space formalism
was used successfully in the early years to quantize Jackiw—Teitelboim (JT) gravity [123, 124]. In
addition, the rigorous differential geometry of the covariant phase space formalism provides us
with a robust tool for analyzing boundary terms in relativistic field theories (see e.g. [82] for the
state of the art), leading to Wald’s geometric derivation of the first law of thermodynamics for
stationary black holes [144] in terms of conserved quantities. The covariant phase space formalism
was further developed through the study of conserved quantities in [92, 93, 145]; for more details
on the covariant phase space formalism, see [97]. In more recent years, the covariant phase space
formalism has continued to be useful in the study of black holes, including in Stephen Hawking’s
final publication [78] written with collaborators in an attempt to define near-horizon symmetries
of black holes. The list of publications referenced in this work on the uses of the covariant phase
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space formalism is far from exhaustive.?

In the differential geometry literature, the Lagrangian formulation of classical field theories is
typically carried out on jet bundles rather than on the space of field configurations as is typical
in the physics literature. In order to formally carry out the variational calculus which leads to
the FEuler—Lagrange equations and investigate Noether symmetries of a first-order field theory, it
is sufficient to work on the first-order jet manifold J'm which is defined as the manifold given
by the set of equivalence classes of local sections of the configuration bundle w : E — M, where
two sections are equivalent at a point x € M if their Taylor expansions agree point-wise up to
first order. Furthermore, the jet manifold J'7 is an affine bundle over E. The use of jet bundles
in the analysis of field theories comes with several geometric advantages. Firstly, J'7 is a finite-
dimensional manifold as opposed to the space of field configurations which is given as the space of
local sections of the configuration bundle 7 : E — M and is thereby typically infinite-dimensional.
Moreover, the bundle structure provides J'7 with a variety of geometrically canonical structures,
including the vertical endomorphism from which we obtain the Poincaré—Cartan m-form and the
(pre)multisymplectic form called the Poincaré-Cartan (m + 1)-form? (for more details on the
multisymplectic Lagrangian formulation of first-order field theories see, e.g., [2, 46, 47, 54, 62, 131,
136]). The premultisymplectic form is then used in direct analogy with the presymplectic analysis of
time-dependent Lagrangian mechanics [28, 38] to solve the variational problem, investigate Noether
symmetries, and carry out the full constraint analysis of singular field theories . Furthermore, the
(pre)multisymplectic structure of J'm can be viewed as the geometrically canonical origin of the
(pre)symplectic structure of the infinite-dimensional phase space formalism. This allows us to pass
from the use of functionals and other integrated quantities on infinite-dimensional functional spaces,
to the use of tensors on J'7. Moreover, the covariance of relativistic field theories is maintained
on all of J'7 throughout the (pre)symplectic analysis in which one obtains the field equations,
investigates the Noether symmetries, and identifies any Lagrangian constraints that might exist.
This is in contrast with the aforementioned infinite-dimensional covariant phase space formalism
which, although maintains covariance throughout the analysis of a relativistic field theory, is only
independent of the choice of a Cauchy surface on-shell.

Performing a covariant Hamiltonian analysis that is equivalent and geometrically analogous to
the analysis conducted on jet bundles is a much more subtle task. A covariant Hamiltonian for-
malism was first explored in the 1930’s through the pioneering work of Théophile De Donder and
Hermann Weyl [36, 143] which today is often referred to in the literature as the De Donder—Weyl
Hamiltonian formalism. Their Hamiltonian analysis begins on the space of holonomic sections of
J'7 and proceeds by replacing the spacetime derivatives of the fields with the canonical multi-
momenta. In particular, the multimomenta are constructed from the De Donder—Weyl Legendre
transform in which we take the partial derivative of the Lagrangian function evaluated on holonomic
sections of J1m with respect to the spacetime derivatives of the fields. The corresponding variational
principle leads to the so-called (Hamilton)-De Donder—Weyl equations which are the field equations
that are equivalent to the Euler-Lagrange equations. However, the formal geometric formulation of
the De Donder—Weyl formalism was developed much later than the original works [25, 62, 67] and
can be viewed as a direct generalization of the simple variational calculus in Hamiltonian mechanics
to the multiple variational calculus. Instead of working with local sections, the De Donder—Weyl
framework can be constructed in formal geometric terms on the affine dual of the first-jet bundle,
denoted J'7* — E. This bundle is given as the quotient bundle J'7* = Mnr/AT(T*E), where
AT (T*E) denotes the bundle of 7m-semibasic m-forms on E and Mnm = AJ*T*E is the sub-bundle
of A™T*FE made up of the m-forms on £ which vanish by the action of two m-vertical vector fields;
the bundles Mm and J'7* are often called the extended and restricted multimomentum bundles.

2A few more references will be provided, primarily in Section 6 when we revisit the subject.
3The Poincaré—Cartan form itself is not canonical in formal geometric terms, but it is unique once the Lagrangian
for some field theory is specified.
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Now, given a Lagrangian on the jet bundle J'7, we have the extended Legendre transform which
maps from J'7 to Mz and the restricted Legendre transform which maps from J'7 to J'7*.

The extended multimomentum bundle M is equipped with the canonical multisymplectic
(m+1)-form called the multimomentum Liouville (m+1)-form. This differential form pulls back by
the extended Legendre transform to the Poincaré-Cartan (m+1)-form on J'm. Additionally, M is
a fiber bundle over J!'7* with local sections called Hamiltonian sections. It follows that, through the
pullback by Hamiltonian sections, the canonical Liouville (m + 1)-form on M7 endows J!'7* with a
(pre)multisymplectic (m + 1)-form called the Hamitlon—Cartan (m + 1)-form which, in turn, pulls
back to the Poincaré-Cartan (m+ 1)-form on J!7 via the restricted Legendre transform. Moreover,
the splitting of space and time in J'7* follows from the foliation of the base space M into leaves
consisting of Cauchy surfaces and the Hamilton—-Cartan (m+1)-form then induces the presymplectic
form of the infinite-dimensional covariant phase space formalism [50, 51, 68]. In this manner, we
also recover the standard canonical Hamiltonian which corresponds to total energy and generates
time evolution through the canonical Poisson bracket (which is also recovered from the space and
time splitting of J'7*); furthermore, the Hamilton-De Donder-Weyl equations also reduce to the
standard Hamilton equations of the canonical Hamiltonian formalism. Moreover, the splitting of
space and time naturally emerges when studying boundaries in the multisymplectic framework; see
[10, 90, 91] for the original work on boundaries within the multisymplectic framework.

However, constraints were not understood in the De Donder—Weyl formalism at the time of its
development. A constraint analysis is required to fully determine the dynamics of a field theory
when its De Donder—Weyl Legendre map is singular, which occurs when the multi-Hessian—defined
as the matrix of second derivatives of the Lagrangian with respect to the spacetime derivatives of
the fields—is singular. A geometric algorithm for performing the desired covariant constraint
analysis was developed in [37, 39] for sufficiently well behaved constrained systems; namely, we
require that the Legendre transform is almost-regular which ensures that it is a submersion onto
its image, yielding a closed fibered submanifold P, < J'7*, the primary constraint submanifold.
It follows that the premultisymplectic Poincaré-Cartan form on J'7 is related by the Legendre
map to the induced premultisymplectic Hamilton—Cartan form on P, and the geometric constraint
algorithm then uses the premultisymplectic geometry of J!'7 and P, to obtain the final constraint
submanifolds.? This analysis is geometrically analogous to how the presymplectic geometry of the
phase spaces in classical mechanics is used to perform the geometric constraint analysis (developed
n [28, 38, 70, 71, 115, 121]) of mechanical systems which is equivalent to the Dirac-Bergmann
constraint procedure for mechanics.

Furthermore, Noether symmetries are given as Lie group actions on J'm and J'7* (or on
P, in the singular case) which preserve the corresponding (pre)multisymplectic (m + 1)-forms.
The resulting conserved quantities are called multimomentum maps and are the generalization of
the momentum maps in (pre)symplectic mechanics. The multimomentum maps, represented as
(m — 1)-forms on the (dual) jet bundles, yield the standard Noether currents (which are conserved
by Noether’s first theorem) when pulled back to the base space M by local sections [40, 48, 54,
55, 58, 67, 132]. Noether’s second theorem gives us the Noether identities which are relations
among the Euler-Lagrange equations that arise due to local (gauge) symmetries in a Lagrangian
field theory; more specifically, the variational derivatives are not all independent, and the relations
among them are given explicitly by the Noether identities, which hold both on-shell and off-shell.

Jet bundles are also important because they are the natural setting on which the cohomological
construction of the global variational principle in field theories takes place. The k-order jet bundle
7F . JFm — M is given by the set of equivalence classes of sections ¢ : M — E which agree
point-wise to order k in their Taylor expansion while the infinite-jet bundle 7> : J®°m — M is
given by those which agree in their full Taylor expansion. Furthermore, the infinite jet manifold

4Tt is worth noting that final constraint submanifolds only exist for well behaved theories which fortunately
include the relevant physical theories such as General Relativity and Yang—Mills.
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J°7 has a bundle structure over jet manifolds of arbitrary order and so it follows that forms on
JFm can be naturally lifted to J°°7. The variational principle in the Lagrangian setting is posed
in cohomological terms on J*7 by constructing the Euler-Lagrange complex with coboundary dif-
ferential operator & which yields the Euler-Lagrange equations [139, 140, 141]. The operator ¢ is
of significant importance, producing the variation of fields in the variational principle through its
natural application to sections ¢. Additionally, § acts on the Lagrangian form as the sum of the
Euler—Lagrange operator plus a total derivative; in fact, the total derivative term gives rise pre-
cisely to the presymplectic structure on the space of field configurations in the infinite-dimensional
covariant phase space formalism. Furthermore, the Euler—Lagrange complex is incorporated as an
augmentation to the vertical part of the variational bicomplez [6, 8] which is naturally constructed
on J®m due to the natural splitting of the exterior derivative on J°°7 into horizontal and vertical
parts with respect to the projection 7 : J*m — M. Local symmetries leave the Lagrangian
invariant up to a total derivative and the Noether currents which are given as (m — 1)-forms belong
to the horizontal complex. Consequently, as Noether currents are conserved on-shell, they are clas-
sified by the characteristic cohomology of degree m — 1. Moreover, the Poincaré—Cartan forms on
J¥T also lie in the variational bicomplex [23]. Tt is also worth noting that the variational bicomplex
is relevant in the infinite-dimensional covariant phase space formalism [113, 130].

The BRST-BV (antifield) formalism provides the most general and systematic framework for
analyzing gauge-invariant field theories, particularly those with gauge algebras of more intricate
structure, such as reducible or open algebras. The BRST antifield analysis is carried out by
constructing the BRST differential on a jet manifold J*7 which has been augmented by graded ghost
and antighost degrees of freedom (see e.g., [12, 65, 84]). The differential operator § is incorporated
in the BRST antifield formalism as the Koszul-Tate differential which has antighost number —1 and
implements the equations of motion (and any Noether identities) through its homological resolution.
Gauge degrees of freedom are accounted for by the ghost fields and the longitudinal cohomology is
constructed out of the longitudinal derivative which is given by the exterior derivative on J*7 along
the gauge orbits of the gauge group action. The nilpotent BRST differential is then constructed as
the sum of the Koszul-Tate differential and the longitudinal derivative® and has total ghost number
+1, thus acting as the coboundary operator of the BRST complex. Then, the natural application
of the BRST differential to sections j¥¢ : M — J¥r is used to identify the physical observables
which are classified by the zeroth BRST cohomology: the set of gauge invariant functionals that are
constructed from sections which are solutions to the equations of motion. Furthermore, the BRST
transformations of functionals can be regarded as canonical transformations in terms of the BRST
antibracket (, ) which is a graded Poisson bracket on the augmented configuration manifold (see
e.g., [65, 84]). Then, the generator of the BRST transformations of functionals is the appropriately
augmented action functional S called the proper solution to the master equation (S,S) = 0 which
ensures the nilpotence of the BRST transformations.

Despite the many insights and powerful tools developed through the study of the differential
geometry which underlies variational calculus, a wide range of questions about field theories can
still be posed in formal geometric terms. The primary advantage offered by the De Donder—Weyl
approach is that it treats all spacetime coordinates on an equal footing, making it appealing for the
analysis of relativistic field theories. The formal geometric construction takes place on J!'7*, which
serves as a finite-dimensional covariant phase space. In addition, the canonical geometric structures
in the jet bundles J'7 and J'7* do not depend on the introduction of Cauchy surfaces, and they
provide us with the formal geometric procedure for the formulation of the variational principle,
analysis of symmetries, and identification of constraints, in direct analogy with geometric analysis
in classical mechanics. Nevertheless, the differential geometry of jet bundles which underlies the
analysis of field theories is still a developing field of research.

Firstly, we do not currently have a canonical Poisson bracket analysis of De Donder—Weyl

®In this work we focus our attention to the BRST formalism applied to irreducible gauge theories.
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constraints a la Dirac; instead we use the geometric constraint analysis which follows from the
premultisymplectic (m + 1)-forms on J'7 and P, — J'7*. In Section 3.3 we present some new
lemmas and propositions regarding Lagrangian and De Donder—Weyl constraints. A Dirac con-
straint formalism on J'7* does not yet exist partially due to the fact that we do not have a full
understanding of Poisson structures on J'7*. However, Marsden et al showed in [116] how the
variational principle leading to the De Donder—Weyl equations is posed from a Poisson bracket
of functionals defined on the fibers of J'7* — M. This Poisson structure was not understood at
the time in terms of canonical structures on J'7*. In Section 6.3 we introduce a geometric ori-
gin of the Poisson bracket presented by Marsden et al in [116] coming from the Hamilton—Cartan
form on J!7*; we also discuss the relation of this bracket with the (pre)symplectic structures of
the infinite-dimensional covariant phase space formalism. A related open question involving De
Donder—Weyl constraints asks if there exists a direct geometric relation between the corresponding
constraint submanifolds of J'7* and the canonical Dirac constraints on the instantaneous foliation
of sections of J'7* on which the infinite-dimensional covariant phase space formalism takes place.
In Section 6.4 we find that the conserved Noether charge of Yang—Mills which leads to the first-
class constraints in the infinite-dimensional covariant phase space formalism [108] is related to the
corresponding multimomentum maps on J'7 and J'7* up to a total derivative.

Furthermore, the notions of canonical lifts and natural symmetries on the multimomentum bun-
dles of (pre)multisymplectic De Donder—Weyl Hamiltonian field theories have not been rigorously
studied in previous literature to our knowledge (although these notions are peripherally addressed in
[67]). However, the notion of canonical lifts of Lie group actions and their generating vector fields on
jet manifolds has been well understood at a rigorous level for many years (see e.g., [136]). Moreover,
the natural symmetries on jet bundles which arise from such canonical lifts have been well under-
stood in terms of (pre)multisymplectic geometry [2, 3, 35, 40, 46, 48, 52, 54, 62, 67, 105, 132, 136];
for an overview of symmetries in the (pre)multisymplectic Lagrangian setting, see [55, 58, 75].
In this work, we present a formal mathematical definition of the canonical lift of a configuration
bundle diffeomorphism and of a vector field on the configuration bundle of a field theory to the
extended and restricted multimomentum bundles on which the multisymplectic De Donder—Weyl
Hamiltonian formulation of field theories takes place. The notion of natural symmetries in the mul-
tisymplectic De Donder—Weyl framework thereby follows, along with a variety of new propositions.
We also give a preliminary definition of canonical lifts for field theories that are singular (or, more
specifically, almost-regular [37, 134]) in the De Donder—Weyl sense. The De Donder—Weyl Hamil-
tonian formulation of almost-regular field theories takes place on an embedded primary constraint
submanifold of the restricted multimomentum bundle. However, the definition we provide for the
canonical lift of a group action to embedded submanifolds of J'7* requires the invariance of the
primary constraint submanifold under the lifted group action. This requirement is quite restrictive,
and a more general definition would be desirable. Prior to this work, the usual way to obtain the
appropriate symmetries in the De Donder—Weyl setting resulting from canonical lifts was to first
work out the full analysis in the Lagrangian setting and then project the constraint and symmetry
structures onto the Hamiltonian setting via the Legendre transform [75]. The results presented
here allow us to go directly to the De Donder—Weyl formalism.

The final topic we address in this thesis is the Poincaré-Cartan geometry of J'7 when perform-
ing the BRST-BYV analysis. In Section 15.5 we show how the augmentation of the configuration
manifold by ghost fields and antifields alters the vertical endomorphism on J'm for first-order
field theories. We then construct the Poincaré-Cartan m-form from the appropriately extended
Lagrangian on .J!'7 given by the proper solution to the master equation. The Poincaré-Cartan m-
form is also invariant under the BRST transformations since they are a symmetry of the extended
Lagrangian. We compute the multimomentum map (m — 1)-form on J!7 associated with the BRST
symmetry and show that it coincides with the standard BRST charge up to a total derivative when
pulled back by holonomic sections and integrated over a Cauchy surface > C M; we work out the
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case of Yang—Mills theory explicitly.

Some of the novelties presented in this thesis can be found in our published works [63, 75, 76]
while more recent novelties will appear in future publications.
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Part 11
Variational Calculus and Noether Symmetries

1 Preliminary Differential Geometry

This chapter gives an introductory presentation of the differential geometry of the fiber bundles
on which we construct field theories. For a comprehensive textbook treatment of fiber bundles,
the reader is referred to [107] for example. Some standard textbooks on jet bundles relevant for
Sections 1.2 to 1.4 include [105, 133, 136]. See [25, 49, 81] for more details on multimomentum
bundles, discussed in Section 1.6.

1.1 The Configuration Bundle

Let spacetime (or worldvolume) be an oriented m-dimensional Lorentzian manifold M with local
coordinates z* and volume form with local expression d™z = dz® A --- A dz™ ! and metric with
components g, and signature (— + ---+). Furthermore, let 7 : E — M : (z#,y) — 2 be a
fiber bundle (with dim E = m + n) which serves as the configuration bundle of some classical
field theory on M. We denote smooth local sections as ¢ : Uyy € M — E : 2t — (2, ¢4 (z)),
where Uy; € M is an open set and we recall that the ¢4 € C°°(M) are the fields of the theory
under investigation. This means that the space of field configurations is given by the space of
sections I'(7) which is typically infinite dimensional as the space of smooth functions on M usually
is. Furthermore, we have the tangent bundle of E

5 :TE — F | (1.1)

in which each fiber T, E over some point x € M is the tangent space of M at x. Sections of the
tangent bundle are called vector fields on E, and the set of all such vector fields is denoted by
X(F). Next, we have the set of m-vertical vectors Vr = ker(w,) C TE. The tangent bundle TE
comes with the distinguished sub-bundle called the w-vertical tangent bundle:

TE|V7r Vo - F, (1.2)

and sections of this bundle are called w-vertical vector fields on E and are denoted XV™(E). In
fact, we have the following short exact sequence of vector bundle morphisms:

0 —Vr —TE — 7" (TM)—0
Furthermore, the cotangent bundle of E
T8 :T"E — E , (1.3)

comes with the distinguished sub-bundle called the m-horizontal cotangent bundle of E:

TE| e ey : 7 (T°M) — E . (1.4)
The target space 7*(T*M) C TFE is the set of m-horizontal covectors on E which are those which
annihilate m-vertical vectors in TE.

It is well known that the sub-bundles 7*(7* M) and V7 do not have distinguished complements
[136]. Instead, one can obtain complements to these sub-bundles in a manner that is not canonical
by introducing an Ehresmann connection on E which is defined as a type (1,1)-tensor field
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V on E which satisfies V*a = « for all m-semibasic forms a on E. The local expression for the
connection is 5 5
V=d*® < +14

Ol P ayA> el (?E|7r*(T*M)) @I (TE) , (15)

given some smooth functions Fﬁ € C*°(FE). Upon making a choice for the connection V by
specifying the F;‘, the tangent bundle is split into the direct sum of the following two sub-bundles:

TE=H(V)Vr. (1.6)
Similarly, the cotangent bundle of E can also be split as
T"E=H"(V) V't . (1.7)

However, these splittings are not canonical since they depend on the choice for the connection V.
Instead, distinguished complements to V7 and n*T*M exist upon introducing jet bundles which
carry the structure of holonomic vectors and contact forms as follows.

1.2 The First-order Jet Bundle J'r

Given a point & € M, two sections ¢, of m are 1st-order equivalent at x if ¢(z) = ¢(x) and
0udle = 0udly (where 0,0 = 0¢/02"), and hence T,¢p = T,¢. The corresponding equivalence
classes, denoted jl¢, are called the 1-jets of ¢ at x. Then, the first-order jet bundle J'r is
defined as

J'r={jl¢:xe M,p €T(1)}, (1.8)

with dimJ'm = m+4n+mn. Furthermore, J'7 has the structure of an affine bundle over E and M as
w4 Jir — Eand 7': J'r — M. A section of 7! is said to be a holonomic section if it is the first
jet prolongation to J'r of a section ¢ € T'(7) denoted j'¢p : M — Jlm : ot v (zH, ¢4, ﬁugbA); the
space of holonomic sections will be denoted J L. The holonomic lift to J'7 of a tangent vector
£ €T, M at the point z € M is defined as

(¢4(€),jz®) € (70)*(TE) . (1.9)

(m)

Sections of A™(TJ'r) = TJ'r A...ATJ 7 are called m-multivector fields ¢ on J'7 and they
are the contravariant skew-symmetric tensor fields of order m on J'w. The set of m-multivector
fields on Jl7 is denoted X™(J'm). We will later show how a certain class of Hamiltonian m-
multivector fields on J!'7 characterize the solutions to the variational problem posed on Jlm. A
multivector field is said to be a holonomic multivector field if it is 7w'-transverse, integrable,
and its integral sections are holonomic sections of wé. The space of holonomic vector on J'r is
given as

0 0
1 _ _ A
Hol(J ) = Span {(% i + v, ayA} ; (1.10)
which is the span of the total derivatives of smooth functions on F. It is also worth noting that
a first-order differential equation on m: E — M is an embedded submanifold S < J'7 and a
solution is a local section ¢ : Uy; C M — E which satisfies j;aﬁ € S for every p € Uyy.

Now, the distinguished sub-bundle of TE given by the bundle Vr has a complement when
pulled back by 716; namely, the complement of (7r(1))*V7T is the sub-bundle of holonomic vectors on
Jlm. Tt follows that,

(m3)*TE = (n3)* Vi @ Hol(J'7) . (1.11)

5We refer the reader to Appendix A for further details on multivector fields.
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Moreover, (m§)*TE can be canonically embedded as a sub-bundle of TJ'w. Furthermore, Jlrm
comes equipped with the contact 1-forms,

A A A
0" =dy” —y, dat . (1.12)
Note that the pullback of the contact form by a holonomic section vanishes:
jle et =0 . (1.13)

The sub-bundle of (7})*T*E composed of the contact 1-forms is denoted Cont(J'7) and is com-
plement to the sub-bundle given by the pullback by m} of m-horizontal covectors, 7*T* M, hence

(rd)*T*E = (xd)*(7*T* M) & Cont(J'x) . (1.14)

As before, (73)*T*E can be canonically embedded into T*J'wr. Similarly to TE as seen in (1.11),
the canonical splitting of T*E into two distinguished sub-bundles occurs only upon pulling back
by 7t to Jli.

Remark 1.1 The first-jet bundle 7} : J'm — E is an affine bundle modeled on the vector bundle

TE|lVr @ TE e (reany : VI QT T M — E . (1.15)

Now, the tangent bundle of J'x,
T TJir — Jho, (1.16)
comes with the distinguished sub-bundle called the 7'-vertical tangent bundle:
Trinlyat s Vol — Jio . (1.17)
Furthermore, the cotangent bundle of J'r,
T T* ' — Jho (1.18)
comes with the distinguished sub-bundle called the 7!-horizontal cotangent bundle of J'r,
Triel ey ey o (7)) (T*M) — Jhr (1.19)

Now we may ask if the distinguished sub-bundles Va! C TJ'7 and (71)*(T*M) C T*J'7 have
distinguished complements. Similarly to before, distinguished complements are obtained by lifting
to the second-order jet bundle J?x.

Instead, one can again obtain complements to these sub-bundles in a manner that is not canon-
ical by introducing an Ehresmann connection on J'7, now defined as a type (1, 1)-tensor field
on J'7 which satisfies V*a = « for all 7!-semibasic forms on J!'7 and has the following local
expression:

) 4 0 4 0 -
v — dayu ® <axu + F“ ayiA + Fﬂyay’;‘) - F (TJlﬂ‘(ﬂl)*(T*M)) ® F (leﬂ.) . (120)
Then,
TJ'rn=H(V)e Vsl | T*J'n=H*(V)e V'l . (1.21)

The first-jet manifold J'7 also comes equipped with the canonical type (1,2) tensor known as
the vertical endomorphism which is given as,
0 0

0l @ — . 1.22
S ®axu®ayf} (1.22)
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The volume form d™z on M can be lifted to both E and J'7 by pullback of the corresponding
projection maps 7 and 7w!. It is typical to see the vertical endomorphism given in terms of its
contraction with the volume form as a type (m, 1) tensor:

S=0"ANd" 2, ® (1.23)

oy
The vertical endomorphism vanishes on holonomic sections, and maps wé-horizontal vector fields
(that is, those which satisfy (7}).X = Xg for some Xg € E) to mi-vertical vector fields (those which
satisfy (m3).X = 0). A first-order field theory is given by a Lagrangian form L = #d™x with
Lagrangian function ¥ € C*(J'r). As we will discuss in the following section, the contact form
above is the vertical exterior derivative of y as #4 = d,y”. We then have the Poincaré—Cartan
m~form,

m 6 m— m
Oy =8(d2) + Zd x——a'zAHA/\d Yz, + 2d™x (1.24)
where
m— m 1
A"y = MO = (g o da” A
1
m—2 — . m,. _ n3 .. Hm
d™*xy, = i(0,)i(0,)dx =2 2)!€UVN3"'Hmdx A Adatm, (1.25)

A%y e = 1Oy -+ (0 ) AT = €ty

The Poincaré-Cartan m-form O ¢ is the principle Lepage equivalent of L (see e.g. [105, 136]).
Furthermore, the Poincaré—Cartan (m + 1)-form is defined as,

Qy=-d0y . (1.26)

In the following chapters we will discuss how the Poincaré—Cartan structure shown above is used
to carry out the variational principle and study Noether symmetries in first-order field theories.

1.3 The k-Jet Bundle J*r

The k-jet bundle J*7 is defined as
Jn={jk¢ .z e M6 €T(n)}, (1.27)

where now have the k-jets denoted qub are the equivalence class of sections that are k-order
equ1valent at x € M. The jet manifold J*r comes with projection map 7* : Jkr — M
( YA yu,...,yﬂ1 “k) — z* and the k-jet prolongations are given as j*¢ : M — JFr : zt —
(zH, ¢4, ,...,gb“l ). Note that the configuration bundle 7 : £ — M is in fact the zeroth-jet
bundle Furthermore, given two jet bundles of different order, J*7 and Jlr with 0 < <k, it follows
that 771 Jkn — J'w is a fiber bundle and wkH Jktlr — ka is an affine bundle.

Now, the holonomic lift to J**'7 of a tangent vector ¢ € T, M at the point & € M is defined
as

(50-(),75710) € (w1 y (7). (1.28)

In general, J*7 comes equipped with the set space of holonomic vectors which is spanned by
the total derivatives as

0 0
Hol(J*7) = Span { 9, = — 5o +Z Yyin.os 5 : (1.29)
yljl Vs
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Now, the total derivatives of functions on J*r exist as holonomic vectors on J*+17. Furthermore,
the contact 1-forms
A _ A A
H,ul...,ui - dypl...m - yu,ul...,uidmu ’ (130)

with i € {0,1,...,k}. Furthermore,
5Fe 05 L. =0. (1.31)

The set of 1-forms on J*m will be denoted Cont(.J kw). Now it follows that the distinguished sub-
bundles V¥ c TJ*7 and (7*)*(T*M) C T*J*r have distinguished complements when pulled back
by 7Tk+l s,

(T (T TR r) = (aft)*Vak @ Hol(JFr) | (1.32)
and

(k) (@ T4 m) = (=) (65 (T M) ) @ Cont(J4 1) (1.33)

Moreover, it is possible to choose a connection on J*7,

V:dx“®< +Z o G ) : (1.34)
vy...V4

€ C>®(J*).

A Lagrangian system of order k consists of the k-jet manifold J*7 and a Lagrangian
density denoted L = .Zd™z € Q" (J*r), where £ € C>®(J*r) is the associated Lagrangian
function. Note that the Lagrangian density is 7*-semibasic by definition. The Poincaré-Cartan
m-form on J*r is given as:

by specifying the functions I'4

Q.. v;

1—r

Oy = L+Z<kz

Oy
=0 ayVl Ve i p

0ZL

vi...Up

o4 ) ANz, (1.35)

The Poincaré—Cartan © ¢ is the principal Lepage equivalent of the Lagrangian density L (see e.g.
[105, 136]); the resulting variational problem is equivalent since j*¢*L = j*¢*© ¢, as a simple
calculation in coordinates shows. We should note that the principal Lepage equivalent © ¢ to L is
determined uniquely only up to k = 2, relevant for second-order field theories.

1.4 The Infinite-Jet Bundle J*7
Finally, we define the infinite-jet bundle J°°7 as the set of infinite-jets
Jr={jp:x e M,p€'(m)} . (1.36)

The infinite jet bundle J°°7 has induced local coordinates (x“,yA,yf), 4 -) which can be

y/llLLQ’ .
written in terms of the multi-index J = {@, 1, p1p2, -} as (z#,y3). Jet bundles of finite order

lack some geometric features possessed by J>w.

The exterior derivative on J°°m splits canonically into horizontal and vertical parts d = dy +dy

as
0 0
— dr* I A 7
dp =da" ® 09, = dw ®<8x“+y"‘]8y§‘> , (1.37)
dy = (dyf — yihdat) ® 9 _ 05 9 (1.38)
K 8y_’]4 8yj‘
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Now 9, is the total derivative on J°°7 and the forms 934 = dyj4 — yl’:‘de“ are the contact 1-forms
on J°m and yield a basis for m*°-vertical differential forms on J°°7 which is called the contact
basis. It follows that [6]:

¢ (def) =0 , ¢ (dnf) =d (™97 f) , (1.39)
for some f € C*°(J*m).

Furthermore, the exterior derivative on J%r is given as,

B, > ) .
d=de* @ — + Y dy? —de"* @ — +dyd @ — . 1.40
T a2 W O g = g i gy (0

Taking the exterior derivative on J°°7 to act on an arbitrary function f € C°°(J*°7) and composing
with the jet prolongation j°°¢ allows us to write,

of

df oj®¢ = dxt
foi™e ( v ay
which gives the exterior derivative on the space of holonomic sections J*°x. Formally, df o 7%°¢
is a differential form along the map j*°¢. In the physics literature, this derivative is often denoted

as:

) 0
+dyt® ‘};er ®a";+ >oj°°¢, (1.41)

0 4 0 0 4 O
d:dxu®8“:dxu®(w+¢ﬂa¢,4+¢MV8¢A+ >:dx“®<au+¢u']%4> . (1.42)

This notation makes sense when the exterior derivative on J°°m shown above acts on functions
given as F(¢) = f o j®¢p € C°(T> ).

Finally, we have the Ehresmann connection on J°r which is defined as a type (1, 1)-tensor
field V on J*°7 which satisfies V*a = « for all 7°°-semibasic forms « on J°°w. Now, the local
expression for V is given as

0 0 B, 0 B,
= dz* ST C T, = dzH r4. ) . 1.4
V=dzx ®<8x“+ b gy + ’“’8y + - ) dz ®<8“+ “Jayj]“) (1.43)

The FﬁJ are now arbitrary functions on J°7 that can be chosen to be Fﬁ] = yl‘?_], yielding the
natural flat connection admitted by 7 : J°°m — M which is locally spanned by the total derivative
8] as V =da ® 0.

We point out to the reader that we will denote both exterior derivatives on J*°m and M as d
and we will specify which of the exterior derivatives is being used; we will also share the notation
for 0, on both spaces.

1.5 The Euler-Lagrange Operator

We now introduce the Euler—Lagrange operator, relevant in the study of Lagrangian field theories.
Other discussions on the Euler-Lagrange operator can be found in [6, 12, 23, 84, 139, 140, 141] for
instance.

The Euler—Lagrange derivative on J°°r acting on some arbitrary function f € C°°(J%7)

as,
of _ 0I5 (9 of = ()Ml (2
5y = 9y (a A>+aa (a A>+ = (=1)"1o; (8%) : (1.44)
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Furthermore, the Euler—Lagrange derivative on J°°7 is defined by composing with j*°¢ as

of . of .

L 5%¢ = (=1)MI = X4 1.4
(SyAO] ¢ ( ) 0y <8y34>0] ¢ ( 5)
Then the Euler-Lagrange derivative acts on some arbitrary function F(¢) = f o j®¢ € C°(J*7)
as

0OF oF of .
=)oy (=) = =5 0% . 1.46
(5¢A ( ) J 6(?"]4 (5yA °j7¢ ( )
Finally, we define the Euler—Lagrange operator E on J®r as
A 4]
E=0'e — . 1.47

Now, since the Euler-Lagrange operator and derivatives are defined on J*7m (and J°°7) and, in
general, we have the natural projection 77° : J®m — Jk7, it follows that the Euler-Lagrange
operator and derivatives can also be constructed on J*7 (and J*7) in general.

Notice that the Euler—Lagrange derivatives involve total derivatives. This means that for a
Lagrangian function of order k, its Euler-Lagrange derivative is given on J**17r. Later, we will
discuss in geometric detail how the Fuler—Lagrange equations, defined by the vanishing of the
Euler—Lagrange derivative of a given Lagrangian function, provide the solutions to the variational
problem associated with that Lagrangian.

The submanifold ¥ ¢ J*+17 given by

0.7
SuA

14
0. (1.43)

vl

for some Lagrangian . € C°°(J*r) will be called the Euler—Lagrange submanifold (or sta-
tionary surface) on J*t!7. Furthermore, the corresponding Euler-Lagrange derivative along

T 1r is given as
0L i1 (0L
W =J "¢ @7 ) (1.49)
where we use the slight abuse of notation j*T1¢*.% = #. Moreover, we also have the submanifold
X4 C J*+1r given by
0L
Rt 1.

which we call the Euler—Lagrange submanifold (or stationary surface) on J"*!x.

In this thesis, we work exclusively with first-order Lagrangians . € C°°(J!'r) and it thereby
follows that the Euler-Lagrange equations are second-order differential equations, yielding
the stationary surfaces ¥ C J 21 and Yo CJT 2r.

1.6 The Extended and Restricted Multimomentum Bundles

The geometric framework for the De Donder—Weyl Hamiltonian formulation of first-order field
theories begins by first introducing the extended multimomentum bundle Mnr = AJT*E
which is the bundle of m-forms on E vanishing by the action of two w-vertical vector fields. This
manifold has natural coordinates (z*, y4, p’i,p), and hence dimMnm = m+n+mn + 1. As
Mm = APT*E is a sub-bundle of A™T*E, the multicotangent bundle of E of order m, it follows
that M is endowed with a canonical form, the “tautological m-form” © € 2™ (M), which is
defined as follows: if p = (y, () € M with y € F' and ¢ € AT} E, then, for every Xo,..., Xm-1 €
Ty ¢ (M),

6(%0 (Xo, ey Xm—l) = C(T(y,of&(Xo), ey T(y,o?i(Xm_l)) y (1.51)
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where 6: Mm — E is the natural projection. Consequently, Q = —d© € 2™+ (M) is a multi-
symplectic form. The local expressions of these forms are,

0= pidyA A", +pdTe . Q= —dpf A dyt Ad™ e, —dp Ad™a (1.52)

and are known as the multimomentum Liouville m and (m + 1)-forms of M respectively.

The quotient bundle J17* = Mnr/AT(T*E), where AT (T*E) denotes the bundle of 7-semibasic
m-forms on E, is called the (restricted) multimomentum bundle of E and has natural coor-
dinates (z#,y*, p4y).

Remark 1.2 The multimomentum bundle J'n* — E is the affine dual bundle to J'm — E and is
modeled on the vector bundle T™*TM & V*r — E [25].

Sections h: J'7* — M of the bundle o : Mn — Jln* are called Hamiltonian sections.
Hamiltonian sections can be used to define the forms,

O =h*'0c N™(J'7*), Qup=-dO0, =h*Qc Q™ (Jix*), (1.53)

which are called the Hamilton—Cartan m and (m + 1) forms of J'z* associated with the
Hamiltonian section h. A Hamiltonian section is locally specified by

h(z#, y?,py) = (e, v plhp = — (2", y5,p%)) (1.54)

where 7 is the De Donder—Weyl Hamiltonian function. Then, the local expressions for the
Hamilton—Cartan forms are:

O =phdy* Nd" a, — #A"x Q= —dpy Ady? AT, A Ad™e . (1.55)

The form Q_ is multisymplectic and the pair (J'7*, Q) is called a regular Hamiltonian sys-
tem. The natural projections (submersions) are listed as follows,

o Jint o E (w“,yA,p‘/f‘) = (M, g (1.56)
7o Jlnt = M (x“,yA,p‘;‘) — (a") (1.57)
o Mm— Tt (ot g ol p) — (2t ) (1.58)
oc=T100: Mmr— E: (x“,yA,pi,p)H (z", y™) (1.59)
oc=moo: Mm— M : (x“,yA,pi,p)H ("), (1.60)
and are depicted in the following diagram:
Mmr d Jrr
(1.61)

Furthermore, sections of 7 will be denoted as 1 : M — Jia* : at s (x, ¢4, 7).
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1.7 Locality

This section is devoted to discussing the notion of locality in precise mathematical terms. The
terminology found in this section differs from what is often used in the mathematics literature
and instead follows the terminology found in the physics literature, such as in [12]. Locality is
a fundamental concept in field theory which originates from the treatment of fields and their
derivatives as independent variables in the calculus of variations; namely, the equations of motion,
field transformations, constraints, and gauge fixing conditions are expected to depend on the fields
and their derivatives at each spacetime (or worldvolume) point. The jet bundle formulation of field
theories provides us with a geometric origin for discussing locality.

A function f € C*®(U), U C J'x, is called a local function. Local functions satisfy the
following lemma [12]:

Lemma 1.1 Given a local function f € C(Jm), it follows that
=0 & f=0.4", (1.62)
for some j* € C°(J*®).

A local form is a semi-basic on J°m; therefore, a local p-form is written in local coordinates

as,
1
wP = me...updx’“ A« Ndatr (1.63)
where the wy,, ..., are local functions. Such differential forms are also known as horizontal forms as
discussed later in Section 14.

Furthermore, a local functional F[¢] is defined as the base space integral of a local function,
given by the following map:

Flg] : Tt - R:j%¢ — / d™z % f . (1.64)
M
Note the following lemma [12]:

Lemma 1.2 Given two local functionals F[¢] and G|¢], it follows that
o d
Flf,9]=Glg.¢] < [f—g=0u" ie csyﬁ(f—g)zo : (1.65)

Locality requires that the equations of motion, field transformations, constraints, and gauge
fixing conditions of some field theory are given in terms of local functions composed with jet
prolongations j*°¢. We then usually integrate over spacetime, or some hypersurface in order to
obtain conserved charges or energy, for example. This means that the functions on the space of
sections I'(7>°) which we use are those which are given by the pullback space of j>°¢; that is,
functions on J*°.

2 Multisymplectic Field Theory

We now turn our attention to the variational calculus of regular first-order field theories.

The original work on the multisymplectic formulation of classical field theories are the following:
[4,98,99]. See [2, 46,47, 54, 62, 131] for previous work on the multisymplectic Lagrangian formalism
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and [25, 62, 67] for more on the multisymplectic De Donder—Weyl Hamiltonian formalism for first-
order field theories.

Regular field theories are naturally formulated on J'7 and J'7*, both of which are multisymplec-
tic manifolds when the field theory under investigation is regular. Given a differentiable manifold
F, a differential form Q € 2%(F) (k > 2) is 1-nondegenerate if, for every p € F and Y € X(F),
it follows that i(Y)Q, = 0 <= Y|, = 0. A differential form Q € 2%(F) is called a multi-
symplectic form if it is closed and 1-nondegenerate and (F,2) is then called a multisymplectic
manifold. Furthermore, when () is closed and 1-degenerate, it is called a premultisymplectic
form and (F, ) is called a premultisymplectic manifold.

We show in detail how the jet bundle J'7 is used to carry out the variational calculus in the
Lagrangian formalism while the De Donder—Weyl Hamiltonian formalism takes place on the affine
dual Jl7*. Tt is also worth noting that in the case where M is taken to be (0 + 1)-dimensional, the
entire geometric structure reduces to that of time-dependent mechanics, where the configuration
bundle is (locally) given as 7 : R x @ — R and the presymplectic geometry of J!7 = R x T'Q and
Jir* = R x T*Q is used to carry out the variational calculus [28, 38].

Now, consider the general geometrical setting that consists of the fiber bundle x: F' — M with
sections 1, : M — F, where F = J'7 in the Lagrangian formulation and F = J'7* in the De
Donder—Weyl Hamiltonian formulation. The corresponding multisymplectic form Q € 2™+(F)
must satisfy the so-called variational condition given as

iY1)i(Y2)i(Y3)2=0, (2.1)

for all k-vertical vector fields Y7, Ys, Y3 € XV (F), in order to ensure that the geometric formula-
tion of the standard variational calculus is well posed.

The characterization of solutions to the variational problem will be given in terms of multivector
fields. We remind the reader to see Appendix A for required definitions and properties involving
multivector fields.

2.1 Lagrangian Formalism

Given a Lagrangian L = f(x“,yA,yﬁ‘)dmx € 2™(J'r), the De Donder—Weyl Lagrangian
energy function Eg € C*(J'r) is defined as

agA

The Lagrangian is said to be regular when the generalized Hessian matrix
0*°Y
HY, = 2.3
AB — ay 8:1,/” ( )
is non-singular everywhere. We now rewrite the Poincaré-Cartan m-form © ¢ € X™(J'7) as
-z
Oy = 3 Ady ANd™ g, — Egd™a (2.4)
and the Poincaré-Cartan (m + 1)-form Qg € X (Ji7) as
(24
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The field equations for this system are obtained from a variational action principle posed on
Jlw. The action is a functional on the set of sections I'(7!') given by I'(M, J'n) — R : jl¢ —

/ (j'¢)*©.¢ and is denoted simply as,
M

sl = [ o= [ (lores. (2.6
M M
The variational problem on Jl7 requires that we find the critical (stationary) sections of the action:
ss= 5| [ utonn=g| [ (eres —o (27)
_dSS:(]Mj s _dss:()Mj sf_ I .

for variations jl¢s = ns0j'¢ of jl¢, where 1, is the flow of a m!-vertical vector field on E compactly
supported on M. Critical sections are characterized as follows:

jl¢ is a holonomic integral section of a class of integrable, locally decomposable, 7!-transverse
multivector fields {X ¢} C X™(J'7) (that is, a holonomic multivector field) which satisfy

iXg)ey =0 , forevery Xy e {Xg}. (2.8)

Furthermore, we choose a representative of the class {X ¢} which is a normalized and 7!-transverse
multivector field so that

iXg)d"zx=1. (2.9)
The local expression for X ¢ is given as,
m—1 m—1
0 4 0 4 0
ng/\oxu: /\O (MJFHMMJFHW@ ) , (2.10)
p= p=

and the fact that this multivector field is holonomic ensures the SOPDE condition H, f = y;‘ is
satisfied. Then, it follows from equation (2.8) that the holonomic integral sections of X ¢ is

i(('0)™) (2 05'¢) =0, (2.11)

which are the field equations. In the Lagrangian setting, these are in fact the Fuler—Lagrange

equations expressed as:
0L . 0L .
&70]1@5—6“ (ayA o]1¢> =0. (2.12)

The field equations can be characterized equivalently as (j1¢)* i(X)Qg = 0, for every X € X(J'7);
see also [46, 54, 62] for other equivalent statements.

Remark 2.1 The variation of the action (2.7) for a first-order field theory is given explicitly as,

5S = /dm H%A Oy (gjj)]wmra (gjij)}

:/M [E(Loj1¢)+dmx®8# <8¢A5¢ ﬂ (2.13)
_ -1 n
= [ tos (B - o) |
M
where,
0L 4 0L = A
0y = 99 Ae Ad 1%:@(@ A"z, (2.14)

It therefore follows that (see [152])
dyL=E(L)—dy0 , dL=E(L)+d,0y . (2.15)
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2.2 De Donder—Weyl Hamiltonian Formalism
See, for instance, [25, 37, 48, 67, 81, 131] for more details on the multisymplectic analysis of the
De Donder—Weyl Hamiltonian formalism.
The field equations are obtained from a variational principle on J'7* in which the action is a
functional on the set of sections I'(7) given by T'(M, J'7*) = R : ¢ / "0 5. The objective is
M

to find sections that are critical (stationary),

d
*Q,, = 2.1
dS s=0 /M ws 7 0 ’ ( 6)

for variations 15 = 1, o 1 of ¢, where 7, is the flow of a 7-vertical vector field on J'7* compactly
supported on M. Critical sections are characterized as follows:

1 is an integral section of a class of integrable, locally decomposable, 7-transverse multivector
fields {X »} C X™(J'7*) which satisfy

iXw)Qw =0 , forevery Xy € {Xp}; (2.17)

then, if ¢ is an integral section of X, the relation (™ = X , o holds (see Appendix A).
Furthermore, it is possible to choose a representative of the class {X »} which is a normalized,
T-transverse, multivector field such that

i(Xp)dmze=1. (2.18)

The local expression for X » is given as,

m—1 m—1 9 A ) , o
Xp= \X.= N\ @JFHW?JFHAMw : (2.19)
pn=0 u=0 A

Them, the field equations which follow from equation (2.17) for the integral sections of X ,» are

(MY Qp0p) =0 . (2.20)
Now, these are the Hamilton—De Donder—Weyl equations expressed as:

o o
G oV o Ouhov)=—F 50w (2.21)
A

au(l/A oy) =
Once again, the field equations can equivalently be characterized as ¥*i(X)Q, = 0, for every

X € X(J'7*). See also [49, 131] for other equivalent statements.

The extended Legendre map, Z7ZL: J'r - M, and the (restricted) Legendre map,
FL =0c0FL: J'r — Jin*, associated with a Lagrangian . € C°°(J1r) are given locally as

— — s s 0.7
FL =t FLyA=yr | FL P =T FL p=2— Tyl
oy ayA H
0.2 '
FL M =al FLY =yt FL = 5
Yy

The Lagrangian function is regular if, and only if, #.% is a local diffeomorphism. As a particular
case, .Z is hyper-regular if .% % is a global diffeomorphism. It is worth noting that the regularity
of a field theory is a quite demanding condition that is not met by many of the important physical
field theories, e.g. Yang-Mills and General Relativity among others.
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In the (hyper-)regular case, the map h = FZ o F2 ' is a Hamiltonian section which is

associated with .Z and, as E¢ = Z, the De Donder—Weyl Hamiltonian function is given

dy Ayu
as,

H = (FL VEy =ph(FL )yl —(FL)y L eC™J'n"). (2.22)

The following diagram illustrates the relations between the multisymplectic spaces discussed thus
far:

M

7Z UD b (2.23)

It follows that # Z*0 4 = O ¢ and F.L* Oy = Qg.

The pair (J'7*,Q ) is the Hamiltonian system associated with the regular Lagrangian system
(Jim,Qg).

3 Premultisymplectic Field Theory

We now turn our attention to field theories in which the Legendre transform .#.%Z : J'n — Jin* is
not invertible; such field theories are said to be singular. Equivalently, field theories are singular
when the corresponding multi-Hessian (2.3) is singular. The first formal geometric treatment of
singular field theories in terms of premultisymplectic geometry was in [37]. Furthermore, see [39]
for the development of the geometric constraint algorithm. Here we present new lemmas and
propositions which further describe the premultisymplectic constraint structure; the new results we
present in the section were published in [63].

Understanding singular theories is crucial, as they include most field theories of physical interest
such as Yang—Mills and General Relativity. In order to ensure the existence of an equivalent De
Donder—Weyl Hamiltonian formalism and to have control of the constraint structure arising from
the variational problem, the singular theory under investigation must be sufficiently well behaved
[37]. In particular, we require that the Legendre transform falls under the following definition:

Definition 3.1 A field theory is said to be almost-regular if the following properties are satisfied:

1. P, = ImZ % is an embedded submanifold of jo: Po < Jio*,
2. F.ZL is a submersion onto its image, and

3. for every p € J'x, the fibers F.LN(FL(p)) are connected submanifolds of J'r.

A more restrictive definition of almost- regularlty which implies the one given above is considered
in [37} by demanding that: (i) P, = ImZ.Z is an embedded submanifold 7. Jo: Py > M, (ii)
FZL 1s a submersion onto its image, and (iii) for every p € J'x, the fibers Z.2 1 (F.Z(p)) and

FL ( FZ (p)) are connected submanifolds of J'7. Both definitions are locally equivalent. Other
alternative definitions are also considered in [59, 134].

An algorithmic method to find all constraints of an almost-regular field theory is needed in
order to understand its full dynamics and ensure the existence of a stable solution to the variational
problem. One of the most important geometric characteristics of almost-regular field theories is
that the corresponding manifolds J'w, P, C J'r*, and P, C Mn are all premultisymplectic.
The geometric algorithm which gives the intrinsic global description of the constraint structure in
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premultisymplectic systems is developed in detail in [39] using the multivector field characterization
of the variational principle and is given as a generalization of the algorithms in time-dependent
singular mechanics arising from the presymplectic geometry of J'r = Rx TQ and J'7* = RxT*Q
[28, 38]. Here we give the corresponding geometric constraint algorithm in terms of local coordinates
as opposed to the intrinsic global description given in [39].

Now, consider the general geometrical setting that consists of the fiber bundle x: FF — M
with sections v, : M — F, where F = J'7 in the Lagrangian formulation and F = P, C J'z*
in the De Donder—Weyl Hamiltonian formulation. The procedure for obtaining the constraint
submanifolds of F' terminates at some final constraint submanifold Cy < F’ when the theory under
investigation is a soluble constrained system. The premultisymplectic form ) must satisfy
the variational condition (2.1) as in the regular case. Furthermore, the constraint analysis arises
from the variational problem whose objective is now (in general terms) to find a final constraint
submanifold Cy < F and an integrable, locally decomposable m-vector field X € X™(F) on Cy
such that

i(X)Qe, =0, (3.1)

where X satisfies the normalized s-transverse condition §(X)wlc, = 1, where w is the volume form
lifted from M to F.

The algorithmic procedure consists of the following steps:

1. Compatibility conditions: Compute
i(X)Q =0, (3.2)

and identify any equations,
G0, (3.3)
1

called compatibility constraints which define the set C; C F assumed to be an embedded
submanifold submanifold C; < F.

2. Tangency conditions: Now, given a compatibility constraint submanifold Cy, ensure the
stability of solutions to equation (3.2) by imposing the stability or tangency condition by
requiring that all vector field components of X are tangent to Cp; that is, given a multivector

field X = /\21;01 X,, which solve (3.2), ensure that

L(X.)Cile, =0 (3.4)

This may produce a new constraint submanifold Co < C; < F'; if this is the case, then it
is necessary to impose the tangency of X to Co as well. This procedure is repeated until it
is finalized when no new constraints are produced, which occurs only for soluble constrained
systems. Then, the final constraint submanifold Cy — ...C; — F' is found, for which X is
everywhere tangent to Cy.

3.1 Lagrangian Formalism

The Lagrangian constraint analysis arises from the variational problem whose objective is now to
find a final constraint submanifold Sy — J L7 and an integrable, locally decomposable m-vector
field X € X™(J'7) on Sy such that

i(Xg)Qgls, =0, (3.5)

where X & satisfies the normalized 7!-transverse condition (X ¢ )w|s , = 1 and the SOPDE condition
H/’:‘ = y;‘ (that is, X ¢ is a holonomic multivector field), recalling the local expression for X ¢ given
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by equation (2.10) as,

m—1 m—1 9 9 9
Xe= \X.= A <+H;‘A+H;‘,,A> : (3.6)
=0 4=t OxH oy 0y,

However, such multivector fields are not, in general, holonomic and it is therefore sometimes nec-
essary to impose this condition ad hoc. Imposing the holonomy (SOPDE) condition may give rise

to additional constraints called SOPDE constraints.

The steps of the constraint algorithm in the Lagrangian setting are as follows:

1. Identify from the field equations any compatibility constraints which specify the compatibility
constraint submanifold S; < J!7. In the Lagrangian setting for first-order field theories, the
compatibility constraints yield first-order partial differential equations for the fields when
pulled back by holonomic sections j'¢.

2. Impose the SOPDE condition H, /14 = y;:‘ if necessary. This may produce a SOPDE constraint
submanifold Sy — S, — J'x.

3. Impose stability (tangency) of solutions X ¢ = /\m*1

u—0 Xp to the variational problem by re-
quiring

L(X,)Gils; =0 (3.7)

for all constraints (; which arise, until no new constraints are found and the algorithm termi-
nates (for soluble systems) at the final constraint submanifold Sy < -+ < Sy < & < Jlr.

3.2 De Donder—Weyl Hamiltonian Formalism

The constraint analysis in the De Donder—Weyl Hamiltonian setting is a bit for subtle as we first
need to identify the premultisymplectic (m + 1)-form on P, C J'm* where singular De Donder—
Weyl Hamiltonian systems are defined. For almost-regular systems, 7 : P, < M is a 6-transverse
embedded submanifold (recall diagram (1.61)) and jo: P, < Jlm* is a 7-transverse embedded
submanifold. Furthermore, P, is a fibered submanifold over £ and M with natural projections

TOETOJO:PO%E ; To=moTe: Po— M . (38)

We now have .%.%, which is the restriction of .#.% onto its image P,, given as #.& = j, 0 % .%,.
The full geometric structure of almost-regular field theories is illustrated in the following diagram:

J
2 M

/ g h
Jin*
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Ihe restriction of the projection o to ]5o is the (local) diffeomorphism o, : ]5o — P,. Now let
h =5, ! gives a Hamiltonian section

he =Jooh=nhojo: P, — Mn . (3.9)
The corresponding Hamilton—Cartan forms on P, are defined as
0% =hl0 c N™(P,) , Q% =-d0% =hrQc Q™ (P,). (3.10)

It follows that .#.£0¢, = ©. ¢ and ¥ .£;Q°, = (1. Furthermore, there exists a De Donder—Wey]l
Hamiltonian function 2, € C*°(P,) such that E¢ = .F L7 1t is necessary to use a connection
on the bundle 7: E — M in order to define the De Donder—Weyl Hamiltonian function globally
[25, 46, 48]. However, the De Donder—Weyl Hamiltonian function can, in general, be defined locally
without using a fiber bundle connection by using the trivial connection induced on the local chart.

The form 9, is, in general, a premultisymplectic form and thus the pair (P, S, ) is the sin-
gular Hamiltonian system which is associated with the singular Lagrangian system (Q.¢, J'7).
The De Domnder—Weyl Hamiltonian field equations are obtained from the variational principle for
sections I'(7,) similarly to the regular case. The analog to the field equations (2.17) read

i(X%) =0 , forevery X5, € {X,} C X" (P,) ; (3.11)

and the corresponding field equation for the integral sections 9,: M — P, of X9, is

i (wo’”)) (0% 01bs) =0 . (3.12)

Now, soluble Hamiltonian systems admit a final constraint submanifold Py < P, on which we
have consistent solutions to the variational problem posed on P, (see [39, 63]). Now the constraint
algorithm is carried out as follows:

1. The field equations may yield some compatibility constraints which specify the compatibility
constraint submanifold Py — P,.

2. Impose stability (tangency) of solutions X%, = /\:7;01 X, to the variational problem by re-
quiring
L(Xu)Glp, =0 (3.13)

for all constraints (; which arise, until no new constraints are found and the algorithm termi-
nates (for soluble systems) at the final constraint submanifold Py < --- — P; — P..

3.3 Some Properties of Constraints

Now that the geometric constraint algorithm has been described in detail, it is possible to establish
various properties of constraints by means of a local analysis. The first of such properties presented
here concerns compatibility constraints. As a consequence of the variational condition (2.1), the
premultisymplectic form can be expressed as the following splitting;:

Q=04aAw, (3.14)

where Q € 2™ (F) and o € 2'(F) are closed forms and w is the volume form naturally lifted from
M. In order to perform such a splitting globally, it is necessary to use an Ehresmann connection on
the bundle F' — M (although all the results are independent of this choice) [39, 38, 46]. However,
since the field theories in this work are studied only locally, we will always use the connection on each
local chart Up C F (with dimF = N +m) induced by the natural connection on RY x R™ — R™. Tt



34

thereby follows that, in the Lagrangian and the Hamiltonian formulations of classical field theories,
the (pre)multisymplectic forms are split in the following manner:

~ ~ 0L

Qg =Q¢+agAwe 2" Jn)= Qy =—d <ayA> Ady? Ad™ ey, (3.15)
12

O = Qu +oayAwe QP = Q= —dp’y A dy4 A dm_lazu ) (3.16)

where ay Aw = dEy ANd™x and ap A w = di A d™z. As a consequence of splitting the
premultisymplectic forms as shown above, the following lemma and subsequent propositions hold:

Lemma 3.1 If X € X™(Up) is a locally decomposable, k-transverse multivector field on Up C F,
then _
iX)2=iX)Q+ax+ (-1)"fa, (3.17)

where f = i(X)w € C*®(Ur) is a nonvanishing function and ax € 2*(Ur) is a k-semibasic 1-form
(that is, i(Y)ax = 0, for every Y € XV)(F)).

( Proof) As X =XoA---AXp_1 €Up, it follows from (3.14) that

—_

i(X)Q = i(X)Q +i(X)(a A w)

X+ (D)™ (X i(Xo A AXu A AXppa A A X 1)w + (1) i(X)w

n=0
B m—1
=i(X)Q+ Y ()" g i(Xp)ada! + (1) i(X)w .
n=0
(3.18)
Then, denoting f =i(X)w and
m—1 m—1
ax =Y (D" X i(Xo A AXp A AXa A A X )w= Y ()" i(X)a g, dat
©n=0 p=0
(3.19)
where f, g, € C>*(U) are non-vanishing functions and the result follows. [

In particular, taking i(X)w = 1, it follows that f =1 = g, and i(X)Q = i(X)Q+ax + (—-1)™a,
with ax = (=1)™"1§(X,)a dz”.

Proposition 3.1 Let (F,Q) be a premultisymplectic bundle k : F' — M where ) satisfies the vari-
ational condition (2.1) and is written as the splitting (3.14). If C; — F is the mazimal submanifold
on which solutions to the field equations (3.5) exist (the compatibility constraint submanifold), then
the following condition holds at p € U C Cy:

[i(Z)a](p) = 0, for every Z € kerQ Nkerw . (3.20)

( Proof) As (C; is the maximal submanifold where the field equations are compatible, there exists
a locally decomposable multivector X € X" (Ur) such that (X)2 = 0 and §(X)w # 0. Then (3.17)
holds and, as kerw = XV®)(F), if Z € ker QNker w, then j(Z)dx = 0, because ax is k-semibasic.
Therefore, for every Z € ker Q Nkerw and for p € Up it follows that

0=1i(Zp) i(Xp)p = i(Zp) [i(Xp)ﬁp +axp + (=1)"fap| = (=1)"f i(Zp)ap = i(Zp)ap =0.
(3.21)
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Thus, condition (3.20) is necessary for the compatibility of the field equations (3.5). In the
particular case where m =1 (i.e., time-dependent mechanics), (3.20) is a necessary and sufficient
and therefore provides a geometric characterization of all compatibility constraints. However, when
m>1, proving the converse of Proposition 3.1, which would assert that (3.20) fully determines the
compatibility constraint submanifold C;, remains an open problem.

Finally, we turn our attention to the relationship between the vector fields in ker %#.%, and the
primary De Donder—Weyl Hamiltonian constraints arising from the Legendre map, in analogy with
the corresponding structure observed in singular mechanical systems [15, 16].

Let (J'm, Q) be an almost-regular Lagrangian system. First observe that in the natural
coordinates of J'm, the map .#.%, is represented by the matrix

rrg= | Owe U Qo (322
(O <3y33yﬁ‘) <3yy Boy} >

0
It follows that Y; = (v ) —— € ker #.%, with (local) component functions (%)ﬁ € C®(J'm)

" oy
PYL
dyB oy

Furthermore, is worth noting that

which annihilate the Hessian, < > ((%)l‘?) = (0), and hence ker Z.%, c xV(m)(Jlr).

ker Qgﬂ%v(”g))(fw) = ker #.Z, = ker ﬁgﬂ%v(wé)(le) C ker ﬁgﬂ%v(ﬂl)ulw) = ker Qg Nker w.
(3.23)
Finally:

Proposition 3.2 For every constraint ¢; € C®(J'7*) which locally defines the (primary Hamilto-
A

nian constraint) submanifold P, = .F.%(J'w) < J'r*, there exists a vector field Y; = ( i) ay A €
ker # %, such that
¢
A * 1
i), = FL . 3.24
() (57) (3.24)

( Proof) As (; is a primary Hamiltonian constraint it follows that .7#.2*(; = 0. Then,

0 = dF2L¢G= (gogzz
() B () o ()
- e oo (3) 25) o (3]

) 2 . 2
o (3) o) o 7 (35) () 7 ()

and equation (3.24) follows. [ ]

4 Canonical Lifts of Group Actions and Vector Fields

In preparation for our discussion on Noether symmetries in the following chapter, it is necessary first
to discuss how Lie group actions are canonically lifted to the (pre)multi-symplectic manifolds on



36

which we construct field theories. In Section 4.1 we give an exposition on how to canonically lift base
space diffeomorphisms M — M to E when possible; furthermore, we discuss how the transformation
of fields under diffeomorphisms of M can be understood as Lie derivatives of sections of the bundle
m: E — M, taken with respect to the infinitesimal vector fields generating the diffeomorphisms on
the base manifold. Then, we will give a brief review on the canonical lift to J'7 of group actions on
the configuration manifold ¥ in Section 4.2; such lifts are well known and can be found in Saunders’
book [136]. Now, the definition of canonical lifts to Mn and J!7* is briefly discussed only in [67]
to our knowledge; in Sections 4.3 and 4.4 we go into greater depth on canonical lifts to M= and
Jl7*, presenting some new results on the subject. Finally, in Section 4.5 we propose a definition
of canonical lifts to P, < J'7*, relevant for the study of singular field theories.

We begin by revisiting how Lie groups act on manifolds. In particular, we focus on one-
parameter subgroups of some Lie group G, which are given as Lie group homomorphisms from R
to G. Consider a manifold P and a Lie group G with group action ® on P written as

¢:GxP—Diff(P):g—®, ; geG, (4.1)

and denote ®, : P — P the corresponding diffeomorphisms induced by this action. If g is the Lie
algebra of G, every £ € g induces a vector field on P

d

Xe=— P 4.2
'3 d\ \—o exp(A€) » ( )

with the use of some parameter A which is used to write g € GG in terms of the exponential map

exp:g— G: & g=-exp(Xf) . (4.3)

4.1 Canonical Lifts to F

Classical field theories often exhibit symmetries that are associated with diffeomorphisms on the
base manifold M (e.g., spacetime diffeomorphisms). However, it is not always the case that canon-
ical lifts exist from M to F; for such lifts to exist, it is necessary for E to be a bundle with some
additional natural structure. For instance, as in Yang—Mills and in several other relevant bosonic
field theories in physics, F is a tensor bundle over M for which it is well-known that the canonical
lifts from M to E exist. Other examples such as in Einstein—Cartan theory, E is the bundle of
frames and spin connections which is also natural.

Given a group action @, : M — M, the group action lifted to F, denoted ®p : E — F satisfies

Opyyomr=modpg, (4.4)
hence,
P
E P~ E
T T
M Ty M
: 0 : e :
Now, consider a vector field &y = —&H ($)W € X(M) which generates infinitesimal diffeomor-
x

phisms ®,: M — M associated with the infinitesimal coordinate transformations x’* = z#+&# ().
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Such diffeomorphisms are given by the one-parameter subgroup of local diffeomorphisms infinites-
imally generated by &5r and are the only kind that we will be interested in. A generic vector field
on E which projects to &3y has the coordinate expression

0

£ = ~€(0) 50 — 1(00) 5 p € X(B) (4.5

and generates the infinitesimal transformations (z*,y4) — (z# + &*(z),y* + £4(z,y)) on E, with
¢A(z,y) € C°(E). The fields ¢*(z) are components of the sections ¢ = (z#, p4(z)) of m: E — M
and transform as the Lie derivatives with respect to &;s as

™ (z) = L(Em)o™ (2) = ¢ (@) — 6™ (z) = —€" 0™ + €7, (4.6)

for some EA(x) € C°(M). These field transformations are referred to as the local variation of
the fields. The term —&#8,¢" in (4.6) is known as the transport term and £4(z) are called the
global variation of the fields, given by

¢M(z) = ¢ (2") — ¢ () - (4.7)
Note that in this notation, ¢4(x) is a different point on along the fiber over the spacetime point

& € M. Furthermore, it follows that ¢'4(z') — ¢4 (x) as 2/ — M.

One can interpret the local field variations as follows [67, 73, 104]:

Definition 4.1 Consider a section ¢: M — E : zt — (2, ¢ (x)) and let £ € X(E) be a
m-projectable vector field whose local expression is (4.5) and therefore projects to a vector field

&y = —5“(37)& € X(M) which generates infinitesimal diffeomorphisms ®pr: M — M. The
x
generalized Lie derivative of the section ¢ by &y is the map L(Epy)¢p: M — TE defined as

Lém)p=Tooby —Epod, (4.8)

which is a vector field along ¢. This generalized Lie derivative has the form

L(€a)6 = (6, L(an)) = (a,€” 0,0" — %0 ) | (4.9)

and the section L(&y)o: M — V(Tr) is called the Lie derivative of the section ¢ by £y with
its local expression in accordance with (4.5) for {g.

The above definition of the Lie derivative (4.8) is in agreement with the Lie derivative of ¢ ()
defined by the field transformations d¢¢*(z) in (4.6). Then, the functions £*(z) in (4.6) are given
in terms of the component functions &4 (z,y) of &g and some local section ¢ as

Mz) = EMa,y) 09 . (4.10)

For theories in which gbA(a?) are scalar fields, diffeomorphisms on the base space M produce field
variations d¢¢” () for which £4(x) = 0 and £4(z,y) = 0.

Now, consider when the fields ¢4 (z) are tensor fields of type (k,1) # (0,0) on M, denoted
T = (Thk (x) € TED(TM), so that F is a tensor bundle over M. Then, the functions £4(z)
are obtained from the induced tensor transformation laws in which the Jacobian matrices associated
with the coordinate transformations x# — x#+¢&H(x) are used to transform the indices of the tensor
field as usual (see e.g. [111]):

- 8x/#1 8LU/'MT 8xﬂl 8xﬂg Q1 Ot
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The Taylor expansion, to first order, of the left-hand side of the equation above around x gives the
transport term as

()t @) = ()t o+ €) = (Dot (o) + 0 2L

Vly..3Vs VlyeeyVs V1y..3Vs
while the Taylor expansion of the Jacobian matrices on the right-hand side of equation (4.12) gives
the global variation of the fields AT}/ (z) as

(4.12)

Hr Vs A
ATHLbr Z (8§M)Tm,...,(ua)\),-,.,ur _ Z (35 )T”l"””” (4 13)
V1yeeyVs 8ZU>\ VlyeeyVs 8:1:.1/ Ulyeer(V—=A) eyl :
p=p1 v=u

Then, the local field variation given by the Lie derivative with respect to £y € X(M) is

(T

B
STHb bt (z) = (T Yol () — Thlr () = L(Z)Thb i = =& o TATLI
(4.14)
It follows from (4.10) that,
B B
_— P«i — M1y sor -
S0 = 8 g — A (0 T) G (1)
where,
ATl () = Ap-lr(z, T) o ¢ (4.16)

Then, when E is a tensor bundle over M with coordinates (z#,T},'4"), it follows that (4.15) is
the canonical lift of £y € X(M) to E which is defined as follows.

Definition 4.2

1. Let ®pp: M — M be a diffeomorphism. The canonical lift of ®,; to E is the diffeomor-
phism ®p: E — E such that, for every (z,T,) € E, with T, € T®D (T, M),

Sp(x,Ty) = (Par(z), TP (Ty)) (4.17)
where T @y denotes the canonical transformation of tensors on M induced by ®pr. Thus,

WO(I)E:(I)MO’ZT. (418)

2. Let &y € X(M) be a vector field whose flux is made of the local one-parameter groups of
diffeomorphisms of M, denoted ¢:. The canonical lift of &y to E is the vector field
¢ € X(E) whose flux is made of the local one-parameter groups of diffeomorphisms (¢, )t
which are the canonical lifts of ¢ to E.

4.2 Canonical Lifts to J'7

We now consider the canonical lifts to J'7 of diffeomorphisms ®z: E — E which arise from
diffeomorphisms on the base space M as ®p;: M — M so wo &y = ®p; oxw. Then, the canonical
lift of ® to J'r is the diffeomorphism ® j1, = j'®p: J'r — J'7 defined point-wise 7 € J'7 as

() = (' @E)(H) = 71 (@ o g0 @) (Ru(x)) - (4.19)

Furthermore, the canonical lift of £ € X(F) to J! is given by the following expression [67, 136]:

, o o A aEA v\ 9
= il = —¢H A — B A 1
Xe=jtp=—"5"-¢ Gy (axu Yu gy Y aa:u) oy eX(J'n). (4.20)
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These canonical lifts are characterized by the property that they leave the canonical structures of
the jet bundle J'7 invariant. In particular, the contact module and consequently the canonical
endomorphism are invariant under such canonical lifts.

Now, the variation of the spacetime derivatives of the fields, (55¢)ﬁ = L({m )8M¢A, can also be
characterized by the generalized Lie derivative [,(£37)j5'¢ of the first—jet prolongations jl¢ : M —

Jim s ah e (ot ¢4, qﬁﬁ) with respect to the vector field {3 = —5”(:6)W € X(M), where now
x

L(ém)i'o =Tj'dobm —j'Z0j'¢ (4.21)
and L(£p7)71¢ = (¢, L(Ear)®). Tt thereby follows that

09 og” oyt 9t 9gP ot
Oxv Ozt Oxv  Oxt  Oxt OB’

L&) (' 9)f = 097 (z) = —¢ (4.22)

where now gA(:p) = ¢4(z,y) 0 j'¢ as before. Furthermore, £4 = 0 for scalar fields transformed
under spacetime diffeomorphisms and the equations above simplify accordingly.
In the case where the fields are tensor fields T},'7 " (z), the canonical lift g in (4.36) of (g
in (4.15) to J'7 is
0 0 0

e 7 HL s o HL s o
j€p=-¢ AP z, T r 4.23
Ozt ViseesVs (2,T) 01#11,’ ,ifir ALy ls 815,}1’, ’fLJS ’ ( )

where the AD!7707 (2, T) € C*°(E) are again given by (4.13) and (4.16) while

PRRD) A yeees s K15

/’le < Hr Z afu aTIfﬁ 7(/'L4>) # . ” 8£>\ 8TV1, ,(I/—>>\), N
Favi s oz o = Ox” Oz

H=H1 V . 1 , (4.24)

~ 0¢ o¢
v K15 H1yeeesfhr
+ Z 81-/\ T " - oV Taul,...,(u%)\),...,us B Tﬁlll,“.,zxs or®
H=H1 V=r1

Moreover, the canonical lift (4.20) can be generalized for vector fields on E that are not =-
projectable. The local expression for such vector fields is given as

0 0
= ¢~ Az, y)mo €X 4.25
& = ~¢" (@) gy — €M@ )5 € X(E) (1.25)
It follows that if £g is not 7 projectable, then its canonical lift j'Y € X(J'x) is the only vector
field that is 7§ projectable to g and leaves the canonical structures of Jl7 invariant (see [46, 136]
for details). Furthermore, the local expression for the canonical lift to J'7 is then given as

. a oeA oeA oev g ogv d
_ 1 _ A - B
Xg = SE = f 81’# § (8%“ + Yu 8yB y 895# + yu 8yB Tyﬁ‘ . (426)

However, we will not be dealing with such vector fields in this work; all canonical lifts to J'7 will
be given by equation (4.20).

4.3 Canonical Lifts to M

We now turn our attention to defining canonical lifts from the configuration manifold E to the
extended multimomentum bundle M7m = AFT*E. Since M is a bundle of forms over E, the
canonical lift of diffeomorphisms from E to M arises naturally, in a manner analogous to the
construction in Definition 4.2 for the case where w# : £ — M is a tensor bundle. Also recall
o: Mm— E.
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Definition 4.3 Let ®: E — FE be a diffeomorphism on E which induces a diffeomorphism
Dy M — M, on M; that is, ®py o = wo $g. The canonical lift of ®p to Mmn is the
diffeomorphism ®pqr: Mm — M such that, for every p = (y,() € Mm, with ¢ € AFTLE,

D pin(y, C) = (Pr(y), (B5")50) - (4.27)

This definition is equivalent to the one given in [67].

Such ® ¢, are o-fiber preserving diffeomorphisms: ®p oo = & o Py, (see Diagram (4.38)).
Note that we will only be interested in lifting the one-parameter subgroup of local diffeomorphisms
of E which are generated infinitesimally by some vector field (g € X(FE), those which in turn are
the lifts of from M to E as discussed in Section 4.1.

The canonical lifts ® oq, preserve the canonical structures of Mm which consist of the tautolog-
ical form © € 2™(Mr) and the multisymplectic form Q € 2™ (M) as shown in the following
proposition; this result is mentioned but not proven in [67].

Proposition 4.1 If og: E — FE is a diffeomorphism, inducing a diffeomorphism ®pr: M — M,
and P pqr is its canonical lift to Mm, then ® 0 © = © and Q= Q.

( Proof ) TFor every y € E, ( € ARTyE, and Xo, ..., X1 € Ty ¢)(Mm), using the definition of
© given in (1.51), and the property <I>El 00 o P = 0, we obtain

(q)./\*;lw@)(y,C) (XOa <o 7Xm71) = G(cpE(y)’(q)El)*g) <T(y,§)q)M7r(XO)v v )T(y,C)(I)MW(mel

1N % ~ ~
((®5)é5()<) (T@E(y),@gl)*of’(T(%OQ’MW(XO))7 o T @500 (Tw.0 M

hence ® /ij © = O. The result for Q2 is immediate. []

Now, if {5 € X(E) is a m-projectable vector field (i.e., there exists some &;; € X(M) such that
the local flows of £y and &g are m-related), then it is possible to define the canonical lift of {g to

M as:

Definition 4.4 Let £ € X(FE) be a m-projectable vector field whose flux is made of local one-
parameter groups of diffeomorphisms of E, denoted ¢;. The canonical lift of £ to M is the
vector field Z¢ € X(Mm) whose flux is made of the local one-parameter groups of diffeomorphisms
th which are the canonical lifts of ¢4 to M.

Proposition 4.2 The canonical lift, Z¢ € Mm, of a m-projectable vector field (g € X(E) has the
following properties:

1. Z¢ is o-projectable and 0, Z¢ = &g .
2. L(Z¢)© =0 and L(Zg)2 =0 .
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This is a straightforward consequence of the previous definition and Proposition 4.1.

Such vector field lifts, Z; € X(Mm), can be characterized using the canonical forms of M.
First we define:

Definition 4.5 Every vector field g € X(E) induces a form T¢ € Q™ (Mmr) defined as follows:
for every point (y,() € M,

(Ce)y.0) = il€Ely)¢ (4.29)

As an immediate consequence of this definition we obtain the following result:

Proposition 4.3 If (g € X(E) is a m-projectable vector field and Ze € X(Mm) is the canonical
lift of Eg to Mm, then
Te = i(Z)O . (4.30)

( Proof ) The o-projectivity property of the vector field Z¢ means that, for every (y,() € Mm,
it follows that T, 0(Z¢l(y,c)) = Erly. Then, taking into account the definition of the canonical
m-form O, it follows that

(Te)(y0) = C(Eely) = C(T(.07(Zel,0)) = Ow0)(Zel ) - (4.31)
and the statement holds. ]

From this proposition, we obtain:

Proposition 4.4 If g € X(F) is a w-projectable vector field, then the canonical lift of £ to Mn
is the unique vector field Zg € X(Mm) such that,

i(Ze) = dTe . (4.32)
That is, Z¢ is the (global) Hamiltonian vector field associated with the (m — 1)-form I'¢.

( Proof) Taking into account that L.(Z¢)© = 0, we obtain
i(Ze)Q = —i(Ze)dO = di(Ze)O — L(Z)© = d(0(Z)) = dT¢ . (4.33)
Furthermore, given the local coordinate expression (4.5) of a m-projectable vector field £ € X(FE),
it follows that
Le = &ply dy Ad™ 2wy — (490 +€p) A" ay (4.34)

v m— ot ogr ol m—
dl'e =¢ dp dy Adm? MV+<3 ypA axupiiaAp% dyA/\d I"TM

g e (4.35)
— A Nd™ ey, — gt dp A A ey, — (8 Pt o 5P ) dmz

Using Proposition 4.4 and equation (1.52), it follows that the canonical lift of £ to M is uniquely
given as

o (ot o¢r, 9B N\ 9 foet ,  oer \ D
_ A B po u p 9
- f“axu £ ByA <(3pr,4 oz PA ayApB " + 9 PA + 9 ? ap (4.36)

which is in agreement with the expression found in [67]. ]

Remark 4.1 It is important to point out that the existence of a unique Hamiltonian vector field
associated with the (m — 1)-form I'¢ is assured as a consequence of the assumption that {g is a
m-projectable vector field; this is also shown in the above calculations in local coordinates.
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4.4 Canonical Lifts to J'7*

We now consider a regular De Donder-Weyl Hamiltonian system (J'7*,Q). If ®p: E — E is
a diffeomorphism on F which arises from a diffeomorphism ®,;: M — M, then the induced map
Q% 2M(E) — 2™(E) transforms m-semibasic forms into themselves. Hence, bearing in mind
the definition of J'7* = Mz /AT (T*E) and Definition 4.3, this implies that the canonical lifts
O pr 1 M1 — M induce diffeomorphisms on J17* as follows.

Definition 4.6 Let ®p: E — FE be a diffeomorphism on E which induces a diffeomorphism
Sy M — M on M and Ppgr: Mm — M is the canonical lift of ®p to Mn. The canoni-
cal lift of ®p to J'm* is the fiber preserving diffeomorphism ® ji.: J'n* — Jin* induced on
JI* by ®aqe as

@Jlﬂ.* OO':O'O(I>/\/17r . (4.37)

This definition is equivalent to the one given in [67].
Since Ppocd = goP pqy, it follows that Ppoo = goP ;1. and we have the following commutative

diagram:

D ar
Mpr ——M° s Mnr

(I’Jl‘/r*

F Jlﬂ'* Jlﬂ'* 5 (438)

E—2% . F

Remark 4.2 Note that J'7* is canonically diffeomorphic to 7*TM ®@p V*E @p m*A™T*M (see,
for instance, [49]). Therefore, for a diffeomorphism ®: E — E which restricts to a diffeomorphism
®pr: M — M, the definition of the canonical lift of ® to J'7* can be stated straightforwardly in
a natural way, using the same pattern as in Definition 4.3.

Then, as on M, we can define:
Definition 4.7 Let (g € X(E) be a m-projectable vector field whose flux is made of local one-
parameter groups of diffeomorphisms of E, denoted ¢;. The canonical lift of ¢g to J'n* is the
vector field Ye € X(J'7*) whose flux is made of the local one-parameter groups of diffeomorphisms

¢ which are the canonical lifts of ¢; to J1m*.

It follows from the local expression (4.36) that canonical lifts Z¢ € M7 are o-projectable vector
fields. Therefore, from the above definitions we arrive at the following proposition.

Proposition 4.5 0,72 = Y¢.

Additionally, by Proposition 4.2 it follows that 0.Z¢ = {g, and therefore,

§p =04Zc = (T00)uZg = (04 Z¢) = T Y . (4.39)
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Then, the coordinate expression of the canonical lift Yy is,

0 o fo¢r , o, 9B\ 0
Y, — ¢k _ A - K ) 4.4
€= gm gy (a VAT g P gyate ) g (4.40)

Now, let (J'7*, Q) be the Hamiltonian system associated with a (hyper-)regular Lagrangian
system (J'm, Q). If X¢ = j'€g € X(J7) is the canonical lift to J'7 (with local expression (4.20))
of a m-projectable vector field {g € X(E) (with local expression (4.5)), then Y is related to X as
follows.

Proposition 4.6 If the Lagrangian £ is (hyper-)reqular and L(X¢)L =0, then F £, X¢ = Ye.

( Proof ) As the Lagrangian . is (hyper-)regular, .#.Z is a (global) diffeomorphism, and the
matrix of the tangent map .#.%, in a natural coordinate system on J!'7 is given as

Id 0 0
0 Id 0
TL=| 2y Ry Py (4.41)
dzrdyl  oyroyl  oyioyl
Then, if
0
yg*szfu fA8A+fB8B 9 (442)

while bearing in mind (4.20), then f* = —f“(x”), fA = —¢4(av,yP), and

02y 2y oA oEP A\ 2%
N A . A C
7L 5 ¢ 813“83/3 ¢ OyAoyB (81‘“ Yo gun T u 3yc) dytoyl
f“ EA 83 ot A ogr e ot 0¢
6y 83;“ dxr P oxk T oyC ) oy,

0 [0 Aagp c ot
8yl],3 (W Yo gun T Ve dy* 8y# (4.43)

0L oA ogr oA\ 0.
g0L | a0 (01 08 0!
8yl, 83:“ Oy Ozt “F gxr — “H Oy© ) Oy,
B o1 0L 4
oyP oyt Oxr oyl
Now, from using (4.20) it is straightforward to calculate the Lie derivative of the Lagrangian density
with respect to X¢ and obtain:

L(X¢L = L(Xg)(«i” d™z)
0L <8§A 4 08P Ca.gA> 0% Zagu] 4 (4.44)
oy ’

m A
[g A T G Yo g T e T Dah

Then, if L(X¢)L = 0, it follows that

. 0 o&H IEA0Y 0¥ 0L IEF DY OEA0YL O 0L
v _ _ _ - _ — 4.4
TLTE= 58 ($3$“> OyP Oyt Owr oyl OOyl OyP oyt Owr Oyl o
hence,
v 85“ v 8§A " 651/ I
Then with f* = —&* and fA = —&4, the expression above is in agreement with the expression
(4.40) for the canonical lift Y; € X(J'7*), and hence, #.Z. X¢ = Y¢. [ ]

Observe that, if L(X¢)d™2 = 0, then L(X¢)L =0 <= L(X¢).Z =0.
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4.5 Canonical Lifts to Submanifolds of J'7*

Finally, we investigate the notion of canonical lifts to primary constraint submanifolds P, of J!7* for
singular De Donder—Weyl Hamiltonian field theories. In general, it is not possible to canonically lift
group actions and vector fields from F to any submanifold of J'7* unless some additional condition
is imposed. Here, we present a preliminary definition for such lifts to P, under the rather restrictive
condition that the lifted diffeomorphisms to J'7* preserve the primary constraint submanifold.

As before, let 7,: P, < J'7* be a 7-transverse embedded submanifold of J'7* so that P, is a
fibered submanifold over E and M, with natural projections (3.8), arising from an almost-regular
Lagrangian system as P, = Im%.%Z.

Definition 4.8 Let ®p: E — E be a diffeomorphism which induces a diffeomorphism ®pr: M —
M, and let ® j1,: Jin* — Jin* be the canonical lift of ®g to Jin*. If ® j1,« leaves P, invariant,
the canonical lift of ®p to P, C J'n* is the restriction of ® j1,.« to Ps,

Op =P 1,4|p: Po— Ps . (4.47)
The canonically lifted infinitesimal vector field generators of such diffeomorphisms is then de-
fined as follows:

Definition 4.9 Let &g € X(E) be a w-projectable vector field whose flux consists of one-parameter
groups of local diffeomorphisms of E, denoted ¢:. Furthermore, suppose that the canonical lift
Ye € X(J'7*) of g to J'n* is tangent to P,. Then, the canonical lift of g to P, C Jin* is the
vector field Y; € X(P,) whose flux consists of the one-parameter groups of local diffeomorphisms
@7 which are the canonical lifts of ¢¢ to P, and hence

(J0):Ye = Yelp, - (4.48)

The geometrical setting is depicted in the following diagram:

1, % L y1nr 1, %
Mr ——— J'n Jin m—V
Jo Jo
Pp,
B P—— P _
o o
To To

Now, consider the particular case in which (P, 25,) is the Hamiltonian system associated to an
almost-Lagrangian system (J'7, &) with final constraint submanifold P; C P,. Then,if Sy C J Ly
is the final Lagrangian constraint submanifold, then .#.Z,(Sy) = Py ([39, 63, 131]).

A natural question to ask is if there exists a result analogous to Proposition 4.6 for these kinds
of singular field theories. However, in general, it is not the case that .#.Z . X¢ = YEO, even when
L(X¢)L = 0. This is due to the fact that the canonical lift X¢ € X(J'7) is not always .F.%,-
projectable on all of J'7. Moreover, if L(X¢)L = 0 and X¢ is .#.%s-projectable on all of J!7, then
we can ask if # .2 X¢ = Y always holds; this is difficult to prove in general, but the result holds
at least in the singular field theories we study in this paper.

Fortunately, in some cases when X¢ is not .#_%,-projectable on all of Jl7, X is at least .F .-
projectable from the final Lagrangian constraint submanifold Sy C J L7 which projects onto the final



45

Hamiltonian constraint submanifold Py C J Lz*. Moreover, as .F.Z, is a surjective submersion, if
X¢ € X(J'm) is F Zo-projectable and tangent to Sy, then (F.%,). X¢ € X(Ps) is tangent to Py.
Then, in such cases, assuming that L(X¢)L = 0 and that X¢ is only .#.Z.-projectable from points
on 8¢ C J'w, we ask if FL o Xels, = Y%°|pf always holds; this is also difficult to prove in general,
but is straightforward to check when working with a specific field theory.

In closing, if (i € X(E) is a canonical lift of a vector field £y, € X(M), then the canonical lift of
£p to Mm, Jin*, and P, are also called the canonical lifts of £3; to Mx, J'7*, and P,, which are
denoted Zg¢ € X(Mr), Ye € X(J'7*), and Yy € X(F,) respectively. The same goes for canonical
lifts of diffeomorphisms from M to Mn, Ji7*, and P,.

5 Noether Symmetries

We are now prepared to discuss Noether symmetries in formal geometric terms, providing a powerful
framework for their analysis. The terminology used to describe symmetries can vary substantially
throughout the literature; one of our aims in this chapter is to clarify some of the common termi-
nology. For references on the treatment of Noether symmetries in the multisymplectic framework,
see e.g. [67] and references therein.

Consider in general terms a (pre)multisymplectic phase space (P,{2) and a Lie group G which
acts as a diffeomorphism of P with group action denoted ® : P — P. Furthermore, let g be the Lie
algebra of G and let X € X(P) be an infinitesimal generating vector field induced by some & € g.
Now, if

0 =0, (5.1)

then @ is called a Noether symmetry. Consequently,
L(Xe)2=0, (5.2)
and X¢ is usually called and an infinitesimal Noether symmetry. Furthermore, if
'O =0, (5.3)

then
L(X¢)© =0, (5.4)

and @ is called an exact Noether symmetry while X, is usually called an exact infinitesimal
Noether symmetry. We will use the terminology loosely here, referring to both ® and X, as
(exact) Noether symmetries.

Furthermore, if (P, (2) is the premultisymplectic phase space of some almost-regular field theory,
then Noether symmetries are additionally diffeomorphisms which preserve the fibers of P — E and
leave the final constraint submanifold Cy < P is invariant as ®|c, : C; — Cy. This means that the
infinitesimal vector field which generates the group action must be everywhere tangent to P. We
then introduce the following notation. The set of vector fields on P which are tangent to C will be
denoted here as

XC)={Y eXx(P) | e € X(C) | jesYc=Y]c} . (5.5)
The elements of X(C) are the vector fields Y € X(P) which, for some Y € X(C), make the following
diagram commutative: %
TP
Je Tye
C TC

Ye
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Now, a vector field which produces a Noether symmetry on J'7 may be .#.Z-projectable only
from some of the Lagrangian constraint submanifold S; < Jl. If this is the case, then the vector
field produced by the push-forward of the Legendre map is a vector field on the corresponding
Hamiltonian constraint submanifold P;. Furthermore, a Noether symmetry may exist only on one
of the Lagrangian constraint submanifolds S;. If this is the case, then it follows that, on the
Hamiltonian side, the Noether symmetry exists only on the corresponding constraint submanifold
P;. The precise description of these possible scenarios of how symmetries behave in the presence
of premultisymplectic constraints are as follows:

1. There exists some X € X(J'7) such that L(X)Qy = 0 and is .F.Z-projectable only from
the constraint submanifold &y — J Lz, Then, on the corresponding Hamiltonian constraint
submanifold Py C P,, there exists the vector field ¥ = F2.X Lgf € X(Py) such that
L(Y)Qp|p, = 0. Furthermore, the vector field X € X(J'7) may or may not be the local
extension of some Z|s; to J'z for some Z € X(J'x).

2. There exists some X € X(Sy) such that L(X)Q¢|s, =0 and X is F Z-projectable only from
S¢. Then, on the corresponding Hamiltonian constraint submanifold Py C P, there exists
the vector field Y|p, = #Z.X|s, € X(Py)|p, such that L(Y)Qp|p, = 0. Furthermore, it is

possible to construct a local extension of Y to Ps, denoted as Y € X(P.); but X € X(J'x)
may or may not be the local extension of some Z|s, to Jim for some Z € X(J 7).

Now, if a Noether symmetry on P arises as a canonical lift from FE, then we say that the
symmetry is natural; the vast majority of Noether symmetries in physics are in fact natural
symmetries. Furthermore, in the Lagrangian setting, if j'¢: M — J'r is a holonomic solution to
the Euler-Lagrange equations and ® = jl¢ : J'w — J'7 is a natural Noether symmetry, then

(1 (pod)i(X)Qe = ("0)"("0)"i(X)e
= (7'9)" (') X)((19) Qz) = (119)" i(X )22 =0, (5.6)

since X' = ®,1X € X(J'7), ®*Qg = Qg, and ®*Qy = 0. Therefore j! (¢ o ¢) is also a holonomic
solution to the Euler-Lagrange equations, and it follows that every natural Noether symmetry
transforms holonomic solutions to the Lagrangian field equations into equivalent holonomic solu-
tions. Additionally, natural Noether symmetries which are exact satisfy the property that they
preserve the Lagrangian density if, and only if, they preserve the Poincaré-Cartan form [46, 136],

L(Xg)L =0 & L(Xg)@g =0. (5.7)

Proposition 5.1 FEvery (infinitesimal) natural Noether symmetry transforms solutions of the Hamil-
tonian field equations into equivalent solutions.

( Proof ) Let ¢: M — J'm* be a section solution to the field equations; that is, 1¥*i(X)Q» = 0,
for every X € X(Jln*). If ® € Diff(J'7*) is a natural Noether symmetry, then it is the canonical
lift of a diffeomorphism ®g: F — E which restricts to a diffeomorphism ®,;: M — M. Therefore,
® preserves the fibration 7: J'7* — M and, hence, ® o) o @;41 is a section of 7. Then,

(@ovo®y)) i(X)Qy = (D31 (@%i(X)2)] = (@31 [ i(7X)(0*Q0)]
= () " i(X")r] =0,
since CI)]Tj is a diffeomorphism and ®*Q, = Q 4, where X’ = &;1X € X(J'7*) is an arbitrary
vector field. Therefore, ® oy o CIJX/} is also a section solution to the field equations.

The proof in the infinitesimal case follows directly from this result and the definition. Moreover,
in the almost-regular case, the argument carries over straightforwardly for natural symmetries which
preserve the fibers of P, — F. [
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Furthermore, if Noether symmetry that is infinitesimally generated by a vector field that is
vertical over M, then such a symmetry is usually called a gauge symmetry in the differential
geometry literature. However, in the physics literature, a Noether symmetry is usually called a
gauge symmetry if its generators are local functions on M; such symmetries are instead called local
symmetries sometimes, including in the presentation of the infinite-dimensional covariant phase
space formalism by Lee and Wald [108]. Moreover, these symmetries include spacetime (or world-
volume) diffeomorphisms which would not be called gauge symmetries in the differential geometry
literature, since such symmetries are infinitesimally generated on the configuration manifold E by
vector fields which are expressed locally in equation (4.5) as

0

£ = ~€(0) 5 — EM(w0) 5 1 € X(E) 6

which is clearly not vertical over M. Nevertheless, such diffeomorphisms of the base space M can
equivalently be generated by

0 0
§p = —QAay—A = (fA - fyyf) (r)yﬁ ) (5.9)

known as the vertical (or characteristic) representative of the transformation L(X¢)y“. This
vector field is in fact a generalized vector field J'n — TE and is therefore a vector along the
projection 77(1) : Jlm — E. More specifically, £ € XV™(E) as I3 J'n — Vr c TE. Furthermore,
the holonomic (canonical) lift of £} to J¥ is given as

0

= e xVE) (g . (5.10)
8yj]4

X¢ =ty = —0;Q4
Such vector fields are called evolutionary vector fields [136].

5.1 Gauge Forms

We continue this section by discussing gauge forms as presented in [25]. First, we recall from [25]
that as a result of the affine structure of J'7, it is possible to make the following unique (one-to-one)
identification between two differential m-forms of 2™(J1x) as,

w=(p+ piy;‘)dmx & w=pd"z 4 phdyt Ad" ey, (5.11)

Now, if there exist some functions f* € C°°(F) such that,

p:% and pA:gny, (5.12)
then,
W= (gﬁ + %yﬁ) d"z =0,f'd"r and w= g:]:;dmx + gyjjdy“‘ A dmflxu . (5.13)
In such a case, w is an exact form and we call @ a gauge form. Notice, that
w=dy (f*d" 'z,) € QMO(J'r) and w=d(f*d" 'z,) € 2" (J' ) . (5.14)
Furthermore,
jlotw =jl¢*w = d[(fd" ) 0 jl¢] = 0. (fFojle)dm . (5.15)

Now, a gauge symmetry group action ® : J'7 — J'7 with infinitesimal generator Xe € X(J 1)
changes the Lagrangian density on J!'7 by some gauge form:

»L=L+a & LXJ)L=a¢ . (5.16)
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This is generally the definition of a Noether symmetry found in the physics literature. Furthermore,
it follows that [25]
"0y =0gy+a; & L(X)Og=o0¢ . (5.17)

where o € 2™(J') is the exact form in correspondence with the gauge form ag € 2™(J ).

5.2 Hamiltonian Vector Fields and Hamiltonian Forms

Now, as an aside, we briefly discuss the notions of Hamiltonian vector fields and Hamiltonian
formsnar in (pre)multisymplectic geometry. The following discussion closely follows [25, 26].

Given a (pre)multisymplectic manifold (P, ), a vector field X € X(P) is said to be locally
Hamiltonian for this (pre)multisymplectic structure if,

L(X)Q2=0. (5.18)
Furthermore, X, € X(P) is (globally) Hamiltonian if there exists some o € Q™~1(P) such that
i(Xa) = —da (5.19)

called a Hamiltonian (m — 1)-form. The set of Hamiltonian vector fields, which we will denote
as X4 (P), is a subset of the set of locally Hamiltonian vector fields X 4(P). The module of
Hamiltonian (m — 1)-forms on P will be denoted as #™~1(P).

The Lie bracket of two locally Hamiltonian vector fields X, and X3 is also a Hamiltonian vector
field, as
i ([Xa, Xp]) Q =d(i(Xa)i(X5)R2) . (5.20)

It thereby follows that #™~!(P) is an ideal in the Lie subalgebra of locally Hamiltonian vector
fields.

An algebra structure is defined on #™~1(P) by

{a, B} = i(Xa)i(X5)Q (5.21)
where
[Xa, Xs] = X(ap} - (5.22)
It follows that,
{{a, 8}, 9} + {7, a0}, 8} + {{B.a}, 7} = d (i(Xa)i(Xp)i(X,)Q) . (5.23)

Hamiltonian forms are determined, in general, up to closed forms. The equivalence class of some
Hamiltonian (m — 1)-form modulo closed (m — 1)-forms is written as

a={a+AVAe Q" (P), dA=0} . (5.24)
Such equivalence classes belong to the following quotient space:
H"YP) = H™Y(P) /2 Y(P) (5.25)

where Z™~1(P) is the space of closed (m — 1)-forms on P. The bracket of (m — 1)-forms is defined
as

(@8} ={a.8} . (5.26)
Then, the Jacobi identity,

{{a.5} 7} +{B.ar.5} + {{B7}.a} =0, (5.27)
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is satisfied as a consequence of (5.23). It is also important to note that Hamiltonian vector fields, as
defined in (5.19), are only well-defined up to vector fields which lie in the kernel of . In particular,
if two Hamiltonian vector fields X and Y both correspond to the same Hamiltonian (m — 1)-form,
i((X)Q =1(Y)Q = da, then, the vector field given by X —Y lies in the kernel of 2 as i(X —Y)Q = 0;
such vector fields are called characteristic vector fields. The space of Hamiltonian vector fields
modulo characteristic vector fields will be denoted X4 (P). It follows that (g[m_l(P),{ , }) is a

Lie algebra which is isomorphic to (%H(P), [, ]) [25].

5.3 Multimomentum Maps

We now turn our attention to the concept of conserved quantities and multimomentum maps.

Working with the infinitesimal generators of every { € g amounts to J¢ to be linear in & as
will be the case in the theories that are investigated in this paper. This makes it possible to
define a linear map, J|p, by considering a point p € P so that J,(§) = J§|p € A" Y(T,P) gives
Jp, 9 — A™HTLP) € — Jp(€), for every & € g. The linear map J|, is an element of
g ® Amfl(TpP). This structure makes it possible to construct another map, J, using J(p) =
J|lD so that J : P — g* ® A 'T*P : p — J(p), for every p € P. The map J is called the
multimomentum map, although this terminology is used to refer to both J and J \5. This
setting can be concisely specified through the natural pairing (-,-) between g* and g written as

Jel, = (J(2),€) - (5.28)

The multimomentum map provides us with an (m — 1)-form associated with the symmetry group
G on P which we will denote simply as J¢ € 2™~ 1(P) and satisfies

i(Xe)Q = —dJe . (5.29)
Now, since each Noether symmetry yields L(X¢)© = a¢ = df, it follows that
L(X¢) = —L(X¢)dO = —dL(X¢)O = —dag =0 . (5.30)
Then, there exists a multimomentum map J¢ € Q™ 1(P) which is a conserved quantity as,
dJe = —i( X)) = i(X)dO = L(X¢)O — di(Xg)O = dfe — di(X¢)O . (5.31)
It thereby follows that J¢ given as,
Je = —i(X)® + Be (5.32)

and is determined only up to exact (m — 1)-forms dQ¢. Furthermore, the sections ¢ : M — P can
be used to pull back the multimomentum map, yielding the Noether current:

Je =" Je = jEd™w, € Q"H(M) (5.33)
Now, a multimomentum map is Ad*-equivariant if the following diagram commutes:
P g @ AP
(5.34)

@, Ad* @A™ IT* Py

P y g* ® Am—lT*P
3
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Multimomentum maps that are not Ad*-equivariant are sometimes called weak multimomentum
maps.

Clearly from equation (5.31), multimomentum maps are Hamiltonian forms. In fact, the in-
finitesimal variation of the Poincare-Cartarn form L(X¢)© = «(§) € £2™(P) is a 1-cocycle on the
Lie algebra g.

g
Je
Ay (5.35)
0 —— #™(P) B 9-[m_1(P) — Z%}[(P) — 0
Now define the multisymplectic bracket as,
{Je, Jc} = i(Xe)i(X)Q (5.36)
It follows that, for any &, € g,

where a(¢,¢) € 2™ 1(P) is a 2-cocycle on g (i.e. dga(£,¢) = 0). Furthermore, (€, () vanishes
(i.e. H?(g)=0) if, and only if, the multimomentum maps are Ad*-equivariant.

If the multimomentum map is not Ad*-equivariant, then J¢ : g — H m=1(P) is not a Lie algebra
homomorphism. However, there exists a Lie algebra homomorphism from the central extension of
g (see Appendix D), namely, Jg : g @ H™ 1(P) — #™ 1(P). We then have the following diagram:

0 ——— H"HP) ——— g H™ (P) g 0
l ljg lAg (5.38)
0 ——— #"Y(P) ———— H" T (P) ——— Xy(P) ——— 0

The bracket on the centrally extended Lie algebra g @ #™~!(P) is defined as,
[(57 5)7 (C7’Y)]g®5{m71(P) = ([57 <]7 a(£7 C)) ’ va C € g and Vﬂ? Y € ﬂlm_l(P) : (539)

Finally, we note that if X¢ = j'¢g € X(J'7) is the Noether symmetry arising from diffeomor-
phisms of M, then the Lagrangian multimomentum map is given as

0L

J:Z(Xf) = —i(Xé)@f = w
m

(ham ey, — ryldm y, — Ayt A Pay,) + LA e,

(5.40)
The corresponding Noether current is given by

gy 1ok 0z . = y . _
G ey = (710)" [ (Xe) O] = [( 5 ohb) (& —ea.0t) +e (Zoj'o)n,| " a,
o
(5.41)
The part of the Noether current shown above which corresponds to the infinitesimal spacetime
transformations is linear in £ and the canonical energy—momentum tensor, denoted as usual

as T",, is defined from the terms contracted with £’ above:

—gv K;; oj1¢> A, 4 — (Zoj'e) nﬂy} d™ gz, = —€'THA ), (5.42)
12
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6 Covariant Phase Space Formalism and Poisson Structures

In this chapter we investigate the structure of the space of sections over spacetime (or worldvolume)
M of the (pre)multisymplectic bundles studied thus far. These spaces are infinite-dimensional and
are where one constructs the covariant phase space formalism [34, 148, 152] typically used in the
physics literature (for the state of the art, see e.g. [29]-[32], [82, 113, 114]). Our exposition of
the infinite-dimensional covariant phase space formalism summarizes the classic work of Lee and
Wald [108], where they show how local symmetries yield constraints under a symplectic reduction
procedure of a presymplectic form defined by integration over a Cauchy surface ¥ C M. We also
review how the presymplectic structure of the infinite-dimensional covariant phase space is derived
from the multisymplectic Hamilton-Cartan form €2, € J!'7* (this was originally done in [68] and
in [51] along similar lines). However, the spaces of sections of the (pre)multisymplectic bundles
are also relevant outside of the context of the infinite-dimensional covariant phase space formalism
which involves the use of Cauchy surfaces.

As we have already discussed, the spaces of sections of the (pre)multisymplectic bundles are
where functionals are defined. One of our new results shows how the Poisson bracket of functionals
introduced by Marsden et al in [116] can be constructed from a bivector (denoted Q1) which is
inverse to the Hamilton-Cartan form Qs € J'7* in the sense that the contraction of the bivector
with Qs is equal to the volume form of some arbitrary spacetime hypersurface (i.e., we have the
tensor contraction Q- Q,y = dm_lx). By taking the tensor contraction of the inverse bivector
Q! with the exterior derivative of an arbitrary local function f € C°°(J'7*), and subsequently
contracting with €, one recovers the Hamilton—De Donder—Weyl field equations. We will show
how this is analogous to how the field equations are obtained in [116] by taking the Poisson bracket of
some arbitrary local functional with the action functional of the theory under investigation. We also
demonstrate how the covariant Poisson bracket of functionals in [116] is related to the symplectic
structure defined in the infinite-dimensional covariant phase space formalism as presented by Lee
and Wald [108]. This is achieved by restricting the inverse bivector so that Q! . Q gives the
volume form of an arbitrary Cauchy surface. The Hamilton—-De Donder—Weyl equations are again
obtained by calculating the Poisson bracket of some arbitrary functional with the action functional
as in [116].

Finally, we present the relation between the multimomentum maps associated with Noether
symmetries and the canonical first-class constraints associated with local symmetries as discussed
by Lee and Wald [108]. It follows that the Poisson bracket of constraints in [108] is directly related
to the (pre)multisymplectic bracket (5.21) of multimomentum maps on P, C J'm*. Note that
the relation between multimomentum maps and canonical constraints was first presented in the
GIMMSY works [68] and [69], although their construction carries out the explicit splitting of space
and time, while our construction maintains manifest Lorentz covariance.

6.1 Cauchy Surfaces and Foliations

We begin by briefly reviewing foliations in the context of fiber bundles. Consider the foliation of
M with leaves consisting of Cauchy surfaces, denoted generically as ¥ C M (not to be confused
with the stationary surface, also denoted as ¥, in other chapters of this thesis). The space of
embeddings Emb(X, M) consists of maps 7 € Emb(X, M) which give 7 : ¥ — M : 7(X) — X, so
that ¥, C M is a Cauchy surface. Moreover, take d™ 'z to be the induced volume on X, and n*
as the components of the normal vector on Y.

Furthermore, let k : P — M be a (pre)multisymplectic bundle on which we geometrically con-
struct field theories and let P, = k= 1(%,). It follows that j, : P, < P is an embedded submanifold
since the pre-image of an embedded submanifold under a submersion is also an embedded subman-
ifold [107]. Moreover, we can restrict sections ¢: M — P to the foliation given by Emb(X, M) so
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that ¢, : ¥, — Pr.
We then have the following commutative diagram:

P. T P

Yr (&

¥
=

6.2 The Symplectic and Presymplectic Forms on J'7

The content of this section closely reviews the presentation found in [108], in preparation for making
contact with the multisymplectic formulation in the following sections.

Consider a first—order Lagrangian function on the space of holonomic sections: . € C*(J'7);
the corresponding Lagrangian density is given as L = .#d™x. The field variation ¢ is a differential
form on Jl7 as given by the exterior derivative § on J Lo

0

=ipt ® 3¢, @ : 1
Then, the variation of the Lagrangian (as in Remark 2.13) is given as
m 0L . 4, 0L . 4 m
0z 0L 0L
= |25 — 0u 5o @ d™x + 9, ( 5A>®dmm
[w <8¢A>} # pof"? 62)
535& +0,0" ) @ d™x
dpA
0.Z

5¢A5¢A®dmx+d(9“®dm Yz,)

recalling that :;f is the Euler-Lagrange derivative (1.46). We then pull back the boundary term

0" ® dm_lxu onto some Cauchy surface ¥ and integrate to obtain

0[¢] = /de_lxu ® 0" = /Edm—lwﬂ ® (gjjéqﬁf‘) (6.3)

This differential form is often called the presymplectic potential. We then obtain the following

presymplectic form:
wlp] = 00[¢) = /delxu®50“ = / A" 'z, @0 <ag> A G

> 0a (6.4)
I PL 4 B "L A B .
_/Ed xu®<a¢A¢B6¢ A G %%Ewﬂ&p) .

The manifest Lorentz covariance of all expressions is preserved, with the understanding that the
vector n,, is timelike since it is the normal vector to some Cauchy surface 3.
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Moreover, since partial derivatives commute with ¢, working on the space of holonomic sections
J'7 is equivalent to working on the space of field configurations .%, which is defined as the space
of sections .7 (¢) = T'(1) = {¢: M — E : 2" — (2, ¢*). Furthermore, since the § operator is an
exterior derivative on .#, we can therefore think § and w as differential forms on .% as

04(60)2 = 0[¢] , wap(66)(60)% = wlg] . (6.5)

The differential form wap on .Z is presymplectic and is degenerate in field variations d¢? with
support away from the Cauchy surface ¥ produce the degeneracy directions (6¢)4.

Now consider the degeneracy subspaces given as the collection of subspaces of the tangent space
of .% made up of the degeneracy vectors of wap. The step of reduction which follows requires that
the distribution degeneracy subspaces is a sub-bundle of the tangent bundle of .#. It is shown in
[108] that the Lie bracket of any two degeneracy vector fields is also a degeneracy vector field. Then,
by Frobenius’ theorem, it follows that the distribution of degeneracy subspaces admits integral
submanifolds and we define the equivalence relation between two field configurations ¢; ~ ¢o if
and only if ¢; and ¢o lie in the same integral submanifold. Now, denote the set of equivalence
classes of .# as I' which we assume to be a manifold and will serve as the phase space of the field
theory under investigation. Furthermore, let 7 : . # — IT" be the natural projection, which assigns
elements of .% to its equivalence class; we shall assume that this map is continuous and surjective
so that % is a fiber bundle over T

We now wish to construct the symplectic form €2, on phase space I'. To do so, consider two
tangent vectors v and w? at some arbitrary point ¢ € .# whose fiber is over the point v € T.
Furthermore, consider the two tangent vectors at the point v which are given by the pushforward
of mas mod =V® e T,I' and mwd = We € T,I'. We define the symplectic form Q4p by the
following relation:

Qu VoWt = wapviw? . (6.6)

It follows that,
wap =7 Qgp - (6.7)

If Qg is invertible (which is not guaranteed by nondegeneracy of €2,;, on infinite dimensional spaces),
then Q2 provides us with a Poisson structure on I'. Furthermore, the solution submanifold of .%#
is denoted .# and the image of  : # — T is the constraint submanifold T so that 7w : % — I'. The
restriction of 7 onto the image of .# is denoted 7. The pullback of wap onto .# is denoted wap
and the pullback of Qg onto I is denoted Q5. Then,

ap =7 Qup - (6.8)

Local symmetries on .# are defined as field variations 6.¢” which leave the Lagrangian
invariant up to total derivatives so that
0e L = Ouat (6.9)
for some a* € C*°(J'7). The Noether current is then defined as,

0ZL

T =0t — ot = %75€¢A —at (6.10)
from which it follows that
iE% %
0, J" = <55.$ - W(SE(ﬁA) — 6.7 = —&W(s{fqﬁf‘ , (6.11)

It follows that the Noether current is conserved on-shell. Furthermore, the Noether charge is
defined as

Q= /Enuj" : (6.12)
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It is proven in the original work [108] that ) is independent of the choice of ¥ and in fact vanishes on-
shell for compact . Moreover, when ¥ is noncompact, we require appropriate boundary conditions
so that the conservation of the Noether current holds on-shell. Moreover, Wald showed us in the
noncompact case how to obtain the first law of thermodynamics for stationary black holes by
calculating the Noether charge associated with the timelike Killing vector [144] (see also [92, 93,
145]).

Now, another important result which is given as a theorem in [144] states that each local
symmetry (6.¢)4 at each solution ¢ € .Z satisfies,

(0Q)a = wap(0:0)" . (6.13)

Yang—Mills theory, in particular, exhibits the additional property that the equation above holds on
all of 7.

Local symmetries on T' are defined as the projection by 7 of local symmetries on .% as

X" = (5:9)" = m(8:0") . (6.14)
The constraint C defines I' C T as,
Clg=0. (6.15)
Then,
QX" = (3C)alr - (6.16)

In the case of Yang—Mills theory, the equation above is satisfied everywhere on I' and the constraint
C is given as the projection of the Noether charge @ [108].

Now, by setting

X*=Q®C), , (6.17)
we have L(X%)Qq = 0. Furthermore, we have Q% gives us a Poisson structure on T as,
{C1,Ca} = —Q%(8C1)a(0Ca)y, - (6.18)
In fact,
Qup[X1, Xo]” = (6{C1,Co})a (6.19)

as shown in [108].

7, the local symmetry

Furthermore, Lemma 3 in [108] tells us that, at some solution ¢ € 16
5:¢)4 on .Z are called local

(55gz§)A is tangent to .#. The projection by 7 of local symmetries (6.
symmetries on I':

X =m(5:0)" . (6.20)

It follows that o
QuX’=0. (6.21)

Now, we wish to pass over to the De Donder—Weyl Hamiltonian setting and make contact with
the Hamilton-Cartan forms O, € Q™(J'7*) and Q, € Q™ (Ji7*) (or ©5, € 2™ (P,) and
05, € Qm™+1(P,) for theories that are singular in the De Donder-Weyl sense). First, rewrite the
presymplectic potential # and presymplectic form w from equations (6.3) and (6.4) as

0= / 71";15¢)A od" 1z, |, w= / S A orh @d™ tay, (6.22)
% P

These are related to the Hamilton—Cartan forms on Ji7* as follows (see e.g., [68]). Let X,Y €
V@D (i)

0 0 0 0
—— + 0 Y =0,y = + 6,0 =
R A

X =07 (6.23)
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0(X) z/zjlé* [i(X)O.r] =/Ej1<z>* (Ph6y?) d™ ey, (6.24)

and
w(X,Y) = /Z FLo* [[(Y)i(X) Q] = /E 3t (Sayoyp’y — 0yytouply) d™ ey, (6.25)

The product of the § operators in the expression above act as the wedge product exterior derivatives,
thus yielding the forms in equation (6.22).

Finally, as an aside, consider the pre-image of the projection map « : P — M where P = J'r*
or P = P, and we denote both corresponding multimomenta generically as p'); furthermore, we
have the embedded Cauchy surface ¥ — M. Since the pre-image of an embedded submanifold
under a submersion is also an embedded submanifold [107], we have

Pr=xY(2)CP, (6.26)

with embedding map denoted as jx; : Px < P. Moreover, the restriction of k given as ky, : Py — X
provides us with a sub-bundle of x : P — M.

As before, let n* be the components of the normal vector on ¥ and let d™ 'z be the volume
form on ¥ so that the pullback of dm_lxu onto X is given as nudm_lx. Then, the Poincaré-Cartan
forms on Ps are

Ox = j&0.g = nuplidy® Ad™ 1z € Q™(Py) (6.27)
Qs = 309 = n,dy? Adply Ad™ 1z € QMTH(Py) . (6.28)

These expressions are associated with the expressions for # and w in equation (6.22). However,
the relevant variational correspondence between the exterior derivative operator § on sections of
k : P — M and differential forms on P is discussed later, in Chapter 14, where instead P = J'r,
which is where the variational bicomplex is naturally defined.

6.3 Poisson Structure on the Fibers of J'7*

Recalling the expression for the multisymplectic Hamilton—Cartén form €, on Jl7*,
Q= dy Adphy Ad™ ey, + A Nd (6.29)

where now dm_lx# can be written as nudm_lx, corresponding to some arbitrary embedded hy-
persurface of M which is not necessarily a Cauchy surface. The hypersurface is then lifted to
J'7* as the pre-image of the projection map J'7* — M as before. We then define the bivector
O~1 € X2(J'7*) along the normal direction of such a hypersurface as

0 0
Ql=nt—2 A — . 6.30
opty  oyA ( )
This bivector is inverse to €4 in the sense that their contraction yields the hypersurface volume
form:

Q1 Qp =ntdm g, =d" e (6.31)
Furthermore, we define the corresponding bivector along local sections ¢ : M — Jl7* as

o 9,9 0

QL =pH = . .32
n@wﬁ/\8¢‘4 napi/\aonw (6.32)
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Upon choosing this bivector along the normal direction to some Cauchy surface X, this bivector
is inverse to the presymplectic form (6.22) of the infinite-dimensional covariant phase formalism
from the previous section,

w = / A"z, ® 664 Aot (6.33)
¥

QO lw= [ nrd" e, = | Al 6.34
o
) by

Now consider some functional given as

in the sense that

Flo) = [ anarot ) = [ var, (6.35)
M M
in terms of some semi-basic form ap = fd™z. Furthermore, let
Q1 ap=d"reQ Hdf) =d"r® X}, (6.36)
where,
X;=Q7Hdf) =n* <§y{4 a;)*g - ({% a§A> : (6.37)

Then, we pass the bivector through the integral as the bivector along sections, as in equation (6.32).
It follows that

Q_l(F[¢])_/ Q_l(w*ap)—/ dmx®Q_1(5}')—/ d™z @ Xr (6.38)
M M M
where,
oF 0 oF 0
Xr=Q 6F) =n" 6.39
d (6F) <8¢A ort ol a¢>A) (6.39)
Furthermore, upon passing the bivector through the pullback by local sections we obtain
Q_l(F[gb]):/ w*Q_l-aF:/ w*dmx®§2_1(df):/ P A"z @ X . (6.40)
M M M
Now observe that,
. of A -1, OH of —1 OH
Xy =-n"|=—5(d dam — d™x dpy ANd" y, + 5 d" .
O = o [ oy ) T \ AN e gy
(6.41)
It directly follows that
OF 0 OF 0
* . X Q — _ppM | = _— v v _— m 5 42
i =[5 (o = 5 )+ o (o G5 )| v (a2
which vanishes on-shell

Now, consider a second functional G[¢]| with,

Glg) = /Mdmxg / g = / 4 (g™ ) (6.44)
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and corresponding vectors,

dg 0 og 0
=0 "(dg) = — .
() <3yA oy ovly 0y"‘> ’ (649
_ _ oG 0 oG 0
Xo =0 H6G) = at .
g (99) <8¢A on” ot 3¢A> (6.46)
Contracting Xy and X, into {2 yields,
. . _ af g -1 df 9g -1
X)) X))y =nt” | — m — ———d™ "z, ] . 4
i) = (S am e, - 2, (6.47)
Setting n* = n* yields,
. . af 0Og of g 1
X)i(X)Qp =ntn” - d™ "z, 4
HXgJiX ) = <8yA oply  oply oyt ) (6.48)
Then, using n#n, = 0., we obtain
. . af 0g af 0Og m
nda? A [i(X,)i(X )R] = 0t (ayA o o )4 (6.49)
A

Moreover, upon pulling back by sections 1 and integrating over M, we obtain the bracket of the
functionals F' and G given by the contraction with the bivector Q! as,

af g 9f 0
/ V7 (npda? A[i(Xg)i(Xp)Qr]) = /Mdmmu<8y{48pgffl_8p£8y%l)0¢

/ m oF 0G oF 0G
= d™zn* —
M 0pA (37Tff1 87er 0pA

(6.50)

) — 0 (RO

The expression above coincides with the Poisson bracket of functionals defined by Marsden et al
in [116] which they use to obtain the De Donder—Weyl equations by taking the Poisson bracket of
the action functional

= [ o= [ @atiot- ). 51)
M M
with some arbitrary functional F' yields,
oOF El%” oF 0
= Mt | A
{F, S}y /Md n {8(15‘4 < 07 — >+87TA (8 7TA+8¢A>:| (6.52)

(where the total derivative of WﬁgbA is dropped as usual). It follows that setting {F, S}y = 0 yields
the Hamilton—-De Donder—Weyl equations. Furthermore, the expression for {F, S}y above is in
agreement with the multisymplectic calculation in equations (6.41) and (6.42) as

(F,S}y = — / 5 (X))

B 8f Oif m—1. _ of 04 of 0\ .
_/ p* [( By dy +nY (9pAdpA)/\d Ty—mn (9yA8pA 8p A d"x

oF ,
/ dmant ((%A ot 1 2 o a1 — {F, j‘f}#> :
(6.53)

We can similarly carry out the same analysis using X and the presymplectic form w. First,
obtain

i(XF)(whd™ ta,) = —n# ((%; St @ d™ Ly —}—&rfg ® dm_la:,,> . (6.54)

0
awi
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Notice that this does not directly reproduce the Hamilton—De Donder equations as in equations
(6.41) and (6.42). Instead they are obtained by contracting once again with the vector field asso-
ciated with the local function .Z = Wi(f)ﬁ — J as follows:

o\ 0 o\ 0
Xey=Q N(ZL)=-n" Kgb;j‘ > 564 (aﬂ,’g - W‘) 5”51] : (6.55)

and hence,

, , — oOF OHN\ e oOF 0K\ e
i (Xg)i(XF)(wd™ a,) = n'n” [agbA (qu A>d Ly —i—M(ap A+3¢A>d 11:1,] .
(6.56)

Upon setting n* = n# and acting from the left by wedge product with n,dz”, obtain

- - oF o\  OF 0AN] m
npda? A [i (X)) i(XF)(whd 1:@)] =n [3¢A <8“¢A N M) t o oy <8V mat 8¢A)] e
(6.57)

which is in agreement (up to a negative sign) with the multisymplectic expression (6.42), and hence
with the Poisson bracket expression (6.52) also, as:

—*i(X ) = {F, St = npda? A [i (Xg)i(XF) (WHd™ a,)] . (6.58)

Furthermore, given two functionals F = | y M F and G = i)  dM2G, it follows that

oF 0G  OF 89) (6.59)

m—1 _
X ) = (555~ D5

Once again, upon setting n* = n# and acting from the left by wedge product with n,dz”, we obtain

(6.60)

npda;p A [ (Xg) (X}_)(wudm 1 u)] — pt ( oOF 8g OF 8g > am

oA orly - o f oA

and so it follows that

{F,G}=— | " [nyda” A (i(Xg)i(Xs)Qw)] = | npda? A [i (Xg)i(XF)(wHd™ ' z,)] . (6.61)
M M

6.4 Yang—Mills Theory

The Yang-Mills Lagrangian is given as

& = _ZFSVFW (6.62)
and we have the covariant derivative,
Dy = 0%0u — fa AL Dy’ =6,"0u + faAZ . (6.63)

It is straightforward to obtain the expressions for the presymplectic potential and presymplectic
form on .# (see [108]):

Gz/d?’xnuwfl“’(SAﬁ , w:/d?’mnuéﬂg”A&Aﬁ . (6.64)
2 )

The expressions for the corresponding symplectic form €2 on phase space I' is identical to the
expression for w on Z#.
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The local symmetry is generated by,
GpAAL = DUAY | GamhY = fOmEYAC (6.65)

and it follows that
(Q)ap(00)" = /E dany, ([, AT SAL — Dy Aol )
= / d3xn,é(m D, A) (6.66)
/d%nuAb& Dty
and thereby follows that the constraint obtained is given as,
Cr = /Zd?’xn”AbDﬁbﬂfj” . (6.67)

This constraint is in fact the one obtained from the premultisymplectic analysis and is in agreement
with the corresponding multimomentum map (10.16) up to a total derivative, as

e = [ 32 [ s5etvn) + Dpy (a0m)] (6.68)
by
and hence,
IS (Ya) = —i(Yr)0% = n D A &3, . (6.69)

Now, recall that the relation between the (pre)multisymplectic form of the De Donder—Weyl
Hamiltonian formalism is related to the (pre)symplectic forms of the infinite-dimensional covariant
phase space formalism. This allows us to make a direct connection between the Poisson bracket
of constraints (6.18) in the infinite-dimensional covariant phase space formalism and the premulti-
symplectic bracket (5.21) of multimomentum maps on P, C J!7*.

For the state of the art on the formal definition of Poisson brackets on infinite-dimensional
covariant phase space, we encourage the reader to see [29]-[32].
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Part III
Examples

We now work out the (pre)multisymplectic geometry of a few specific field theories as explicit ex-
amples which are well known in the physics literature. The following examples have been presented
in our published works [63, 75, 76].

7 Scalar Field Theories

In this chapter, we present a variety of scalar field theories. We begin in Section 7.1 with the
standard Klein—-Gordon field. Next, in Section 7.2 we present a version of Klein—-Gordon which
we call canonical Klein—Gordon, in which we introduce two separate fields, the standard Klein—
Gordon field, and a field corresponding to the canonical momentum. By treating both fields on
the same footing on the configuration manifold, we are able to obtain the standard results from
instantaneous formalism. Furthermore, the canonical Klein—-Gordon theory of Section 7.2 allows us
to then construct the Electric and Magnetic Carrollian scalar field theories in Sections 7.3 and 7.4.

7.1 The Klein—Gordon Field

Klein—Gordon theory can be found in any standard quantum field theory textbook such as [129].

Consider a m-dimensional spacetime manifold M, equipped with the Minkowski metric 7, with
signature (— + ...4+). The configuration bundle for Klein—-Gordon theory is given as 7 : E — M :
(@, ) — at.

7.1.1 Lagrangian Formalism

The Lagrangian formalism takes place on the first-order jet bundle J!'7 which has natural coordi-
nates (z#, ¢, ¢,). The Lagrangian density L and Lagrangian function .Z(z*, ¢, ,,) on J'x for the
scalar field theory are

m 1 v m
L=2(" ¢, ¢,)d"x = —3 (7]“ Outpy + m2g02) d"z | (7.1)

from which the Lagrangian energy F ¢ is given by

0ZL 1 1

Ey=—-—"¢,—%=—=p" —m2p? . 7.2
% a(pﬂ‘ﬂ,u 277 @u@v+2m90 ( )

This is a regular Lagrangian system in the sense that the Hessian

02
= =g 7.3
0pudpy 1 (7.3)

is regular. The jet bundle J'7 comes equipped with the Poincaré-Cartan m-form © ¢ and the
multisymplectic (m + 1)-form 2, which are given by,

1
Oy =—n"p,dp A dm_lﬂzu + 3 (n“”gougoy — m2<p2) d™z | (7.4)
Qo =n"dp, Adp A dmflscu — (n““goudgo,, — m2dg0) ANd"x . (7.5)

The multisymplectic form €2 is 1-non-degenerate as a result of the regularity of the Hessian (7.3).



61

The field equations are produced by a class of multivector fields {X »} € X™(J'7) that are
locally decomposable, integrable, and 7! —transverse (;(X.¢)d™z # 0). We use a representative of
{X ¢} for which §(X ¢)d™z = 1, expressed locally as

X — m—1 v _ m—1 ) . 9 i 9
n=0 ©n=0

The field equations are then given as (X )2y = 0, from which it follows that

W“VHW - szO =0, (77)
n" (D, —¢u) =0. (7.8)

Furthermore, the solution to the variational problem on J'm requires that X ¢ must be holonomic
multivector fields (the SOPDE condition). By definition, this means that they have holonomic
integral sections jl¢: M — M x R : z# +— (2, @, Oup), so D,, = 0,p. Therefore, in the expression
(7.6) must be D,, = ¢, and this condition shows up in the field equations (7.8); this is expected as
the SOPDE condition always shows up in the field equations when the Lagrangian is regular. The
final field equations are obtained from (7.7) on holonomic integral sections, giving:

N 9,0, —mip =0 . (7.9)

7.1.2 De Donder—Weyl Hamiltonian Formalism

The De Donder—Weyl Hamiltonian formulation of Klein—Gordon field theory is constructed on the
extended multimomentum bundle Mm which has local coordinates (z*, ¢, p,,p) and the restricted
multimomentum bundle J'7* which has natural coordinates (z*, ¢, pu). The Klein-Gordon field
theory is specified by a Hamiltonian section h = (a;“, Oy PusP = %nm,p”p” - %m2g02) so that the De
Donder—Weyl Hamiltonian is given as
1 LV 1 2 2 oo/ 71, _*
%”:—577pr +§mg0 e C>®(J 7). (7.10)
Furthermore, this Hamiltonian field theory is related to its Lagrangian version by the following
Legendre map:
07
FLP = — =-n"p, , (7.11)
Op,

which is invertible since the Hessian (7.3) is regular (.. is a local diffeomorphism); it follows that
(L) ou=—nup” . (7.12)

Furthermore, the De Donder—Weyl Hamiltonian can be produced by the Legendre map as,

H = pt (5@2’71)* P — (9371)*3 = —%nuyp“p” + %m2<p2 . (7.13)

The bundle J'7* is equipped with the Hamilton-Cartan m-form © 4, and multisymplectic
(m 4+ 1)-form € given by

1
O = p'dp A" ey + o (up"p’ —m?e?) d"z (7.14)

Q= —dp* Adp A dm_lxu — (nwjp”dp“ — m2<,0d<,0) ANd"z . (7.15)
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The field equations are again produced by a class of multivector fields {X »} C X™(J'7*) that
are locally decomposable, integrable, and 7-transverse which satisfy (X »)Q,r = 0 for every
X € {X ¢} As above, we use a representative of {X j}, expressed as,

m—1 m—1 9 9 9
n=0 pn=0

and the field equations (X »)Q» = 0 give

H +mPo=0, (7.17)
Dy +nuwp” =0 (7.18)

Recall that the solution to the variational problem in the De Donder—Weyl Hamiltonian formalism
requires that ¢ are integral sections of X ,», hence D,, = 8,0 and H}f; = 9,,p”, giving the Hamilton—
De Donder—Weyl equations:

Oup" +m*p =0, (7.19)
O+ nup” = 0. (7.20)

7.1.3 Symmetries

Lorentz transformations:

The symmetry group of the Klein—-Gordon field theory on Minkowski spacetime consists of
Lorentz transformations, written as

at = A = (08, —wh) 2", pu(x) = A”ugol,(:c) = (5"“ + w”u)go,, , (7.21)

where w", are the infinitesimal Lorentz matrices which are antisymmetric. It follows that the vector
fields which generate the Lorentz transformations on spacetime M and the configuration bundle £

are,

&y =—wha'— | {p=-—-wha” (7.22)

Dzt dxh
respectively. The canonical lifts X¢ € X(J'7), Z¢ € X(Mm), and Ye € X(J'7*) are given by (4.20),
(4.36), and (4.40), respectively, and they are

0 0
Y v
Xe=—who e +w Mcpl,—&pu ) (7.23)
0 0
RN TR 7 NN
Zf = Twhr Ot vP apu ) (724)
0 0
RN TR 7 NN
Ye = —wha G WP api (7.25)

Furthermore, .#.%, X¢ = Y trivially (see also Proposition 4.6).

It is straightforward to check that L(X¢)L =0 & L(X¢)©.« = 0. Furthermore, L(Y¢)O» =0
and it follows that both X¢ and Y are exact natural Noether symmetries. The corresponding
momentum maps are:

1
Jo(Xe) = wlia® [n“”cp,,dgp A" 2z, + 3 ("™ puipy — m*?) dmlxp} c Q™Y (JMr), (7.26)

- ]‘ v m— m— *
I (Ye) = WP x7 [p“d(p/\dm 2Tpp + 3 (Muwp"p” —m*e?) d 1mp] e QI (Jir*) . (7.27)
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7.2 Canonical Klein—Gordon From Geometric Constraints

Consider m-dimensional spacetime M with the Minkowski metric 7, with signature (— +...+)
and two scalar fields, ¢(z) and 7(x), given by the sections ¢ : M — E : 2t — (a2, ¢(z), m(x)) of
the configuration bundle 7 : ' — M : (¢, 7) — .

7.2.1 Lagrangian Formalism

The scalar field theory investigated in this section is given by the canonical Klein—-Gordon La-
grangian which originates from the canonical construction of the Klein—Gordon field on the canon-
ical momentum phase space where the canonical momentum, 7 (z), is given by the Legendre map
m(z) = 8.%(x)/0¢(x). Conversely, in the construction of the canonical Klein-Gordon Lagrangian
given here, m(z) is proposed simply as a second variational field while the notion of the canonical
Legendre map is abandoned and the relation that is typically obtained from the canonical Legendre
map instead shows up as a SOPDE constraint. The jet bundle has coordinates (x#, ¢, 7, ¢, 7,) and
it thereby follows that the first-order jet prolongations of sections ¢ : M — E have the expression
il M — Jir ot — (2t (z), 7(x), Oud(z), O, (2)).

Now, instead of writing the Lagrangian in terms of the fields themselves, the Lagrangian is
written as a function on Jl7,

1 1 -
L =Ty — §7r2 — i’ € Cc>®(J'n) . (7.28)
This Lagrangian is singular as it is directly evident from the multi Hessian matrix, whose compo-
nents are
2 2y 2L y 2 2L
0 :O,L:O,L:—éw, 9 = ,L:0 (7.29)
O0podo O0po0; 0000 om,0m, 0,00,
e 0*s
The null vectors associated with m and om0 are
1 1
0 1
W= s =11, (7.30)
0 1
respectively. The Lagrangian energy is
0% 0% 1 -
Fo=— - _ — 2 i (2 o7} 1 31
= Gt g = 5 = 60 € N (731)
and the Poincaré—Cartan forms are
m—1 % m—1 1 2 7\ Jm m 7l
Oy =nmdp ANd" xg — Pp'ddp AN d $i—§(ﬂ — ¢ )d"x € QM(J m) (7.32)
Oy =—-dOy =dp Adr Ad™ Loy — de® Ado Ad™ Lz + (rdr — ¢lde;) A d™x (733)

=Qy+dEg Ad"z € 2™ (J'n) .

As Z is a singular Lagrangian, € ¢ is a premultisymplectic form. Now, take a locally decomposable
multivector field X o = Xg A X1 A ... A X1 € X™(J'7), with components

0 0 0 0 0

XM: %+AM%+BME+CMV%+DMVTM ) (734)
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which satisfies i(X ¢)d™xz = 1. Then, the field equations are given as

0=i(Xg)Qy = — Bydp + Agdm 4 Cldp — Aldg; — wdm + ¢'dep;

) 7.35
+ (BoAy — ByAg + CiAi — Ci Ay + By — ¢;C%) da? (7.35)

which, by setting differential forms separately equal to zero, produces the following equations

C!—By=0, (7.36)
Ag—m=0, (7.37)
i — A =0, (7.38)
BoAy — ByAg + CyiA; — Ciy Ay + 1By — ¢;Ck =0 . (7.39)

Equation (7.39) is a combination of the first three equations and is thereby and identity. Equation
(7.37) determines the coefficient A, equation (7.36) is a relation among the coefficients By and C?,
and equation (7.38) is the spatial part of the holonomic or SOPDE condition for the 9/9¢ piece of
the multivector field. As these equations show, no compatibility constraints appear. As it has been
proven in Proposition 3.1, this can also be analyzed geometrically by enforcing

i(Z)dEy =0 , for every Z € ker ﬁg Nkerd™x , (7.40)

where, Qg = do Adm Ad™ ey — de Adg Ad™ Lay, as it is shown in (7.33). In this case

~ mo 0 0
ker,Qgﬂkerd xr = <ad)0’87'(‘#> 5 (741)
and it follows that 5 5
z<a¢0>dEg:0:z(a7Tu> dE g , (7.42)

which agrees with the fact that no compatibility constraints are produced in this system.

Now, imposing the SOPDE condition A, = ¢,, B, = m, on X ¢ (i.e. demanding that the
multivector fields X & are holonomic), it follows that the relevant field equations left over are

Cl—m=0, (7.43a)
do—m=0. (7.43b)

At this stage, the first equation (7.43a) gives another relation for the coefficients C!. Equation
(7.43b) is a SOPDE constraint which defines the constraint submanifold S; < J'r; this is a con-
straint giving a relation between the fields and their partial derivatives. Notice that the Lagrangian
function (7.28) on the submanifold S; takes the form of the standard Klein-Gordon Lagrangian:

1
L, = —50ud" - (7.44)

As a final step, it is necessary to impose the tangency condition of the multivector fields X ¢ to
the submanifold Sy:

L(XM)((ﬁ[) — 7'(') = CMO — BM =0 (on Sl) . (745)
These are new relations among the coefficients of X & but are not constraints, therefore S; is the
final constraint submanifold on which the constraint algorithm terminates.

Now, upon taking (z*, ¢(x), w(z), ¢, (), m,(x)) to be integral sections of the multivector field
X o by setting

Ap=0u¢0 , Bu=0um , Cuw=0¢, , Dy =0um , (7.46)
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the field equations on S; become

9,00 — =0, (7.47a)

b—m=0. (7.47D)
The combination of equations (7.47a) and (7.47b) gives the Klein—-Gordon equation:
9,0t =0. (7.48)

Furthermore, the integral sections (7.46) which satisfy the field equations (7.47a) and (7.47b) satisfy
the tangency condition on S; given by (7.45) particularly as a consequence of (7.47b).

7.2.2 De Donder—Weyl Hamiltonian Formalism

The De Donder-Weyl Hamiltonian formulation takes place on the bundle J'7* which serves as the
multimomentum phase space and has coordinates (z#, ¢, T, pg,p#), where the multimomenta pg,

ph are obtained from the Legendre map .#.% : J'm — Jin*,
0z _ 0% _
0p; 9o

The first equation above is invertible and is therefore not a constraint. The second and third
equations give the primary constraints pg —m =0, pi =0, which define the submanifold 7, : P, <

. gew=2Z _o (149

F L py = —¢' , FLPY =
on,

J7* with local coordinates (z#, @, F,pfb). Note that, by Proposition 3.2, the null vectors (7.30) are
given as

* 0 0 ™ * 9
W =FL AR W=7« oy 7% (7.50)

Furthermore, .%.% maps onto the primary constraint submanifold P, C J'7* as a consequence of
the fact that the Lagrangian function . is almost-regular and the restricted Legendre map . .%,
is given by #.¥ = jo 0 F.L5.

The De Donder—Weyl Hamiltonian .75 € C*°(P,) obtained from E¢ = .7 .£; 4 is given as,
1 .
Mo = 5 (7 = i) - (7.51)
The Hamilton—Cartan forms obtained from (1.53) are

o m— 7 m— 1 7 m m
0% = mdp Ad™ Tz + phdp Ad™ e — 5(772 — phpgi)d™z € 2™(P,) (7.52)

S =dp Adm Ad™ ag + do A dply A + (rdm — pgidpl) AdTx € 27THP) , (7.53)

and we identify (2;0 as usual. Now, in order to produce the Hamiltonian field equations, take
a locally decomposable multivector field X5, = Xo A X1 A -+ A X1 € X™(F,) satisfying the
normalized transverse condition i(X%,)d"x = 1, whose components are written as

0 0 0 0

X,=+—+A,—+B,—+C,— . 54
" 81‘“+ “8¢+ “(37T+C“8pé5 (7.54)
Then, the field equation i(X%,)Q%, = 0 yields
By +C!=0, (7.55)
Ag—m=0, (7.56)
Ai+ppi =0, (7.57)
7By — psiCy + AxBy — AgBy + A\C! — A;C =0 . (7.58)



66

Similarly to the Lagrangian formalism, equation (7.58) is a combination of the first three equa-
tions and is thereby an identity. Equations (7.56) and (7.57) determine the coefficients Ay and
A; respectively and equation (7.55) is a relation among the coefficients By and C’; As before,
no compatibility constraints appear; this can also be shown geometrically as in the Lagrangian
formulation by searching for compatibility constraints via the application of Proposition 3.1: set
i(Z)ds = 0 for every Z € ker ﬁ;f N ker d™z. However, as

ker 2%, Nkerd™z = {0} , (7.59)

it follows that condition (3.20) holds in agreement with the fact that there are no compatibility
constraints (as one would expect from the Lagrangian formulation).

Now, taking (x*, ¢(z), W(x),p;(x)) to be integral sections of X%, given by, and hence

9¢

= W y B,LL = 6/»L7T s CL = 6ﬂpl¢ y (760)

the field equations above become
$—m=0, (7.62)
dip+p,=0. (7.63)

Plugging (7.62) and (7.63) into (7.61) yields
b —8;0'p=0, (7.64)

which is again the Klein—Gordon equation as expected and thereby displaying the equivalence
between the Lagrangian and the Hamiltonian formalisms.

7.2.3 Symmetries

The Lagrangian density associated with the Lagrangian function (7.28),
m 1 2 1 % m
L=%d"x=(n¢g— o §¢Z¢ d™z | (7.65)

is invariant under Lorentz transformations A*,:

ox” Ox”
=Mt ¢(@) = o) , 7(@) = (), @) = S du(a) , m ) = Som (@) . (T66)

Let the Lorentz transformations on M be infinitesimal so that the Lorentz matrices take the form
A, = 6", + €, where €, is the infinitesimal antisymmetric Lorentz matrix. It follows that
the spacetime coordinates transform as x’# = x# + £H(x) with £#(z) = €",2 and the resulting
infinitesimal Lorentz transformations of the fields and their spacetime derivatives are given by

the Lie derivatives of the first—jet prolongations j'¢ : M — J'z with respect to the vector field
0
& =—EMr)m=— € X(M) as defined in (4.22):

OxH
Ip(x) = ¢'(z) — p(x) = —€",2"0u0
om(x) = W:(J:) —7(x) = e“yfjaﬁ;ﬂr - eo‘oqbz , (7.67)
0¢u(r) = (1) = Pu(r) = =200ty — € da
omu(z) = m,(2) — mu(x) = —eaﬁxﬁaoﬂru — € Ta
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0
which give §.Z(x) = ~ e (eaﬁxﬁ < (x)) The vector field which generates the Lorentz transfor-
x

mations above on Jl7 is

Xp=—-ex 88 +60¢y8+6u¢ya¢ + €7 ﬂ'yaiu
5 P (7.68)
= —ex 8M+60¢, +eo¢la¢ ( %o + € (;5])%—#6 Wyﬁﬁu € X(Jn) .
It follows that LL(Xs)L = 0 holds everywhere on J'7 while
L(X2)0z = (x — d0)(dp A d™ 'y — did™) . (7.69)

Also, observe that X, is tangent to the constraint submanifold S; C J'm given by the constraint
¢o — 1™ = 0 as desired since L(Xa)(¢po — ) = 0. However, X, is not projectable onto E as

a result of the component attached to g it is for this reason that the transformations (7.67)
T

can be interpreted as the Lie derivatives of j'¢ only (as the sections ¢ do not provide the term
associated with the second term of X, that is not projectable onto E). Now L(XA)O¢|s, =0, so
the exact Noether symmetry exists only on the constraint submanifold S7. Then, the corresponding
momentum map Jg(Xy) = —i(X5)O ¢ also exists only on the points of S and is given by

, . . 1. .
Jo(Xn)|sy = felﬁxﬁwdqﬁ A d™ 220, + ejﬁa:ﬁgéldqb A" 2y — §ezﬁxﬁ(ﬂ'2 — ¢;¢7)d™ ;. (7.70)
In the Hamiltonian formalism on P, C J'm*, the symmetry transformations are generated by
Yo = F Lox Xalg, € X(Po) which is given as

0

v i 0 i AN
Yy=—éx Gpr  iPog -~ (6 o + € jpé) prp . (7.71)

The momentum map J5,(Ya) = —i(Yp)0%, € 2™ 1(P,) is given by

. , . 1. A
I (Yn) = —elgxﬁwd¢ A 220 — ejﬁxﬁpgd¢ A dm_2xij — §ezﬁx5(7r2 — p¢jp‘;)dm_1xi . (1.72)

7.3 Carrollian Electric Scalar Field Theory

We now turn our attention to theories which arise from taking the limit ¢ — 0 for the speed of
light, first introduced in [77, 109]. Today, such theories are known as Carrollian field theories; for
more details on such theories, see, for instance, [18, 19, 64, 80].

Again, consider m-dimensional spacetime M and two scalar fields, ¢(x) and 7(x), given by the
sections ¢ : M — E : o — (zM, ¢(x), m(x)) of the configuration bundle 7 : E — M : (¢, ) — zH.
Now, the electric Carrollian contraction [80] of the canonical Klein—Gordon Lagrangian is performed
by making the field redefinition given by ¢(z) — cp(x), m(x) — %W(x), and taking the limit ¢ — 0
for the speed of light. It follows that the Minkowski metric becomes degenerate as

ds® = nudot @ do” = —c2da® ® da® + §;;d2’ @ da?! — §;;da’ @ da? . (7.73)

7.3.1 Lagrangian Formalism

The Lagrangian function . € C*°(J'm) obtained from the electric Carrollian contraction of the
canonical Klein—-Gordon Lagrangian is

=Ty — *7‘( , (7.74)
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which is clearly singular since

2 2 2
azuiy ~0 | ai;ai =0 87‘?“52; - (7.75)
0?Z 02°Z
The null vectors of the Hessians m and s are
1 1
7P = 1 , A= 1 : (7.76)
! !
respectively. The Lagrangian energy function and the Poincaré-Cartan forms are
Egy = %79 e C™(J'm), (7.77)
Qg =mdp Ad™ g — %Hdmx cQm(Jin), (7.78)
Qg =dpAdr Ad™ Loy + wdr Ad™2z € Q7T . (7.79)

Since the Lagrangian function (7.74) is singular, Q¢ is a premultisymplectic form. The field
equations are obtained by using multivector fields X ¢ = Xg A X1 A --+ A X1 € X™(J17) such
that (X ¢)d™z = 1, so it follows that their components are given by

0 0 0 0 0 0
X,=—+A,—+B,— — i— +Dy— . .

b= g T gy T Bugr  Cug st Cuig s+ D g (7.80)

Then the field equation is
0= i(X(g)Q‘g = Aodﬂ — Bod¢ — mdm + (A)\BO — B)\A(] + WBA)d:E/\ . (7.81)

which leads to

0=—-—By, (7.82)
0=Ag— 7, (7.83)
0=A\By— B\Ag+ 7B, . (7.84)

Equations (7.82) and (7.83) determine the coefficients By and Ap; equation (7.84) is an identity
as a result of the previous equations as usual. There are no compatibility constraints, which is
corroborated by applying Proposition 3.1:

- W Ja 0
ker Qgﬁkerd r = <a¢u,aﬂ_u>, (785)

0 0
and i | — |dEy =0=1i| — | dE ¢ is satisfied a priori without producing any constraints.
09, on,

Imposing the SOPDE condition, A, = ¢, B,, = 7, the field equations (7.82) and (7.83) produce
two SOPDE constraints
7T0:0 5 ¢0—7T:0, (786)

which define the constraint submanifold S; < J'7. The tangency condition for X ¢ on S is
imposec by

L(Xu)(m) = Do =0, L(Xu)(¢o—7m) =Cuo—By=0 (onS). (7.87)
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It is evident above that no new constraints arise, hence, Sy is the final constraint submanifold in
the Lagrangian formalism.

Consider now (z*, ¢(z), (), po(z), 7, (x)) which are integral sections of the multivector fields
X ¢ and therefore satisfy (7.46). Then, the SOPDE constraints (7.86) yield

F=0 , ¢—n=0, (7.88)
which can be combined giving )
$=0, (7.89)
as in [19]. The tangency conditions (7.87) lead to
_or P
8“71'0 = @ =0 s 8N7T = 8ﬂ¢0 = (9#¢ N (On Sl) . (790)

These equations are fulfilled by the solutions to the field equations, in particular, as a consequence
of the second equation in (7.88).

7.3.2 De Donder—Weyl Hamiltonian Formalism

The multimomenta obtained from the Legendre map are

ﬁf*pgzgjz:w . FLP = gf =0, ﬁz*péﬁ:g‘fﬂ, (7.91)
7 H

and give the primary constraints pg -7 =0, pés = 0, and p4 = 0, which define the primary

constraint submanifold 7, : P, = J'7* with local coordinates (2, ¢, 7) and the restricted Legendre
map F.%, is given by #.Z = j, 0 #.%, as before. Once again, the primary constraints can be
used to compute the null vectors (7.76) by using equation (3.24) given in Proposition 3.2. The
Lagrangian function . is almost-regular and the De Donder—Weyl Hamiltonian 7, € C*(F)

obtained from FEy = % L, is

1
H, = §7r2 , (7.92)

and the Hamilton-Cartan forms are
1
0% = mndpAd™ tzy— 57901% € ™(P,),
Q% = doAdr Ad" g+ wdr AdTe = Q% + it AdTx € QTTY(R,) .

The locally decomposable multivector fields X%, = Xo A X1 A -+ A X1 € X™(P,) satisfying
the normalized transverse condition i(X5,)d™x = 1 used to produce the field equations have the
following components:

0 0 0
X, =—+A, —+B,— . 7.93
K Ot + .“a(b + #aﬂ_ ( )
The field equations obtained from i(X%,)Q°, = 0 are
0=By, (7.94)
0=Ag— 7, (7.95)
0=A\By— AgB)\ + 7B, . (7.96)

Once again, using (7.94) and (7.95), the third equation (7.96) is an identity. These equations
do not produce any compatibility constraints. This again is in agreement with Proposition 3.1
which dictates that compatibility constraints may be produced by i(Z)d.#5 = 0, for every Z €
ker (2}; Nkerd™x, and as

ker 2%, Nker d™z = {0} (7.97)
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is obtained computationally, it is confirmed that no compatibility constraints exist.

Upon working on (z#, ¢(x), m(x)) which are integral sections of the multivector fields X°%,, and
hence

Ay=0u9 , By=0ur, (7.98)
it follows that the field equations (7.94) and (7.95) take the form
=0 , ¢—7m=0. (7.99)

Notice that plugging in the second equation into the first above gives

$=0. (7.100)

The equivalence between the Lagrangian and the Hamiltonian formalisms again is evident.

7.3.3 Symmetries

The spacetime symmetry of the Carroll spacetime geometry are the Carroll transformations [80]:

=20+ b2t | =2t = P =CNa, (7.101)

where C%) = 1, C% = b, C% =0, (C’ij) € O(d). These transformations can be represented
infinitesimally by

O =68 4 e (7.102)
so that now by = €%, is infinitesimal. Up to linear terms in ¢'(2') = ¢(x) and 7/(2’) = n(x), the
infinitesimal transformations of the fields, d¢(z) = ¢'(z) — ¢(x) and on(x) = 7' (x) — 7(x), are

5¢(x) = —€%aP0nt = —bya"d — € ;270;¢ (7.103)
om(x) = —eaﬁx'gaoﬂr = —bpaFi — eijﬂaﬂr . (7.104)
Furthermore 5
o) = T2 6,(a) = G,(C2) = (€N ula) (7.105)
where C = (C",) and C -z = C",2"; hence,
Su(r) = ¢),(2) — du(x) = =€, — %2700y | (7.106)
omu(z) = m,(z) — m) = —€’,m, — eaﬁxﬂf)aﬁﬂ . (7.107)
Component-wise,
doo(x) = —eaﬁxﬁamo = —bpaFdy — eijjakgbo , (7.108)
5¢i(x) = —€"iby — €327 Dathi = —bidy — €00 — bpa® i — €",27 O (7.109)
and similarly for the components of dm,(x). Under the transformations presented above, the
Lagrangian transforms as 0.2 (z) = —% (eaﬂxﬂ Z (m)) These transformations are produced

by the Lie derivatives of the local sections ¢ : M — E and j'¢ : M — J'm in the direction

of a vector field £ = —§“(:1:)88M € X(M) which generates the Carroll transformations, where
x

now &(z) = €/, a” is given by (7.101) and (7.102). The vector field which generates the Carroll
transformations on J!7 is given by

0 0 0
X = _GMVxVi +€”,bu + €, m
oxh N¢ aqsu 1% aﬂu (7 110)
I N ) ] . J 4. . J 1
bix 920 €% g + (bz¢0 +e quj) 90 + (bmo +e Z7TJ> - e X(J'n) .
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Evidently X is tangent to the constraint submanifold S; since L(X)(m — ¢o) = 0 and L(X)mp = 0.
Finally, since L(X)L = 0 = L(X)BO¢ = 0, the momentum map J¢(X) corresponding to the
Carroll spacetime transformations in the Lagrangian setting is given by

o 1 . o
Jo(X)=—i(X)0y = —e’jxjﬂ'dqb Ad™ 20, — 5772 (bixzdm_lxo + ezjmjdm_lxi) € Qm_l(JIﬂ') .
(7.111)

In the Hamiltonian setting the momentum map J5,(Y) € 2™~ 1(P,) is constructed using the
vector field Y € X(F,) given by

vy 0 i 0 i ;0
Y = ﬁwa = —E'LLVZU @ = —bZZU @ — € jl"j 6$1 . (7112)
As in the Lagrangian setting, L(Y)©%, = 0, it follows that J,(Y') is given by,
o . o ) j m— 1 i ym— ) j ym—
Jo(Y) = —i(Y)0, = —¢';a’rdp N d 220i — §7T2 (biz'd Leg + € ;o7d 1:171-) : (7.113)

7.4 Carrollian Magnetic Scalar Field Theory

We remind the reader that Carrollian field theories were first introduced in [77, 109]; For the state
of the art, the reader is encouraged to see [18, 19, 64, 80] for instance.

Once again, consider m-dimensional spacetime M and two scalar fields, ¢(x) and 7(z), given
by the sections ¢ : M — E : a# — (a*, ¢(x),n(z)) of 7 : E — M : (¢, 7) — z*. The magnetic
Carrollian contraction [80] of the canonical Klein—Gordon Lagrangian is performed by reinserting
the factors of ¢ (speed of light) into the Lagrangian (7.28) and taking the limit ¢ — 0. The
Minkowski metric becomes degenerate as in the electric Carrollian scalar field theory, given by
equation (7.73).

7.4.1 Lagrangian Formalism

The Lagrangian function . € C*°(J'r) obtained from taking the magnetic Carrollian contraction
of the canonical Klein—Gordon Lagragian (7.28) is

1 .
L =7mpg — igzbid)l . (7.114)
This Lagrangian is singular since the components of the multi Hessian matrix are
0?L 2L 02 o 2L 2L
=0, —=0 , ——=-0Y | =0 , =0. (7.115)
olontelon 0po0¢; 0¢;09; om,0m, Om, 09,
0?y 0?y
The null vectors of the Hessians 06,00, and om0 are
1 1
0 1
7/(;#) = 1. , ryl(jf) =|.1] (7.116)
0 1
respectively. The Lagrangian energy function and the Poincaré—Cartan forms are now
1 .
Egy = —iqmp’ e C>®(J'n) (7.117)
. 1 .
Oy =7mdp Ad™ Loy — dide Ad™ Ly + iqﬁiqﬁldmx e Q™ (Jin), (7.118)

Qg =dp Adr Ad™ tzg +do' Adp Ad™ e + ¢idg; Ad™z € QT (T ), (7.119)
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and Q¢ is premultisymplectic. Taking multivector fields X o = Xg A X1 A -+ A X1 € X™(J'7)
satisfying i(X )d™a = 1, their components are given as

0 0 0 0 0 0

Xy= > 4+ A, > +B, = 4 Cui 4 Dy 12
b= g T gy T Bugr  Cug it Cuig s & D g (7.120)
and the field equations obtained from (X )2y = 0 are
Ci—By=0, (7.121a)
Ag=0, (7.121b)
Ay\Bg — B)Ag + CRAQ + A)\Cé + ng’C’M =0. (7.121C)

Equations (7.121a) and (7.121b) are relations for the coefficients of the multivector fields while

equation (7.121c) is an identity following from (7.121a) and (7.121b) as usual. There are no

compatibility constraints in agreement with the geometric analysis presented in Proposition 3.1,
which shows that 59

ker Qg Nkerd™z = { ——, — ) | 7.122

“ CE (7122)

0 0
and j | =— |dEy =0=1 dFE ¢ is satisfied without producing any constraints.
8@50 on I

Then, upon imposing the SOPDE condition A,, = ¢, B, = 7, equations (7.121a) and (7.121b)
become

Cl—m=0 , ¢o=0. (7.123)

The first equation gives a relation for the coefficients Cf, and the second one is a SOPDE-constraint
which defines the constraint submanifold S; < J'7.

Now impose the tangency condition of the multivector fields X ¢ to 57,
L(X,)(¢0) =Cuo =0 (on Sy) . (7.124)

These are not constraints, but new relations among the coefficient of X ¢ and hence the final
constraint submanifold in the Lagrangian formalism is S;. Then, on (z*, ¢(z), 7(z), ¢u(z), T (2)),
the integral sections of the multivector fields X ¢ satisfy equations (7.46) and the field equations
take the form

20'p—7=0 , ¢$=0 ; (onS)). (7.125)
For further details on these equations see [19, 80]. Furthermore, from (7.124) it follows that, on Si,
Opo = O =0 . (7.126)

The equations above are fulfilled by the solutions to the field equations, in particular, as a conse-
quence of the second equation in (7.125).

7.4.2 De Donder—Weyl Hamiltonian Formalism

The Legendre map .#.% : J'w — J'n* gives the multimomenta

0L 0L ) 0L
9= _ — ¢ TP = -
90 96, ° P

”_87ru_

FLpy = T, FLP, = 0. (7.127)
It follows that pg —m =0 and pi = 0 are primary constraints which define the primary constraint

submanifold P, < J'7* with local coordinates (x#, ¢, , pfﬁ); consequently, the Lagrangian is again
almost-regular. As above, the null vectors (7.116) are given by the partial derivatives of the primary
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constraints with respect to the multimomenta according to (3.24) in Proposition 3.2. The restricted
Legendre map .#.%, is given by .%.% = j, 0 #.%, as usual.

The De Donder-Weyl Hamiltonian .75 € C*°(P,) is given by

1 .
T = —§p¢ip; , (7.128)

and the Hamilton—Cartan forms on P, are

) 1 )

0% =mdp Ad™ ag + phdp Ad™ e + §p¢ip;dmx c N™(P,) , (7.129)

Q% =dp Adm Ad™ a4+ do Adpy Ad™ e — peidply AdT e = Q% + d Ad"z € Q7T(R,).
(7.130)

Now take a locally decomposable multivector field X%, = XogAX1A---A X1 € X™(P,) satisfying
i(X%,)d™x =1, so their components are given as

0 0 0 0

Xy=+—+A=—+ B, +C\,— . 7.131
A ™) (7.131)
The field equations obtained from i(X%,)Q°%, = 0 are:
By+Ci=0, (7.132a)
Ag=0, (7.132b)
A; + Pepi = 0, (7132C)
A\Bo — AgBy + A\C! — A;C — pgiCh =0 . (7.132d)

Equation (7.132d) is a combination of the equations (7.132a), (7.132b), and (7.132c) which give
relations or determine some coefficients. Then, no compatibility constraints appear. Again, this is
in agreement with the procedure given in Proposition 3.1 in which we set i(Z)d# = 0 for every
Z € ker Q°, Nker d™z; however,

ker 0%, Nker d™z = {0} , (7.133)

and condition (3.20) from Proposition 3.1 holds.
Working on (x*, ¢(x), 7T(:L‘),p25(l')) taken to be integral sections of X,

Ay,=0,0 , B,=0,m |, C’Z = 8upfﬁ ) (7.134)
then (7.132a), (7.132b), and (7.132c) give

T+Op,=0 , ¢=0 , 0ip+ps=0. (7.135)
Plugging in the third equation into the first equation gives

7—0;0'p=0 , ¢=0. (7.136)

Once again, the equivalence between the Lagrangian and the Hamiltonian formalisms is evident as
the resulting field equations are shown to be equivalent.
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7.4.3 Symmetries

The Carroll transformations for the magnetic scalar field theory are written slightly differently
than how they are written for the electric scalar field 7.3.3. The Carroll transformations which are
symmetries of the magnetic scalar field theory are

500 _ 500

dp(x) = —e ﬁw o KT oG €209, (7.137)

on(x) = —€%aP0om — bid' = —bpa’i — € 2O — big' (7.138)

Spo(x) = —e 6x58a¢0 = —bpz" o — €%,27 9o (7.139)

opi(x) = — %" 0ai = —bigho — €101 — bpa’d; — €07 Oy . (7.140)

Under these transformations the Lagrangian transforms as 6.2 (z) = — a(eaﬂxﬁ Z (:1:)) Notice

that the field 7(x) no longer transforms as a Carrollian scalar; instead, m(x) transforms under a
Carroll spacetime transformation —eo‘ﬂmﬂﬁoﬂr plus a term —b;¢'(x) which cannot be represented
on E. The field transformations behave geometrically as the Lie derivatives of the local sections
jt¢ : M — J'w. The vector field generating the Carroll transformations on J'7 is

0 0 o
— M i
X = exau-l- zéf) +6“¢V8¢> + € 71',,87%
bix 920 € ;T Ox' + b aﬂ' + (bz¢0 + € Zgbg) a¢l +e€ M?Tl,iaﬂ‘u c %(J 7T) ,

which is tangent to the constraint submanifold S; C J'm, given by the constraint ¢q = 0, since
L(X)¢o = 0. Furthermore, although the vector field X leaves the Lagrangian density invariant
(L(X)L = 0), it does not produce an exact Noether symmetry as

L(X)0g = bigo(pid™x — dp Ad™ L) . (7.142)

Moreover, the vector field X as written above on all of J'7 is not .%.Z-projectable onto P, C J'7*.
Instead, X on S given by

){|S1 = —beL' @ — € jﬂj'j 81-2 + qu % + Ejlgbjai@ + € uﬂ',/aiﬂ_‘u s (7143)
is % ,-projectable onto P,, giving
Y = yZO*X’& = —bl,’I) @ — € J;E‘]@ — blpq&% + € ]p(]z)aipé) S %(Po) . (7144)

Now, letting X be the local extension of X|g, to J L7 whose coordinate expression is given by
(7.143); then, it follows that L(X X)Oy = 0 on Jlm. It is thereby possible to define the momentum
maps as J¢(X) = —i(X)Og € 27 1(J'x) and J%;(Y) = —i(Y)0%, € 2™ (P,), giving:
Jg()?) =— (eijxjw + bjqubi) dop A d™ 2z, + qbiejkxkdd) A dm_2xij
1 . (7.145)
+ iqﬁiqbz (bkxkdm_lxo + eij]dm_lxk) ,

Jp(Y)=— (eijxjﬂ - bjaszfb) do Ad™ 220 — pfbejkmkdgb A dm_Qxij

1 ‘ (7.146)
+ §p¢ipfﬁ (bkazkdm_lxo + ekjmjdm_lazk> .
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8 The Nambu—Goto Action for Strings and p-Branes

For a textbook treatment of the Nambu—Goto action for p-branes see, for instance, [17, 74].

We now provide the multisymplectic formalism for bosonic p-branes by explicitly working out
the case for string theory (p = 1) and then discussing the generalization to p > 1. The De Donder—
Weyl formulation of string theory (and p-branes in general) from the Nambu—Goto action can be
found in [100] without mention of the underlying multisymplectic structure.

The fields of interest are the embeddings of a brane worldvolume in spacetime. Spacetime
M is a smooth D = (d + 1)-dimensional manifold with local coordinates z* (1 = 0,1,...,d) and
spacetime metric G, with signature (—+---+). The p-brane worldvolume ¥ is a smooth manifold
with dim¥ = m = p 4+ 1 and local coordinates ¢® (with @ = 0,1,...,p). Given the embedding
X:¥ = M:o0%— xt(0), the embedding maps x# (o) are taken to be fields on .. The configuration
bundle E over X is taken to be the locally trivial bundle F = ¥ x M and comes with a surjective
projection map w : E — ¥ as usual and sections of E are given by ¢ : ¥ — XXM : 0% — (0%, z(0)).
The coordinates on E are (0%, 2*), while on J'm and J'7* the local coordinates are (0%, x#, zk) and

(o, z#, pj;) respectively. It follows that dimE = m + D and dimJ'm = dimJ'7* = m 4+ D + mD.
Ot
The first-order jet prolongations are given as jl¢: ¥ — Jlr: 0% — (cr“, (o), %(a))
o
The Nabu—Goto Lagrangian is given as
L= %2(c% 2", 2k)d"o = —T)\/—detg d"o = T, \/ det(Gpahay) d™o, (8.1)

where T}, is the p-brane tension which has units of [T},] = (mass)/(length)?. Furthermore, we have
the induced metric on X:

oXHIXY
Gab = A pry (8:2)
The Legendre map #.% : J'm — Jln* : (0%, z#, ak) — (0% 2*,p%) gives
o
07

FLD, = ; 8.3

the Hessian matrix

02y A

p = —T,/—detg [Gw,g — GuaGpurow <gb“g‘” + ngg‘” — gcagb’)} . (8.4)

a~"p

is non-singular and the Lagrangian is regular thusly.

The full geometric setting is illustrated in the following figure:
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8.1 Lagrangian Formalism

The Lagrangian for the Nambu—Goto string (p = 1) is

L= _2(c% 2", z")d%0 = —T+/—detg d%o , (8.5)
from which it follows that
0L / b T bd
aixéf =-T —detg Glﬂjg a:cz = m € Eacgch,uVCCZ y (86)

where ¢ = (g71)% = %tgebce“dgdc and so it follows that the Hessian can be written as

0*Y

= = —T/—dety [G,ng“ - GuaGgny:vf (gb"“gCi + g%g® — gcagbi)] . (8.7)
O0xq Oxy

The Lagrangian energy is

By =220 2= 1 (1) = TV WG e R (69)

where the last equality follows as gqp is a 2 X 2 matrix in the case of the string. Using (8.6) and
(8.8), the Poincaré—Cartan 2-from and multisymplectic Poincaré-Cartan 3-form on Jlrm are

0L

Oz = ozt

det A dlo, — Eg A d20 = —T+/—detg [ngbaxgdx# Adlo, — d%] , (8.9)
Qg = T{ v/ —detg [ngba — GWGB,,J:?‘:JU? (gb“g‘j + g%g® — gcagbi)} dz¥ Adz* Adlo,

0
+ 90r (\/ —detg Gu,,gbaazb”> da? A dat A dlo,

_ \/?etg [Guygba _ GuaGﬁyl‘?$f <gbagci + gcbgai o gcagbi):| ZL";dl’Z A d20'

0 1
- |:aaa <\/TetgGw/gba$Z) + 2\/Tetggbamg‘x58MGa4 dz* A d20'} .

(8.10)

The field equations, i(X ¢)Q¢ = 0, can be computed using a representative of a class of 7!-
transverse and locally decomposable multivector fields X o € X2(J'7), written as X o = Xo A X1,
with components given by the following local expression

0 0 0
B,u v
0o

X, = s
ab v
Oxt oz

(8.11)
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from which it follows that i(X ¢)d?c = 1. Then, i(X ¢)Qg = 0 is given as
i(Xg)Qy = T{ —detg [ Wg - GuGpurox (gbag“ + g%g® — gcagb’>] (BY — k) day
+ B# [ (mng axZ) — iﬂ (JTetngngaxg)] dzt
—detg [ngba - GWGB,,xg‘xCB (gbagcz + g% — gcagb’>] spdat
[ \/ﬂgb“xaazb 3 u (mngbaxZ’)} dzt
—bﬁ@ﬁwmmﬁ%ﬂﬁﬁ
+ % —detg g aa:amezagp a <\/WGpl,gbaxZ>

—detg [Guugb“ — GLaGaale (gb“g“ + gPg" — gcagb’)] (zkH}}, — BYHY, + B Hy,)

- (x/—detg G,Wg”axg) (B“BY — BI'BY) ] dok} ~0.

(8.12)

Setting differential forms separately equal to zero produces the following equations:
0 0
0 = B? [(‘91’1’ (\/ —detg G“,,gb“x§> = <\/ —detg Gpl,gbaxg>]
_detg [Guug G,ua Gg,,a: <gbagcz + gcbgaz gcagbz>} cl:b

1 0Gqz
+ [2\/—det gbaxo‘mf o u (\/ —detg Gngaa:Z)} (8.13)

0 = y/—detg {ng ¢ — GWGgl,a:?xi <gb“gcZ + g%g — gcagbz)} (BE — ) | (8.14)
0
0 = pys (\/—detg Gu,,gbafvgb) zh Bl
1 IGqp
+—=+/—detg gba’ 535 (\/ —detg Gp,,gb“zg)
2 Ox P Jok
_detg |:G,ul/gba - G,uaGﬁu <gbagcz + nggaZ - gcagbz):| (ZUZHIZb - BgHIlc/b + BgHgb)
= (\/—detg G,ng%;g) (BEB! — BI'BY) . (8.15)

Notice that plugging (8.14) into (8.15) implies (8.13), which means that (8.15) is an identity as
expected. Equation (8.14) is the SOPDE condition for X g, i.e. B = xf. Furthermore, (8.13)

Ot
becomes the Euler-Lagrange equations when working with jl¢ = (U“, (o), 8:U‘Z> that are holo-
o

nomic sections of X ¢ which satisfy

Oxt oxy 02x” Oxt Oz¥
Pe=v=p5a » Ha=550= gpapes + 9= Cwpgages (8.16)
Working with such sections that satisfy (8.16) it follows that (8.13) becomes
Oz 9zP aGag

0 = — /—detg g*

o ba 02\ Oz’
o 01 3o o (V0 Gt ) + g (VO G5 ) o

dz® 9z O*x¥
—detg G;nga _ GuaGﬁy I~ ox ' (gbagcz + gcbgaz gcagbz):| z

Oo¢ dot FoJeacto lor
(8.17)
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which are the Euler—Lagrange equations for this field theory.

8.2 De Donder—Weyl Hamiltonian Formalism

The De Donder—Weyl Hamiltonian formalism is developed starting from the Legendre map .%.% :
Jim — J'n* which satisfies

FL0" =0" , FL%aM =2t | FL, =T/ —detg Guwgxy . (8.18)

This Legendre map is invertible as expected from the regularity of the generalized Hessian (8.4).
The De Donder—Weyl Hamiltonian is defined as

H (0% at pl) = pl(FL )l — (FLT)L e O (8.19)
This Hamiltonian can be expressed in terms of the variables on J7* as [100]

e = G“”prg = FLMNY = —T?detg ¢** — F.L*detll = (—T?detg)?det(g~ ') = Tdetyg ,

(8.20)
from which it follows that
1 1
(FL Nl = —7V —detll G gpy, = H(o® 2",p),) = —T\/—detH , (8.21)
where 1
I, = mecbedancd : (8.22)

The Hamilton-Cartan 2-form and the multisymplectic Hamilton-Cartan 3-form on J'7* are

1
O = pj,dz’ A dlo, — # Nd%0 = ppdat A dlo, + TV —detII d?c , (8.23)
v/ —detIl 1
Q= —dpj, Adz" A dlo, — Teﬂba <28HGpUprf’,d:U“ + G“”pﬁdpjj) Ad%o . (8.24)

The field equations, i(X »)Q = 0, can be computed using a representative of a class of m!-
transverse locally decomposable multivector fields X » = Xo A X1 € X2(J'7*), with components
given by the following local expression

0 0 0

— n_ Cc
Xa= 5o+ Dhioo + H, o

(8.25)

Then,

, o V—detll _ 0GF7 vV —detII Y a
0= Z(X(yf)nyf = — <Hau — oT Hba Ot pppg dxt + Dﬁf + TﬂbaGu pg dpu

Vodedl . (1,06 .
_ [DgH,?H — D;;ng + TH”“ §Dg e pgp’; +ngGu pl; do® .
(8.26)
Setting differential forms separately equal to zero produces the following field equations:

v —detIl

0=Hg, — T;HbaauG’”’prZ =0, (8.27a)
—detII

0= Dy + \/TTHbaG“”pﬁ, (8.27b)

v/ —detIl

OZDQLH,ZM—DZHZ‘M—F T

1
he <2DZ8MGPUprZ + H,S#G“”pfj> . (8.27¢)
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Note that plugging (8.27b) into (8.27c) implies (8.27a), which means that (8.27c) is an identity
as expected. Furthermore, the variational problem on J'7* is solved by integral sections (o) =

a C
(0% 2#(0),p}(0)) of X for which D = g —, Hg, = ap’;, and so the field equations become
o
vV —detll o a b
0 = upy, — Tnbaa G popg s (8.28)
v —detlI
0= dort + TeﬂbaG“Vp?, , (8.29)

which are the corresponding Hamilton—De Donder—Weyl equations for the bosonic string.

8.3 Symmetries

Worldsheet diffeomorphisms:

Consider worldsheet diffeomorphisms produced by

a o . ca 05 85“
It follows that
957\ ? o
detg = [det <8Ub>} detg , d2%6 = det (8017) d’o (8.31)
and hence
L = —T\/—detj d*s = —T+/—detg d%c . (8.32)
The vector field £ € X(X) which generates the worldsheet diffeomorphisms (9.22) is given by
e=—e cxy. (8.33)
The lift of the vector field £ € X(X) to E = ¥ x M, obtained from (4.8), is
e = €0 e X(E) (3.34)
B do® ‘
and the canonical lift of g to Jlm gives
9 3 1
Xe = xX(J . 8.35
=€ oo € X(J'T) (3.3)

The resulting field variation given by the Lie derivative (4.8) of the local sections ¢ : ¥ — E by
the vector field & is

SXP (o) = —ga%f: | (8.36)
It follows that
L(Xg)L=0 & L(X¢)0y =0, (8.37)
so the covariant momentum map is given as
Jo(Xe) = —i(Xe)Oqp = —T/—detg <eac§CG,ﬂ,gbadex“ + §adlaa> e O\(Jn) . (8.38)

In the Hamiltonian formalism, the vector field Y = 7.2, X, € X(J'7*) which takes the form

0 0&¢ 0
vl % b
e \/dtHG Mol 5 5

Ye = & (8.39)
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generates the worldsheet diffeomorphisms on the multimomentum phase space J'7* and is used to
construct the covariant momentum map

1
T (Ye) = —i(Ye)O . = eqclpldat — T\/—detﬂ gdlo, € QYT . (8.40)

Spacetime isometries:

Spacetime symmetries, which arise from performing transformations on the coordinates of M,
are gauge symmetries in string theory since they are generated by vector fields on the configuration
manifold E which are vertical with respect to the projection onto the base space X.

Consider infinitesimal spacetime diffeomorphisms x# — x* 4 (#(x) generated by the vector field

)
¢ =~ o € X(M) (8.41)

which is a gauge transformation as the corresponding vector field (g € X(F) is m-vertical:

0
(g = —(“@ . (8.42)

The canonical lift to J'7, given by the jet prolongation of (g, is

Xe=—o L aen Doc k() (8.43)

OxH 8 ozt

The Lie derivative of L = —Tv/—detg d?c with respect to X¢ is

T
— ?/—detg gzl et L(O) G d?o (8.44)
: : . : 0
where L(¢)Gy is the Lie derivative of G, on M with respect to ¢ = —C”W € X(M). Then,
x
when ( is a Killing vector field,
LX) )L=0 = L(X¢)0¢ =0, (8.45)
and it therefore follows that the covariant momentum map is given by
Jo(X¢) = —i(X¢)Ogp = Tv/—detg G g*xyctdlo, € Q' (J'T) . (8.46)
On the Hamiltonian side,
Ve = FL X = —CH 0 \/—detH G Tl ‘%“ 0 (Ji7*) (8.47)
¢ Fe awn " 9av O ’ '
so the covariant momentum map is given by
T (Ye) = =i(Ye)Ou = —pl ¢ dlog € 21(J %) . (8.48)

8.4 Generalization to p-Branes (p >1)

The generalization to p-branes (m = p + 1) is straightforward to perform by using the general
Lagrangian density (8.1) for which the corresponding Lagrangian energy Eo € C®(J!7) is

Ey= gg — & = —T,\/—detg (" %gap — 1) = —pTp\/—detg , (8.49)
xh

a



81
where ggp is now an m x m matrix, so ¢**g., = m = p + 1. Then
©y = —T,\/—detg [ngbadex“ Ad™ g, — pdma} , (8.50)
Ny =T, —detg |Gwg" — GG ,,asax'-B g + gPg® — g g” dCL‘ Adat Ad™ e
j2 I patTBrle Ly
Py (\/ —detg ngbaxg) dz? Adat Ad™ g,
_ \/Tetg |:legba _ GMQGBVSU?JZ? <gbagcz + gcbgaz gcagln>} xfl‘de Ad™o
0 1
- [80“ (\/ —detg ngbax};) + 3 —detg gbaxgxbﬁauGag} dz* A dma} .

Proceeding similarly as above, take an m-multivector field X = Xg A X3 A -+ A X1, with
components

(8.51)

0 0 0
" v
Oo® +Ba Oz + Hap oxy’

X, = (8.52)

to obtain the field equations, one of which is an identity, another gives the SOPDE condition BY = zf,

and the third equation upon plugging in the SOPDE condition is

= g (V7369) — g (V700 Gpe3) ~ 5 (V=000 G

(8.53)
A /—detg [Guygba _ G,uaGﬁufU (gbagcz + gcbgaz gcagbz)i| gb ,
which becomes the Euler—Lagrange equations when working on integral sections of X ¢:
_i(,/_det )—— /—detg G J/—detg G 0a”
= Dzn g g™ a Dot z a 9ot ) doa (5.50

o 8{[; 833‘ a _ci chb _ai ca 01 82$V
—\/Tetg |:G#ng _G/LaGﬁV@aai ( b +gbg —-4g gb):| ao_aao-b .

The Hamiltonian formulation is also carried out as in the string case with the Legendre map
F % which, for p-branes, is

0L
FL0" =0 , FLM =2, FLp, = pv —T,+/—detg GngaxZ . (8.55)

Next, deﬁne the matrix
ab G/wpapb F E,p*Hab T2 ietg gba (8 56)
ut'v ? p ) .

from which it follows that

1 detIl\'/?
—1\ *
(FL71) detg = ~72 <—T2> , (8.57)
P P
and hence
detIT\ /7
(F27) ay =~ <_eT2> GM Lo} (8.58)
P
The inverse matrix I, is given by the following general version of the identity (8.22):
1
I, = — faa2-~~am€bb2---bmnb2a2 I ) L (859)

pldetll
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Then the De Donder—Weyl Hamiltonian for the p-brane theory is

1/p
(0% 2t ) = <de;13> € O () . (8.60)
Tp
The De Donder—Weyl field equations are:
oxXH 0 op}, oA
— = = .61
do@ <8pz)ow ’ do <8x“)ow’ (8.61)

however, the Hamiltonian is computationally more tedious to deal with than in the case of the
string.

The multisymplectic symmetries are now worldvolume diffeomorphisms and spacetime isome-
tires. The worldvolume diffeomorphsims are generated on J'm by the vector field

9 2¢b 9
X, = _¢a p
¢ = =500 T 0 g0a g

€ X(J'r) , (8.62)
and the corresponding momentum map J¢(X¢) = —i(X¢)Og € 2™ 1(Jin) is

Ty (Xe) = Tpy/—detg [ngb“ngcdx“ Ad" 2000 + pgadmfloa] . (8.63)

Furthermore, as in the string theory case, the spacetime isometries which produce symmetries of
the multisymplectic form Q¢ are generated on J'7 by the following vector field:

0 3}
— _(H_ T vy R 1 4
X ¢ oy zh 0, 0 eX(J'm) . (8.64)
The corresponding momentum map Jg = —i(X)O» € 2™ 1(Jn) is given as,
Jo(X¢) = —Tp\/—detg Gug™zy¢Hd™ Lo, . (8.65)

8.5 The Nonrelativistic Particle Limit

The nonrelativistic particle limit of the bosonic string action (discussed in e.g. [14]) arises as a
geometric limit of the multisymplectic phase spaces in the multisymplectic framework. The line
element in the target space (spacetime) M is

ds = nydatda” = — (duvo)2 + 6pydatda’ . (8.66)

The nonrelativistic limit generally considered on M involves taking the temporal coordinate on M
to go to infinity: 2% — wa®, w — co. This is the nonrelativistic particle limit of the Nambu-Goto
string action [14].

The equivalent nonrelativistic limit on the multisymplectic phase space J'm is performed by
taking

¥ s wr® 20— wrd | w—o oo . (8.67)

Upon doing so the Nambu-Goto Lagrangian

£ = —T\/—det (nuahzy) (8.68)

becomes
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1
& = _Tw\/eabecdgggazgéuxixj +0 <w) , (8.69)

and the nonrelativistic string Lagrangian is obtained by redefining the string tension as T' = Tw
and setting O (%) = 0 so that

L = —T\/eabeCd:chgéuxl{:cj =-TVa. (8.70)

The corresponding Poincaré-Cartan form O € Q2(Ji7) is

T
Oy =—"r [ebce“ddu (a:gfvflm‘c]dxo + :Ugargacédx‘]) Adlo, — adga} . (8.71)

Ja

This result can also be obtained by taking the limit (8.67) of the Poincaré-Cartan form correspond-
ing to the relativistic Lagrangian (8.68) and then redefining 7' = Tw and setting O (i) =0 as
before.

9 The Polyakov String Action

For a textbook treatment of the Polyakov action see, for instance, [17, 74].

In the this section, the premultisymplectic treatment of the relativistic string on a Minkowski
background spacetime is carried out starting from the famous Polyakov action. The premultisym-
plectic constraint analysis of this theory has been carried out previously [41], using Ehresmann
connections to write the field equations intrinsically. Here, we carry out the premultisymplectic
constraint analysis using multivector fields.

9.1 Lagrangian Formalism

Consider the string worldsheet ¥ with coordinates 0% (a = 0,1) and auxiliary metric g,p; partial
worldsheet derivatives are denoted as 9, = 9/0dc®. The embedding of the string worldsheet in
spacetime M (which has coordinates z*) is specified by local maps ¥ — M which are denoted
as o = x#(0). The variational fields considered here are the embedding maps z# (o) and the
components of the auxiliary inverse metric ¢?®(s). It follows that the configuration bundle is
specified as m: E — ¥ : (6%, 2*, g®) +— 02, and its first-order jet bundle J'7 has local coordinates
(02, 2t g, zh | g??).

The Polyakov Lagrangian function is written as
<z = —%\/qnwgabxgxg cC™(J'r) . (9.1)
The resulting Lagrangian energy is
Ey = —%Hnwg“bxgxg e C>®(J'n), (9.2)
and the Poincaré—Cartan forms are:
0, = —gﬁmug“bfv?dx“ Adlo, + %Hnwgabxgxgd% , (9.3)

1
Qo =TvV—9nuw <gabde Adzt 4 2¥dg® A dat — igabq:ggdcdgc‘i A dx“) Adlo,
(9.4)
_z_ Ml/dab 2abudl/_1ab,uu dcd d2
5 V79w { LaTpAg ™+ 29 7o AT — 59T Th Gdedg ANd7o .
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The multi-Hessian for the Polyakov Lagrangian (9.1) is given by,
02 0?y 0?Z

— _T /) ab = = O 95
Ozl Oxy 9Muwg = ngbﬁg;?d Dt 8954 ’ (9.5)
which is clearly singular.
Now, we use a 2-multivector field,
1 1
0 0 0 0 0
Xg= N\ X, = Al — + G DYy—— + K e xX3(J! 9.6
o= [\ P (et G g + Do g ) ¥
to calculate i(X )2y = 0, and obtain
0= vV=gmug™ (= — AL) (9.7)
1
0=+v—g Um (xgacg - 2‘%?‘45 - nggabeAg - Znggba$§$Z> , (9'8)
ab Hv v vab 1 ab v yed
0=v-g (Wug Dap + @y Ga” — 5Muv g™ 9ed®h Ga ) : (9.9)

Equations (9.7) lead to one of the SOPDE conditions, A4 = =%, and they need not be imposed.
However, the remaining SOPDE condition, G% = ¢% must be imposed ad hoc. It is evident that
imposing this last SOPDE condition only affects equation (9.9). Upon combining equations (9.7)
and (9.8) and imposing the aforementioned SOPDE condition, G = ¢, the equations become:

1
0=v=9muw (wéfwz - 29“%%59&2) ; (9.10)
ab v v _ab 1 ab v _cd
0=+v—g (TIWQ Dab + Ny 9y — inuug GedTp g ) . (9'11)

No SOPDE constraints arise from (9.11). However, equation (9.10), which arises from combining
equations (9.7) and (9.8), is a compatibility constraint. Similarly to Einstein—Cartan gravity, no
stability (tangency) constraints arise from demanding that the Lie derivative of the constraint
function (9.10) with respect to the vector fields X, of the multivector field X & vanish on the
submanifold defined by (9.10). It follows that the compatibility constraint submanifold is the final
constraint submanifold Sy — J Lz* of this Lagrangian system. The final field equations on integral
sections of X ¢ are written as,

1
0=+v—=9nuw <8ax“8ba:” - 290dgba8car“8dx”> ; (9.12)
1
0=+/—g <?7Wgab6a6b:r” + nw,abx”é?ag“b — inﬂyg“bgcdabx” a90d> . (9.13)

Equation (9.13) is the Euler-Lagrange equation for z# while (9.12) is the Euler-Lagrange equa-
tion for g? which is well-known in the physics literature as the Virasoro constraint (see e.g. [17, 74]).

It should be noted that the Hilbert stress—energy tensor on J'r is given as

Top = —721\/1_792;2; = N ($5$Z — ;nggbaxé‘xg) . (9.14)
The vanishing of this stress—energy tensor gives the compatibility constraint (9.10). Notice that
Tap is traceless everywhere on J'm and not just on the compatibility constraint as expected. In
conclusion, composing the compatibility constraint (9.10) with sections jl¢ : ¥ — Jlz gives the
well-known Virasoro constraint and composing the Hilbert stress—energy tensor (9.14) with sections
jlé gives the stress-energy tensor that is well-known in the string theory literature [17, 74]; this
is in accordance with the reoccurring theme that we work on the premultisymplectic fiber bundle
J'7 while in the physics literature, field theory is carried out on the space of sections of J!'m over
the base space (which in this case is the string worldsheet ).
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9.2 De Donder—Weyl Hamiltonian Formalism

Since the Polyakov Lagrangian is singular, the Hamilton-De Donder—Weyl formalism takes place
on a primary constraint submanifold P, — J Lz* . The local coordinates on Mz and Jin* are
(o 2, ph, Ty, p) and (0%, xk, i, wg,) respectively. The Legendre map gives,

. 0L _ — .
FL pr 8IE =T —g 77;w9 .be ) Z cclb
a

0L

i (9.15)

for the multimomenta. The first equation above can be inverted to solve for the z} in terms of the
multimomenta and is therefore not a constraint. Furthermore, the second equation above specifies
the primary constraint submanifold P, < J'7*.

The De Donder-Weyl Hamiltonian .75 € C°°(P,) which satisfies E¢ = .% L5, is given as,
1

Ho = —mﬁwgabpng ) (9.16)
and the corresponding Hamiltonian section is given as ho = (0%, x*, Pl Tgps P = — ).
The corresponding Hamilton—Cartan forms are,
1
0% = phda? Ndloa + Fn Y gapphd’o (9.17)
0° a m 1 1 uv b 1,.a a, b 1 d, c ba 2
v = _dpﬂ ANdz? A d Oq — mn 2gabpydpu + pupy - §pupygcdg dgab Nd°o
(9.18)
Now use a 2-multivector field,
9 be O p O 2
/\ X, = /\ ( Al Gaca - +Dauapg> e xY(p,), (9.19)

a=0

to calculate §(X5,)25, = 0; then,

1
0= Ar+ 0=D2, , 0= gcdg”“p;‘izﬁ) . (9.20)

1 w b 1

ﬁn JabPy QTF <p,ﬂ9y D)
The third equation above is the Hamiltonian compatibility constraint which is the .#.Z projection
of the Lagrangian compatibility constraint (9.10). As in the Lagrangian formalism, no (tangency)
constraints arise since the tangency conditions (i.e., the Lie derivatives of this compatibility con-
straint function with respect to the vector fields X,) provide equations for the coefficients DZ,
The third equation thereby defines the final constraint submanifold Py — P, < J Lr*. Working
on integral sections of the multivector field X9, gives the Hamilton-De Donder-Weyl equations:

1 1 1
0= daa + Hn“”gabpfl , 0=0.p) , 0= mn“” <pupy - 2gcdgb“pﬁp§> - (9.21)

The first equation gives the relation for the partial derivatives of the fields and the multimomenta;
this equation is the inverse of the equation obtained from the Legendre transform. The second
equation above is equivalent to the Euler-Lagrange equation (9.13) in the Lagrangian formalism.
And finally, the third equation is the De Donder—Weyl version of the Virasoro constraint (9.12).
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9.3 Symmetries

The Polyakov string action exhibits three different symmetries: worldsheet diffeomorphisms, space-
time Poincaré transformations, and Weyl transformations. Each of these transformations generate
exact Noether symmetries.

Worldsheet diffeomorphisms:

The worldsheet diffeomorphisms are produced by a general change of coordinates on the string
worldsheet as,
G =0"+EY = 0p0° =0y + pE" . (9.22)

The fields 2#(0) and ¢?°(o) transform under the worldsheet diffeomorphisms as,
Bt = €0 g g £0g™ + gD + g 0L (9.23)

The worldsheet diffeomorphisms are generated by the vector field £y, € X(X) given by

0
& = —¢° 9oa €eXxX(X), (9.24)
whose canonical lift to the configuration bundle FE is given by
_ a 8 ac b cb a
Ep = =€ — (9708 + g00.8") 5o € X(E) - (9.25)

The canonical lift X¢ € X(J'7) of &g to Jim, given by (4.20), is

0

Xﬁ = _ga 80-0,

(9.26)
which is tangent to the final Lagrangian constraint submanifold Sy, as a simple calculation shows.
The canonical lifts to the multimomentum bundles are given by (4.36) and (4.40), respectively, and
they are

— (508" + g70.6%) 5o+ o — (g0 + s 5

994

Ze= € (08 + 4708%) g+ (! o) 5
2
+ (ngadﬁd — 150a€° + m5a06E" + ﬂ-fibaagd) 680 +p3a§a* € X(Mm) , o
Vo=t (0 +70) g+ (B~ o) o
9.28
+ (me0ug” — T 04" + maDot” + 15087 aagb € X(J'n") . .

This vector field Y is tangent to P, since the constraints defining P, are 75, = 0, and L(Y¢)7$, =0
on P,. Thus, following Definition 4.9, the canonical lift to the Hamiltonian multiphase space
P, Jir* is given as

0
do®

(Ps) , (9.29)

VP =—¢'— — (g‘“ c§b+gcbac£“) 5o+ (pzabé“b —p29b€“> p

since (Jo)+Yy = Ye|p,. It can be shown that (#.25).Xe = Y is satisfied and that Y is also
tangent to the final Hamiltonian constraint submanifold P;.

It is straightforward to show that L(X¢)Q2e = 0; then,

0= LX)y = LX) (F LS Q) = FL, (L((FLo)Xe) Q) = FL5(LOEDN,) |
(9.30)
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and, as .#.Z, is a surjective submersion, we conclude that L(Y%O)QO// = 0. Hence, both X¢ and Yg’
are natural infinitesimal Noether symmetries. The multimomentum maps associated with X, and
YEO are given as,

1
Jo(Xe) = —i(Xe)Ogp = T/ —g &N g™xl <2:Egdlac - eacdx“> e Q' (J'n), (9.31)
1
o oy __ . o o b b 1 1
J?f(YV{ ) - _Z(Y% )@%” - _Eabg pZd.’E“ - ZT\/qnﬂvgabpzpygcd Oc € Q (PO) . (932)

Poincaré transformations:

Next, the infinitesimal Poincaré transformations of the background spacetime are given as
oH — oM +wh,x¥ +a* where both w', and a* are constants and the matrices w, are antisymmetric,
similarly to the Einstein—Cartan theory of the previous section. The vector field which generates

these transformations on the configuration bundle E' is w-vertical and is given as,

5 0
(e =— (wha” + al) pyn (9.33)

Its canonical lift (4.20) to Jl is,

cx(Jn) . (9.34)

. 0
Xc = e =— (Wh 2 + at) Eyrie xy w{,‘axu
a

As expected, X, is tangent to the final Lagrangian constraint submanifold Sy. The canonical lifts
to the multimomentum bundles, given respectively by (4.36) and (4.40), are

0 0
Z— (P ¥ o a, v
¢ (wh,a” 4 al) S TP o € X(Mm) , (9.35)
Ye = — (Wha” +a") 0 + w”—a c X(J'n*) . (9.36)
v Oz vt opy :

As L(Y¢)7wS, = 0 on P, it follows that Y; is tangent to P, and, by Definition 4.9, the canonical lift
to P, C Jin* is

o 0 0
Ve = — (wha” + ) py + pywy, o0t

€ X(P,) . (9.37)

As above, (£ o)*Xg = YCO, and YCO is also tangent to the final Hamiltonian constraint submanifold
Py as expected.

Again L(X¢)Q¢ = 0 and L(Y)Q2%, = 0; X¢ and Y? are therefore natural infinitesimal Noether
symmetries. The corresponding multimomentum maps are:

Jo(X¢) = —i(X¢)Og = —Tv/—gnupg® ) (w,z” + a)dro, € QY (J'7) | (9.38)
T (YE) = —i(YE)O% = pf (Wha” +al)d'o, € Q'(Ps) . (9.39)

Weyl transformations:

Finally, the Weyl gauge transformations are given as: ¢® — e~#(?) g% These transformations
are generated on the configuration manifold E by the vector field o € X(FE) given as

_ 0
pp=c¢ “"g“”—agab : (9.40)
The canonical lift (4.20) of pg to the Lagrangian multiphase space J'7 is,
. _ _ 0
X,=j'vp=c¢ “’g“ba S te” (g‘jb — gab&;go) 5aab € X(Jtr) (9.41)
g 9e



88

which is tangent to the final Lagrangian constraint submanifold Sy. Furthermore, the canonical
lifts (4.36) and (4.40) to the multimomentum bundles are

—p _a —p, c 9 —p ab_c 9
Zy,=—e%g b@gab +e wﬂabawgb —e %g bﬂ'abﬁcgoa—p € X(Mm) , (9.42)
Y, = —e*“"gabi +e m 0 € x(J'*) (9.43)
¥ 8gab (lbaﬂ_gb : N

Y, is tangent to P, so, by Definition 4.9, the canonical lift of ¢ to the primary constraint sub-
manifold P, C Jiz* is

Y, =e ¥g"

< € X(P,) . (9.44)

bi
agab
Once again, it follows that (F.Z.).X, = Y; , and Y; is also tangent to the final Hamiltonian
constraint submanifold P;.

Once again, L(X,)Q¢ = 0 and L(Y;)Q5, = 0, so it follows that X, and Y are natural
infinitesimal Noether symmetries. In addition, it is straightforward to show that i(X,)0© ¢ = 0 and
i(Y; )%, = 0, which means that their corresponding momentum maps are equal to zero. This is
what is expected in Weyl invariant field theories (see e.g. [94]).

10 Yang—Mills Theory

For a standard textbook presentation of Yang—Mills theory, see e.g., [129].

Yang—Mills with non-Abelian gauge group SU(N) takes place on 4-dimensional Minkowski
spacetime manifold M endowed with the Minkowski metric 7, of signature (— + ++). The gauge
connection is denoted as A, = Aft,, where t, are the generators (in some matrix representation) of
the corresponding Lie algebra g = su(/N). These generators satisfy [ty t] = filta (a =1,...,dim G);
where f{ are the structure constants. Then, J!m has local coordinates (z#, A2, Af,)) while on J Lo*
they are (x#, A% wh").

10.1 Lagrangian Formalism

The Lagrangian density is
1 v
L=2d% = - F Fid'z e QY(J'r) (10.1)

where F, = A7, — A}, — fgchZA‘,j corresponds to the non-Abelian field strength curvature tensor
constructed from the covariant derivative,

Dy = 0%0u — fa AL Dy’ =6,"0u + ffaAZ . (10.2)
The Yang—Mills Lagrangian is singular as the multi-Hessian is singular:

0’
— 5 (MHO VP — POy 10.3
Using the notation in which rank-2 tensor components split up into their symmetric part V{,,,) and
antisymmetric part Vi, as Vi, = V() + V|, it is evident that the relevant null vectors of the
Hessian matrix above form the set of symmetric spacetime matrices {VW = V(W)}.
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The Lagrangian energy function Eg¢ € C*°(J'7) and the Poincaré-Cartan forms on J!7 are

Eg =—F"A%, + 4F“”F;jy , (10.4)
1
Qg = —FM"dA% A dx, + <F5VA;;,, - 4F5VF5V> d*z | (10.5)
Qg = — (Ph7n"P — ntPy*?) (dAap(, + fabcAf,dA;) ANdAY A dPay, — fFR ALdAS A dYe
(10.6)

+ (0P = nPn"7) Ape (dA,‘?W Adhz + fLALdAS A d%) .

Upon contracting & as usual, the sopde condition arises automatically (thus leading to no sopde
constraints) and the resulting field equations are the Euler-Lagrange equations,

DabFW —-0. (10.7)

10.2 De Donder—Weyl Hamiltonian Formalism

The Legendre map .#.% : J'm — J'z* is almost-regular and its image is the primary constraint
submanifold P, C Jl7* defined by
F L = —F . (10.8)

It follows that, as F" = FC[L“ V], the image of .Z.Z gives 7(#) = 0. The Hamilton-Cartan forms are
1

0% = nlldAs A d¥z, — ( fomlAb AC — MW%) d'z | (10.9)

Q% = —dn A dA2 A AP, + [2 ( fL AL AL — w) drll 4 pa il ob dAC} Adiz . (10.10)

There are no Hamiltonian constraints other than the primary constraints (10.8), hence Py = P.
The (Hamilton)-De Donder—Weyl field equations for this theory are

Dol =0, 9,47+ (W[W fgcAgAg) ~0. (10.11)

The second equation above is essentially equivalent to equation (10.8).

10.3 Symmetries

SU(N) gauge transformations:

The SU(N) gauge fields transform as
0A, =N+ [Ay, A|=DyA , §AY = 6%0,A" — fRAPAS = DY A® (10.12)

The vector field which generates the SU(N) transformations on F is

0
_pa Ab
XF = Diih" 54z ©

X(FE), (10.13)
the canonical lift of X¥ to Jl is given by

D% AP
oxH

— [HAS, Ab> aja c x(J'n) . (10.14)
v

Xy =j'Xf =-Dt Ab(‘)Aa (
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This symmetry can be pushed forward to the De Donder—Weyl Hamiltonian side as Y = % .2, X\.
The corresponding multimomentum maps are
Jo(Xp) = —i(X7)0g = —F DY A3z, € Q3(J'n) , (10.15)
IS (Ya) = —i(Yp)0% = 11D Ab A3z, € O3(P,) . (10.16)
As mentioned in our discussion of the infinite-dimensional covariant phase space formulation of

Yang—Mills, the Noether charge which gives the constraint (6.67) is in agreement with our expression
for J5,(Ya) up to a total derivative.

Lorentz transformations:

Yang-Mills also under Lorentz transformations, written infinitesimally as
o — A" = (68, —wh) 2", (10.17)

recalling that the w”, are the infinitesimal Lorentz matrices which are antisymmetric. The vector
field on M which generates the Lorentz transformations is therefore given as

0

— _eh T
Ev = =€ Bk eX(M), (10.18)
where ¢# = w',z¥. Then, the canonical lift to the configuration bundle is
e = —{“i + A50,8" 0 €X(F). (10.19)
oxt veH 0AY

It follows that the canonical lift to J'7 is given as

0

OxH

0
A%, ’

Xe=jlp = —€ -+ ALDLE o + (AL, 06" + A%,9,) (10.20)

A,
and the corresponding multimomentum map on J!'7 is

1
Jo(Xe) = —i(Xe)O g = FIV AL, &Py, + FLVEPAAL A dPayy, + (FgVAgV — 4F§VFC’L“’> ¢rddz, .
(10.21)
The the .#.Z projection of X¢ is Yy = # .2, X¢ and the corresponding multimomentum map on
P, C J'r* is calculated accordingly.

11 Chern—Simons Theory

For the multisymplectic treatment of Chern—Simons theory with the Abelian gauge group U(1)
see [67]. Consider Chern—Simons theory in 2 + 1 dimensions with gauge group G = SU(N),
dimG = N2 — 1. The gauge connection is denoted as A, = Ajt, where ¢, are the generators
(in some matrix representation) of the corresponding Lie algebra g = su(N). The generators
satisfy [tp,t.] = fitta, a = 1,...,dim G, where f are structure constants. Then, J'm has local
coordinates (x“,Aﬁ,AZl,). Now, let A = A,dz* € Q'(J'n) and F = JF,,dz" Ada” € Q*(J'm),

with F;w = 2A[,u1/] + %[A/M AV]

11.1 Lagrangian Formalism

The Chern—Simons Lagrangian density is
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L =2zt A, Ay)d®c = Tr {F ANA— %A ANAA A] = Py {AWAp + §AMAVA,;] d*x
(11.1)

1 1 1 2
= e"Pgap (—4F§VA2 +5 fgdA;;A;Ag> iz = —ie'ngab (AZVAg +3 ffdAzA;Ag> iz,

where the trace shown above is ad-invariant on the Lie algebra and can thereby be taken using the
Cartan-Killing metric gq, = —2Tr(t.tp) on g. This theory is singular as the Hessian is

afj; =0, (11.2)
The Lagrangian energy and the Poincaré-Cartan forms are given by
By = 3"gu flyAL AL AL e C(T'm) (11.3)
Oy =—""gq, [;AgdAfj APz, + % ffdAZAf,Aﬁd%} € *(J'r), (11.4)
Qg =P gap BdA‘;, NAAL A Ay + fryALALAAD A d%] e '(J'r). (11.5)

The Lagrangian constraint in this theory arises from imposing the SOPDE condition on the multi-
vector field solutions to the Lagrangian field equations, giving the following constraint

etre (gabAZl, + gdbffaAﬁAf,> =0, (11.6)

which defines the submanifold Sy C J Lz, The tangency condition on this submanifold gives no
new constraints.

11.2 De Donder—Weyl Hamiltonian Formalism

The multimomentum phase space J'7* has local coordinates (z*, A%, 74") and the Legendre map
FL I — Jhr* o (ak, AL, AL)) = (a#, A, mh") satisfies

0% 1
FLh = = —— Py AY (11.7)
¢ 0Ag, 2 we
which means that the image of .#.% is the submanifold P, C J Lr* defined by the constraints
1
T 4 5eﬂ”pga,ﬂal,’; =0. (11.8)
Thus, local coordinates on P, are (z#, A%). The De Donder—Weyl Hamiltonian function is
1
Ho = 2" gay fhACASAL € C(P,) (11.9)
and the Hamilton-Cartan forms on P, are
1 1
0% = —"Pgq [2AgdAg Ad*z, + 3 fgdAgAgA;jd%] , (11.10)
1
0%, = gy, [QdAg AN AL A dPay + fo AL ASAAS N de] : (11.11)

There are no further Hamiltonian constraints other than the primary constraints and .#.2(Sy) =
P,. The field equations in both the Langrangian and Hamiltonian settings are

e g (OMA,@ + fgcA;jAg) —0 = F'y=0 = F,=0. (11.12)
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11.3 Symmetries

SU(N) gauge transformations:

The gauge symmetry group SU(N) of the Chern—Simons theory produces infinitesimal trans-
formations

0Au = Dux =0ux +[Au,x] . 0A% = DX’ =5%0,x" — f4xAS (11.13)

where y = x%, € C*(M). The vector field which generates the SU(N) transformations on E is

E _ b
XX = _DZbX 8714?/‘ € :{(E) 5 (1114)
whose canonical lift to Jl7 is
. 0 oD% x? b 0 1
Xy ="' X7 = —Diuyx' 5 — < Wl fa g ) e x(J'n) . (11.15)
X H 0Ae Ok @t ) 0Ag,

and its .#.Z-projection onto P, C J'7* is

)
Yy =FLX,=-Dipx' = € X(P,) . (11.16)
oA
Finally, the corresponding multimomentum maps are

1
Jo (X)) = —i(Xy)0g = —ie“”pgabAgDﬁbxbdeu € Q*(J'n) , (11.17)

1
S (Yy) = —i(Yy)0% = —geu”pgabAf)ngxbd%u c Q*(J'r) € Q*(P,) . (11.18)

Lorentz transformations:

As in Yang—Mills, Lorentz transformations generate a Noether symmetry which we denote as

0
&= &+ (x)ﬂ € X(M) where &# = wh,x” and the w'}, are the infinitesimal antisymmetric Lorentz
x
matrices as in previous examples. The canonical lift to the configuration bundle F is
o= —en 4 amger 9 cx(py (11.19)
Ozt VIR 9 A ’

which can be lifted again to J'7, giving

9
A%

Xe=j'p = —§“i + A30,8" € x(J'n), (11.20)

preT + (A5,0,8" + As,0,8")

043,
as before. The corresponding multimomentum map Jg (X¢) € Q(J'n) is
17 1 a (o2 (o2 a 1 g AQ (&
J2(Xe) = —i(Xe)Oz = e gap | 5 Ay (A50,E7 A%, + €7AAY N A o) — 5 Feaf A#A,,Azdzxg]

(11.21)
Furthermore, the projection of X € X(J'x) to P, C Jlr* is

9 0
Ye = FLXe = —EF—— + A%9,¢

P, . 11.22
. 54z € X(P (11.22)

The resulting multimomentum map J5,(Ye) € Q*(P,) is

pivip
(11.23)

1 1
IS (Ye) = —i(Ye)O% = € gup §Ag (A%0,67d%x, + £7dAL N d ) — 3 fhe7 AT AC Add%g}
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12 Einstein—Cartan Gravity in 2 + 1 Dimensions

Now we study gravity with cosmological constant A in 2 4+ 1 dimensions is developed in the tetrad
formalism using the vielbein ej; given by g, = eZegnab (n=0,1,2, a = 0,1,2), and the Hodge
dual spin connection wy, = %eabcwubc, which are treated as the variational fields of the theory as in

Witten’s original work [147].

Similar treatments of Einstein—Cartan gravity in the multisymplectic setting exist, for instance,
in [57, 142]; a multisymplectic analysis of Einstein—Cartan gravity, including the study of bound-
ary terms can be found in [91] and in the doctoral thesis [106]. Furthermore, see [56] for the
multisymplectic treatment of the second-order Einstein—Hilbert action.

It is also worth noting that there exists a different geometric treatment, sometimes referred to
as the polysymplectic formalism [95]; for a presentation of vielbein gravity in this formalism, see
[96].

12.1 Lagrangian Formalism

The configuration bundle E has coordinates (:B“,@Z,wf,); the induced coordinates on J'7 are

(z#, e}, ws, eg,,, ws,) and jlo: M — Jlm:at (x“,ez(x),w;(x),&,efj(x),&ﬂuﬁ(m)) are the first-

order jet prolongations. The Lagrangian density is given by

1
L = Z(a! e}, wp, eq, w;;p)d% = P [2nacezw§p + €abe (eZwa; + 3A€Z€g€;>:| dz.  (12.1)

It is well-known that this Lagrangian density can be written as a Chern—Simons theory [147],
1 2
L:§<A/\dA+§A/\AAA>, (12.2)

with gauge field A = (eZPa + wﬁJa) dz*, where J% = %e“chbc are the Lorentz generators in the
dual form and P® are the translation generators which satisfy

[Jaa Jb] = 6achC 5 [Jaa Pb] = 6ach)C 5 [Paa Pb] = )\fabcjc . (123)
The invariant bilinear form on the Lie algebra of the gauge group is, in general, given as

(Jas Po) = conay > (Jar Jo) =c1Map 5 (Pa, By) = Ae1nap - (12.4)
In this work, the choice cg = 1, ¢; = 0 is made and hence,

(Jas Po) =nab » (Ja, Jo) = (P, P) =0 . (12.5)

This field theory is singular which can be seen directly from the following components of the
Hessian matrix:

Rk 0?y 0?s

Fea 90 =0 0 Foaar. =0 0 Beaagh — 0 (12.6)
et 0eb, wit, 0w, e, 0wh

The null vectors of the Hessian matrix above are given as

111 111 11 1\\"'
OV = @V = 1 11 111 1 11 , (12.7)
111 111 111
respectively. The null vector above is expressed as a column vector in the latin (locally Minkowski

tangent space) upper index while, at each row of the column vector, the 3 x 3 matrices are indexed
by the roman lower indices.
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The Lagrangian energy Eg € C*°(J'7), the Poincaré-Cartan 3-form © ¢ € 23(J'7), and the
premultisymplectic Poincaré-Cartan 4-form Qg € 2%(J'7) are given by

A 0 1
By = ot + 2ty — 2 =~ (ezwgw; n g)\eZef’,eZ) . (12.8)
on op
1
Oy = 26“”p77aceZdwg A A%z, + € Pegp, <eZw,’iw; + g/\eZel;ef,> B, (12.9)
Qg = —26"Pngedey; A dwy A &z, — Pegpe (w,lngdez + 2engdwf, + Aei‘,eideﬁ) A A3z

_ (12.10)
:Qg—{—dEg/\d3$ .

The field equations are obtained using multivector fields written as X ¢ = XoA X1 A Xo € X3(Jt7)
with components given by

Xy =5+ By, e +Cg, ot + DSW@ + Hﬁapawgp : (12.11)
Then,
Z.(ng)Qfg = _26uyp77ac (Bl(f,udwg - CﬁpdﬁZ) + fw,pﬁabc (wngdez + 2€ngdw; + )\egezdez>

— e |:277ac (BS\L,LLlep - Bﬁucf\p) — €agbc ((«USW;BKH + 262&)30;0 + )‘e?/e;B;\L;‘)} dx/\ =0.
(12.12)

Setting differential forms separately equal to zero produces the following two independent field
equations:

1
0 = evP |:77(z005,0 + 5 €abe (wng + Aeﬁeé)} , (12.13)
0= elre [nacBﬁu . eabce;‘;wﬂ . (12.14)

These equations are compatible on all of J'7 as no compatibility constraints arise. Note that, as

ker Qo Nker d3x:< 8@ 6&> : (12.15)
8epu BwW

it follows from Proposition 3.1 that ¢ | —— |dE ¢ = 1 dE ¢ = 0 is satisfied automati-
Oes, ows,

€ ker Q¢, the coefficients DS, ,, HS,, in (12.11) remain

cally. Observe also that, as vou Myep

des,,’ 0w,
undetermined.

Nevertheless, solutions to the field equations must be holonomic multivector fields X ¢ which
thereby have components (12.11) for which By, = e}, and Cf, = wy; it follows that the field
equations (12.13) and (12.14) become:

a
vp

1
0 = ke |:77acw1€p + 5 €abe (wgw; + Aef’,eZ) ] , (12.16)

0= er [nacel‘f# - eabceZwZ} . (12.17)

Both of these equations are SOPDE constraints and define the submanifold S; < J'm. As usual,
it is necessary to ensure the tangency of the multivector field X ¢ to the submanifold S;. Recall
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that this is done by taking the Lie derivative of the constraints with respect to the multivector field
components (12.11), where By, = e}, and Cy, = wy,, giving:

1
0=L(Xs) [e‘“’p (nacw,‘jp + ieabc(wng + Aei’,ei))] = P [nacﬂgl,p + €abe <wfﬂw§p + /\el,jegp> } ,
(12.18)

0=L(X,) [e“””(nace,‘iu — eabcewai)} = etP [nacDgW - eabceguws - eabcengV} . (12.19)

These equations are relations for the coeflicients Dg,,, and Hg, , and are not constraints; it follows
that there are no tangency constraints in this field theory.

Furthermore, the integral sections (z#, ef,(z),w5(z), €5, (7),ws,(z)) of these holonomic multi-

vector fields satisfy that By, = Oyef, and Cj, = d,wy, and therefore the equations (12.13) and
(12.14) on S; become:

0 = P [nac (B — Dpws) + €ave (wng + )\ef,eg)} , (12.20)
0= P [77(1(: (aueg — 8VeZ) + €abe (ezw,lj + wze,bj)} ) (12.21)

These are the well-known field equations for gravity in 2 + 1 dimensions; the first equation is
Einstein’s equation with cosmological constant while the second guarantees that the spin connection
is torsion free, thereby fully specifying the spin connection in terms of the dreibein ej;.
12.2 De Donder—Weyl Hamiltonian Formulism

The Legendre map .#.% : J'm — Jln* associated to £ gives the multimomenta

0.4 0. \

0, FLv = 26" el (12.22)

a

v 862,/

8wgy
The relations above give the constraints p/” = 0 and 72" — 2" pnabel/_’, = 0, which define the
primary constraint submanifold 5, : P, < J'7* on which the Hamiltonian formulation takes place.
As expected from Proposition 3.2, the null vectors (12.7) are given by the partial derivatives of the
primary constraints with respect to the multimomenta according to (3.24):

a * 0 v a *
(1)’7;11/ =7 W (pg ) ) (Z)VMV =77

e <7rg” - 26‘“’pnabez> . (12.23)
The restricted Legendre map .#.%, is given as #.£ = j, o F.%, and the primary constraint
submanifold P, is locally diffeomorphic to F and the system is almost-regular. Then, the local

3 a (&
coordinates on P are (z*, e, wp).

The De Donder—Weyl Hamiltonian on P, which satisfies Fo = .7 .Z%.,, is given by

1

S — — Py (ezwgw; n g/\eZel;e;> . (12.24)

The Hamilton-Cartan 3-form ©%, € 23(F,) and the premultisymplectic Hamilton-Cartan 4-form
°p € 2Y(P,) are given by

@0bwe + 1)\e“ebec)d:ga: , (12.25)

o __ o _uvp a c 2 uvp
0% = 26" nyee,,dw, Nd7zy, + € eabc(eu Wyt gACuee)

0% = —QE”V'Dnacdez A dwz A%z, — e Peyp, (wngdez + Qewaidwz + /\el;ef,defj) Ad3x . (12.26)
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As it is usual, the field equations are obtained using a multivector field X ;y = XgAX 1A X5 € %3(PO)
with components given by

9 9 9
v p—y a ¢ . 1 *
Xy = g + Bz + Covir (12.27)

Now the geometric field equation (3.11) gives
i(X ) =26"P1qc (BE,dw’ — CﬁpdeZ) — e"Pegpe (wlb,wgdez + QeZdewg + Aeﬁeﬁdeﬁ)—i—

0 (2mac (BSOS — BUuCSy) + cave (Whof B, + 260l C5, + Aebes B, )| da* =0 .

1%

(12.28)
Setting differential forms separately equal to zero yields
1
0= et [naccgp + et (wgwg + Aeﬁei)} , (12.29)
0= et [nacBgu - eabcezwﬂ . (12.30)

Similarly to the Lagrangian formalism, no compatibility constraints arise. Again, observe that

_ o 0
ker Q{yf N ker d33j‘ = <8ppl’“ W> R (1231)

from which it follows that i <81?W> dstt =i ((97?3#> ds%, = 0 automatically. Then, by taking

(x#, eZ(m),wgc(x)) to be integral sections of X, for which By, = 0y¢}, and Cf, = 9wy, the field

equations become again
0= eP [Uac (8w — Bpws) + €ave (wgw; + Aef’,ef,)} , (12.32)
0 =P [Uac (Oue — 8,,62) + €abe (eZwS + wZeg)} , (12.33)

which are the same field equation obtained in the Lagrangian formulation.

12.3 Symmetries

Spacetime diffeomorphisms:

Spacetime diffeomorphisms are generated by the infinitesimal parameter £ via the following
transformations:

ox” ox”
M o 1 la( 0\ a a la( 0\ __ a
at — ot =al + M (x) = e (a') = Dl o), wi(r) = wy'(z’) = ag;/uw”(x) , (12.34)
hence,
5e§(x> - B:Zz(x) - eza(x) - _gyllayeza_ ez a‘uéy ; (1235)
&uu(x) = w,'(z) —wy(z) = =& Ly, — w0

Once again, these field variations are given by the Lie derivative of the local sections ¢ : M — E

generated by the vector field £ = —&# 88;1 € X(M) as defined in (4.8). The lift of the vector field
x

¢ to F is given by
0 0 0

Y~ a v_ Y a v
B =g T G O

€ X(E) . (12.36)
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The canonical lift X¢ € X(J'7) of g to Jl7 is given as

) ) 0 0 0

e a v_ a v_ a p__ La P a p_ . .a P
Xe = ="' +ey0u€ e T i awz+(e(,paug €5,056") aeg#ju(w(,p W€ — 5,056 fus,
(12.37)

It follows that L(X¢)©.¢ = 0 so the momentum map Jg(X¢) € £2%(Jn) is given by
Jo(Xe) = —i(X)Og
— 9P a (¢0,.C 1 c o 12 nye) a b, ¢ 1abc o2
= 2" ngce), (f dw, Nd zye + w,0,£7d x,,) + e Peape | e wyw, + g)\eﬂeyep Eodz, .
(12.38)

Furthermore, since P is locally diffeomorphic to F, the vector field Yy = .7# .2, X which generates
the spacetime diffeomorphisms on P, is written as

0 d ogr 0
Y, = —¢H a v a P, 12.
¢ £ By +e;,0, den +w”8x” ot € X(P) (12.39)
and since L(Y¢)©% = 0, the momentum map J»(Y¢) € 2%(P,) is given by

I (&) = —i(Ye)O%
1
— —26“"”77acez (g“dw; ANd 'z, + wf,(?pgad?:z:l,) + e"Pegpe (eﬁwng + 3AeZeﬁe§> e d%z, .
(12.40)

Local Poincaré transformations:

Local Poincaré transformations of the gauge field are constructed using the infinitesimal pa-
rameter A(z) = P,p® + J,7% as

A, (x) = —D,A(x) = —0,A — [A,, A, (12.41)

where 7%(z) are the infinitesimal generators of local Lorentz transformations and p®(x) are the
infinitesimal generators of local translations. It follows from the Lie algebra (12.3) that
op® or®
5eZ(m) =5 eabcefﬁc — eabchpC , (5wZ(x) =g EawaZTC — )\eabceZpC . (12.42)
The vector field on the configuration bundle £ which generates the local Poincaré transformations
is

0
(g = <8M,0a + EabCSZTC + eabcwz,oc) Sea T ((")NT“ + e“bchTc + )\e“bCech> R (12.43)
1 1
The canonical lift of (g to Jlr is
0 0
X = (({hp“ + €%eeh T + eabcw/lipc> Soa T (8NT“ + €% T + )\eabceZpC) B
g g (12.44)
+ €%, (eZ@UTC + wzagpc + ef’er) o + €%, (wZa(,rc + AeZ@UpC + wgurc) R
eUﬂ wo’u
while the projection .#.Z .. X = Y onto F, is
0
Yo = (@upa + e"bceZTc + eabchpc) Dod + <8,ﬂ'a + e“waZTc + )\eabcezpc) T (12.45)
1 1
The momentum map J¢(X¢) € 2%(J'r) on Jlr is given by
Jo(X¢) = —i(Y)Op = —26" ngcets (aﬂc + €ttt + Aecdbegpb) d%z, . (12.46)

and the momentum map J-(Y;) € £2%(P,) on the multimomentum phase space is given by the
same expression

o (Ye) = —i(Y)O% = —2e"Pn,cey, (aﬂc + ecdbszb + Aecdbe,‘ipb) d*z, . (12.47)
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13 The Dirac Field

We now study the Dirac Lagrangian for Dirac spinors (see e.g., [129]). The De Donder—Weyl
construction of the Dirac equation first appeared in [4] [133]. Here we give the premultisymplectic
construction of the variational calculus in both the Lagrangian and De Donder—Weyl Hamiltionian
setting.

Recall that tensor fields are not, in general, the only objects which transform under Lorentz
transformations which can be used to construct Lorentz invariant Lagrangians. The Lorentz group
SO(3,1) is isomorphic to SU(2) x SU(2). The Dirac spinor ¢ is constructed by taking a left-handed
Weyl spinor 1, which transforms in the (3,0) representation of SU(2) x SU(2) and stacking it on
top of a right-handed Weyl spinor 1 which transforms in the (0, %) representation of SU(2)x.SU(2)

so that s 5
_ LY\ a
-()-(3)

transforms in the (3,3) representation of SU(2) x SU(2). The undotted indices {a} above are
indices belonging to SU(2)r, of SU(2)r x SU(2)r while the dotted indices {a} belong to SU(2)g.

Furthermore, the generators of the spinor representation of the Lorentz group are given as
S =qy" 4], (13.2)

where the y* are the standard Dirac matrices which satisfy the Clifford algebra {~v*,+"} = 2n*"1.
Then, given the Lorentz matrices in infinitesimal form as

AP = G 4+ b (13.3)

v

where w',, are the infinitesimal Lorentz matrices which are antisymmetric, it follows that the Dirac

spinors transform as,

W — Y (x) = exp <—;wﬂyﬁ“”) (A1) . (13.4)

Now, consider the configuration bundle 7 : F — M, in which the configuration manifold E is
locally trivial E = M x F and F is Zs graded (see Appendix B). Denote the local coordinates on
E as (z#,1® )*) where now we have fermionic coordinates e(¢)%) = €(¢)%) = 1. Then, the vertical
endomorphism on J'7 is given as (see [33, 120])

0 _
S=0Nd"tz, 0 — +60°Nd" 2, @ — | 13.5
and we use the following contact forms on J'7:
0" = dy® — Ypdat 0% = dop® — &de“ . (13.6)

Now, defining the Poincaré-Cartan m-form © ¢ on the extended phase space J'7 as before (1.24),
Oy =Ld"xr+S(dY), (13.7)

we obtain the following coordinate expression:

0% . 0%
Oy =|6° + 60— | Ad™ ', + LA, 13.8
Z ( dus aqu) n (13.8)

where we take derivatives from the left and we now must be careful with the ordering of the variables
which are not commutative. The Poincaré—Cartan (m + 1)-form is given by Q. = —dO & as usual.
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13.1 Lagrangian Formalism

The famous Dirac equation,
(ivF Oy —m) =0, (13.9)

can be derived from the Dirac Lagrangian,
&L = (iv'0, —m) 1, (13.10)

which can be taken to be a functional of holonomic sections which map from a 4-dimensional
Minkowski spacetime M (with coordinates ) to the first jet bundle J'7 of the Grassmannian
configuration manifold 7 : £ — M with coordinates (:L‘“,w,zﬁ). It follows that J'm has the
local coordinates (2,1, 1, ,,1,). The dotted and undotted indices of SU(2) x SU(2) will be
suppressed; however, it should be noted that the corresponding rules of matrix multiplication apply
throughout all algebraic manipulations. Notice that we are taking v and v to be variationally
independent fields even though they are related by Dirac conjugation: ¢ = 1f~° (and 9T is the
Hermitian conjugate).

Here we would like to perform the variational calculus on J'7 using the relevant Poincaré-
Cartan 5-form which for this field theory is premultisymplectic as the Dirac Lagrangian is singular
in the De Donder-Weyl sense. The Dirac Lagrangian function on J'r is written as,

L = ihytap, — mapnp € C=(J'm) | (13.11)

giving the Lagrangian energy Ego = mip € C®(J'7). The resulting Poincaré-Cartan forms on
Jlr are:

Qg = ipy'dy A Bz, — mippdia (13.12)
Qg = —idy* Adp A APz, +m (Ydy + dgy) Ad'z . (13.13)
Now use a 4-multivector field X ¢ = Xy A X1 A Xo A X3, whose components are written as,

X,,:6V+AVE+BZ,i+C,, 4 4

2 iDL 13.14
T A T 51
to compute i(X )2y = 0 and obtain:
ivtA, —myp =0, (13.15a)
iBy" +myp=0. (13.15b)

No compatiblity constraints arise from the equations above. However, the SOPDE condition (A4, =
Yy, By = 1,) needs to be imposed on the equations above, giving the following SOPDE constraints:

iyFab, —myp =0, (13.16a)
i +my =0 (13.16b)

Furthermore, it is necessary to that the tangency condition for X ¢ is satisfied since the equations
above are constraints.

0 =L(X)) (V'Y — myp) = in"'Cpp — mA, (13.17a)
0 =L(X,) (iYuy" + mip) = iDyy* + mB,, . (13.17b)
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These equations are relations for coefficients of X & and give no new constraints. Consequently, the
final constraint submanifold is given by the SOPDE constraints (13.16). The final field equations
are written on integral sections of X ¢ as,

iyt o) —mayp =0, (13.18a)

0y +my =0 . (13.18b)

The first equation is evidently the Dirac equation (13.9) which is the Euler-Lagrange equation for

1 while the second equation is the Euler-Lagrange equation for ¢ and is equivalent to the first

equation by Dirac conjugation. It is interesting to notice that, on integral curves, the tangency
equations are specified as

iyt Op —moyp =0, (13.19a)

00" +moyp =0, (13.19b)

which are the first spacetime derivatives of the field equations.

13.2 De Donder—Weyl Hamiltonian Formalism

The dual jet bundle J'7* has local coordinates denoted as (z*,, v, 7, 7). The Legendre trans-
form .Z.L : J'w — Jln* satisfies,
0L - 0L
=— =it , FLTM=_—"—"=
L My

which defines the _primary constraint submanifold jo, : Po — J Lo, Furthermore, the Hamiltonian
function 7 = miypp € C°(P,) given by Egy = % L where F.£ = jo o F L.

The Hamilton—Cartan forms are

F L 0, (13.20)

0% = ipydyp A Py, — mippde (13.21a)
Q% = —idYy* Ady APz, +m (Ydy + dypy) Ad'z . (13.21b)

Using 4-multivector fields X, € X*(P,) with components,

0 0 0 0
X, =0y + Ay + By + O 4 DI 13.22
T TP an T g TP g (13.22)
to compute (X )25, = 0 which gives
ivtA, —myp =0, (13.23a)
iBy" +my =0, (13.23b)

from which no compatibility constraints arise. It follows that the final constraint submanifold in
the De Donder-Weyl Hamiltonian formulation is the primary constraint submanifold P, C J'z7*.
The field equations which solve the variational problem are written on integral sections of X ,» as,

Yo —myp =0, (13.24a)
10,y +myp =0, (13.24b)

which are the same as in the Lagrangian setting (13.18).

The study of Noether symmetries in this setting follows along the same lines as in the other
examples. The explicit calculation of the multimomentum maps is left for future work.
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Part IV
Cohomological Field Theory

14 The Variational Bicomplex

In this section we give a brief review of some key aspects of the variational complex. For a full
presentation of the variational complex, see [6, 8]. The relation between the variational bicomplex
and multisymplectic geometry is explained in [23].

Recall from Section 1.4 that the exterior derivative on J*m naturally splits into horizontal and
vertical parts as

d=d,+dy . (14.1)
Since d? = 0, it follows that,
d=0 , dydy+dydy=0 , d®2=0. (14.2)
Furthermore,
dp(de#) = 0=dy(da") , dpff =da* A0y , dvff =0. (14.3)

In the same way, an arbitrary differential form w € J°°7 can also be split up into its horizontal

and vertical parts as,
W= WP 4 Phatl Ly O0pta (14.4)

The space of differential forms on J°°7 with p horizontal components and ¢ vertical components
will be denoted 2P9(J>7). It follows that,

F(J0r) = P P9I (14.5)
p+q=k

and
dy : QP9 — QP 1 d QP Pt (14.6)

Furthermore, differential forms on the base space M pull back via the projection map 7 to
horizontal forms on J°°7 as,

QP’O(JOOW) = ()" 2P(M) . (14.7)
We also have the following projection map,
7P QF(J®r) — P9(J®r) (14.8)

which is computed by substituting dyf] = 93 + y/i yda# from the definition of the contact forms.

Not that Lagrangian forms are maximal horizontal forms as L € 2™°(J*®r). Now, the
Poincaré-Cartan form @y € £2™(J'7) for a first order field theory can be lifted to J®r as
Oy = (M°)*0y € 2™(J>®7). Recalling the local expression (1.24) for the Poincaré-Cartan
form, it follows that

Oy =L+60g, (14.9)
where, in the case of first-order field theories, 6 ¢ is given as in equation (2.14):

0. 07

0y =—"—04nNd" 1z, = =
8yﬁ‘ K 83/;?

dyyt Ad™ Lz, € QML (%) | (14.10)

This is the same boundary term as in Remark 2.13 from which we recall that

dyL = E(L) —dpf . (14.11)
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The expression above, which is given on J°, is in direct correspondence with the variation of the
Lagrangian on the space of holonomic sections J> as

0.Ld"r = Wd x+0,0Md"x (14.12)

where we are now using the slight abuse of notation . = £ o j°°¢ and we remind the reader that
0.7
dpA
which is in direct correspondence with 6 ¢, yields presymplectic potential (6.3) of the infinite-
dimensional covariant phase space formalism upon performing integration over a Cauchy surface
> C M. Furthermore, we can define

is the Euler-Lagrange derivative (1.46) on J°°m. Also recall that the boundary term above,

wy = —dyly € Q"V2(J%n) (14.13)

which is, in the same sense, in direct correspondence with the presymplectic form (6.4) of the
covariant phase space formalism. It is straightforward to show that

Oy =wy — E(L) . (14.14)

It follows that there is a direct correspondence between the operator § on 7°°7 and the vertical
derivative d, on J°7w. We also have a correspondence between the horizontal derivative dy, on J*°7
and the exterior derivative on M, which acts naturally on J°°7 as in equation (1.42). This allows
us to pass from the language of functionals to the language of differential forms. We are then able
to study field theories in cohomological terms on the variational bicomplex constructed from the
horizontal and vertical derivatives on J7.

The vertical exterior derivative dy : QP9 — QP9t! provides us with the vertical complex:

dy dy
Qo,O SN Qo,l BN

from which we construct the vertical cohomology:

_ Kerdy

HY (dy, 2%9(Jm)) = T

(14.15)

Similarly, the horizontal exterior derivative dy : QP4 — QPTL4 provides us with the horizontal
complex:

00— R — Q00 I, o duy duomo g (14.16)
0— Q01 Iy gl By dgma g (4>0) (14.17)

and we then have the horizontal cohomology:

. Ker dh

HP (dy, (%) = 0t

(14.18)

In Section 15.2 we will discuss the on-shell horizontal cohomology on J*7 known as the character-
istic cohomology which classifies the conserved currents associated with Noether symmetries.

Now define the interior Euler operator I : QP4(J>®r) — QP4(J>7) as,

T(w) = ;HA A (=1)P1oy [z <a§g‘> w] . weQPI(J®r) (14.19)
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It follows that Zody = 0 as Z? = Z and Ker(Z) = Im(dy,). The space of functional forms F
is defined as F? = Z (QP4(J°m)) so that Z : Q*9(J*°w) — F9. The Euler-Lagrange operator E
defined in equation (1.47) is given as,

E=Tod,: Qm°(J%®r) - FL. (14.20)
A Lagrangian L is called (variationally) trivial if,
E(L)=0, (14.21)
everywhere on J*°m. Furthermore, a Langrangian is called an exact Lagrangian
L=dyy, forsomenec M 10, (14.22)

Note that exact Lagrangians are always trivial while the converse is not necessarily true [6]. The
cohomology H™ (Qm’o) is of special importance:

B Ker{E : Q™0 — m+1.0} _ {trivial Lagrangians}

H™ (2™0) = = : 14.23
( ) Im{d}, : 2m—1.0 — mO0}  fexact Lagrangians} ( )

Furthermore, we have the following vertical differential
Sy =Zod,: F!— Frtt, (14.24)

The differential map §, : F! — F2 is called the Helmholtz operator in the inverse problem of
the calculus of variations. Using the spaces of functional forms F? and the operator J,, we can
then be used to augment the horizontal complex to obtain the Euler—Lagrange complex:

d d E Sy Sy
0 — R — Q00 2y b0 Ty om0 2, pl Svy 72 O, .

which can be added as an augmentation to the variational bicomplex.

The full variational bicomplex including the Euler—Lagrange complex is depicted in the following
diagram.

dy dy dv Oy
d d d
0 002 h OL.2 h . h Qms2 z F2 0
dy dy dy Ov
0 001 dp, QL1 dp, L dp Qm.1 I Fl 0
dy dy dv /
E
d d d
0 —R— Q00 h OL.0 h . h Qm:0

We have shown how the vertical derivative d, classifies solutions to the variational problem in
the variational bicomplex. We also wish to control control gauge symmetries in similar terms by
cohomological classification. The horizontal complex classifies the multimomentum maps associated
with symmetries that are infinitesimally generated by evolutionary vector fields (5.10) as follows.
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Suppose we have an evolutionary vector field X, € %V(“OO)(J 1) which generates a Noether
symmetry. Since evolutionary vector fields are 7>-vertical and L € 2™°(J%7), it follows that
i(X¢)L = 0 and i(X¢)dyL = 0. Then,

L(Xe)L = i(Xe)d L . (14.25)

Now, by applying equation (14.11), obtain

N

L(Xg)L = l(Xg)E(L) — i(Xg)thg . (14.26)

Furthermore, since X¢ is evolutionary, it follows that dj, anti-commutes with the inner product
i(X¢), thus
L(X¢)L = i(X¢) E(L) + dpi(Xe)bg . (14.27)

This expression can be rewritten in terms of the Poincaré-Cartan m-form by using equation (14.9)
as

L(X¢)L = i(X¢) E(L) + dpi(X¢)Og . (14.28)
Now since X generates a Noether symmetry, it follows that L(X¢)L = dufB¢ for some ¢ €
Qm=10(J%r). Consequently, the multimomentum map € 2™~1(J°r) associated with X sat-
isfies

dnJe = i(Xe)E(L) (14.29)

so Jg is thereby conserved on the stationary surface ¥ C J*m:
dpJe S 0. (14.30)

As we will discuss in Section 15.2, Noether currents are also classified in cohomological terms on the
stationary surface Xy C J k7, which can be lifted to J>7. The calculation just given thereby puts
multimomentum maps associated with evolutionary vector fields in direct correspondence with the
characteristic cohomology of Noether currents.

However, there is no natural classification in cohomological terms of solutions to the field equa-
tions modulo gauge transformations in the variational bicomplex. Moreover, the variational bicom-
plex cannot control more intricate gauge structures such as those with reducible or open algebras.
In order to fully control these situations which the variational bicomplex does not address, we need
to use the BRST-BV (antifield) formalism, which we discuss in the following chapter.

15 The BRST-BV Antifield Formalism

This section follows [12] and [65] rather closely (see also [22, 84]). For a succinct presentation of
the BRST-BV antifield formalism in the canonical Hamiltonian setting, see [13]. We also make a
few notation changes: now M is taken to be D-dimensional and the natural coordinates of J!7 are
now (m“,yi,yi).

We now tun our attention to constructing the BRST differential and its cohomology in the
BRST-BV (antifield) formalism which is the most general version of the BRST framework. The
BRST cohomology is constructed in classical field theory to find the classical observables, which are
constructed from gauge invariant functions on the stationary surface 4. The BRST differential is
a coboundary operator on a Z-graded vector space with grading called (total) ghost number.
More specifically, the BRST differential is constructed on J*7 with Z-grading, while the BRST
cohomology is constructed from the application of the BRST differential to sections of the jet
bundle (i.e. to fields and the derivatives of the fields). For work on graded jet manifolds see, e.g.,
[119, 120, 135]; for details on anomalies and the relation between the BRST formalism and the
variational bicomplex, see e.g., [128, 137].
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The BRST differential is given as the sum of two differentials, § known as the Koszul-Tate
differential, and v known as the longitudinal derivative. The differential § is a boundary
operator on a IN-graded space with grading called antifield (or antighost) number while ~ is a
coboundary operator on a IN-graded space with grading called pure ghost number. As s = §+7,
the total ghost number is given as,

gh = puregh — antifd . (15.1)

The BRST symmetry arises from enlarging the configuration space E with ghost fields and
antifields. Given a field theory with a gauge symmetry group that is L'"-stage reducible, the set
of fields {qbz} is augmented by ghosts fields so that the new set of fields is,

4 = {¢", 0 [s=0,...,L; a5 =1,...,ms} , (15.2)

where mg denotes the number of independent generators at the s stage. The corresponding
antifields will be denoted as ®*. The Zs-grading which determines the parity (bosonic/fermionic
statistics) of each antifield is given as €(®*) = ¢(®4)+1 and the ghost number is given as gh(®*) =
—gh(®4) — 1. The various gradings of the fields and antifields are listed in the following table.

field /antifield | ¢' cos oF Co.
puregh 0 s+1 0 0

antifd 0 0 1 s+ 2

gh 0 s+1 -1 —(s+2)
€ €(¢') | e(e¥)+s+1 | e(¢) +1 | e(e¥)+s

As we will soon discuss, in order to construct the BRST symmetry, it is necessary to appropriately
augment the original Lagrangian .%, € C™(J*7r) of the theory under investigation. First, we
discuss how to construct the BRST differential for irreducible gauge theories.

15.1 The Structure of Gauge Transformations on J*m

Much of the discussion in this section can be found in [65] and [84].

Gauge transformations are, in general, produced on the space of holonomic sections J*r as,

6.0 (z) = R' e™ = / dP2' Rl (x,2")e(2!) , (15.3)
M
where the ¢ are the gauge parameters and the R’ are the generators of the gauge transformations
which are functionals with a € {1,...,m}. On J¥x,
R (z,2)) = R' ,0(w, ") + R 0,6(z,2') + ... + R*¥-1%9, . 6(x, "), (15.4)

so that the gauge transformations (15.3) on J¥m are written explicitly as,
5.0 (7) = R' ye® + R™MO,e® + ... + RUMI-FQ, 0 e® (15.5)

where integration over M is implied as in equation (15.3). When the gauge parameters are bosonic,
e(e®) = 0, the gauge symmetry is a standard bosonic symmetry; conversely, when the gauge
parameters are fermionic, €(¢“) = 1, the gauge symmetry is a supersymmetry. The parity of the
gauge generators is given as €(R',) = €(¢') + €(£*). Furthermore, §:9,,. 1, @' = Oy, 0:4, using
the total derivative 0, on the space of sections J 7 as in equation (1.42). The action transforms
under the gauge transformations as

5650=/ dPx [5°§’ﬂ7’6€¢i+8“0§] , (15.6)
M ot
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where 6.%,/6¢" are the Euler-Lagrange equations on J*m as before and the second term is the
boundary term. As usual, a gauge transformation produces a gauge symmetry when 6.5, = 0,
which occurs when,

0. (L0 jh0) = 0,77, (15.7)
for some F*(¢) € C*(J¥). It follows that there exists a Noether current,
0% .
JE = 3%, 09" — (15.8)
which is conserved on-shell:
ATl =0, (15.9)
X

recalling the definition (1.50) of the stationary surface Xy; this is the statement of Noether’s first
theorem. We will see in Section 15.2 how Noether currents are classified by the characteristic
cohomology of degree D — 1. Furthermore, by imposing appropriate boundary conditions, we can
extend the analysis off-shell so that,

0%, 0L
0:5, =0 = 250" R' c*=0, 15.10
c oot 0" = 5gb2 ( )
which provides us with the Noether identities:
A
5 e =0; (15.11)

this is the statement of Noether’s second theorem.

Now, in order to study the behavior of local functions and local functionals on the stationary
surfaces ¥ C J*7r and Yo C T k7, it is necessary to impose appropriate regularity conditions which
we now briefly discuss (see e.g., [65] for more details). Note that if a local function f € C°(J*r)
vanishes on the stationary surface 3, then it can be written as a linear combination of the Euler—
Lagrange equations and their total derivatives:

0%,
dyt

fle=0 < f=)90; ( ) , for some A € C>®(J*r) . (15.12)

The regularity condition for the stationary surface ¥ is given as
0%,

F(¢)ls, =0 = F(¢) = / :

( )| @ ( ) M (SQSZ

for some A* = M\(¢). Assuming that the regularity condition for the stationary surface Yy is
satisfied, solutions to the Noether identities form a complete (generating) set:
. . 0L
i ploy« %
09" = R' \* + ¥ 17", (15.14)

A (15.13)

where T% = —(—1)6(¢i)6(¢j)Tﬁ.
Moreover, gauge transformations do not, in general, form a Lie algebra. The action by two
gauge transformations of some group algebra satisfies,

[61, 820" = R f 578 eres (15.15)

0.%,
50
where, in general, f/ 6 = f7 (¢) and Eji = Ej ‘ (qb) are gauge structure tensors. The gauge algebra
is called a closed algebra if EJ =0 (1 e. the algebra closes off-shell); if E] ' #0 (i.e. the algebra
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does not close off-shell), then the gauge algebra is called an open algebra. In order for a gauge
algebra to be a Lie algebra, the algebra must be closed, the gauge structure tensors zﬁ must be
constants (and are called structure constants), and the Jacobi identity must be satisfied:

61, [02, 03]] + [03, [01, 82]] + [02, [63,61]] = O . (15.16)

A gauge theory is called irreducible when the generators R’,, are full-rank on-shell, and hence,
all of the gauge transformations (15.3) are linearly independent. Then,

rank (Ria‘z) =m, (15.17)

where m is the number of gauge transformations in the theory (i.e. the number of gauge degrees
of freedom), recalling that o € {1,...,m}. Then,

K OLORrRZL,
I 0P |y,

> =N —m = Ngof , (15.18)

recalling that n is the number of fields in the theory under investigation.

@Q

A gauge theory with gauge transformations d.¢* = R, e* (where g € {1,...,mo}) satisfying

0L
the Noether identities 5o R,

, = Ois called reducible when the gauge generators R',,  are not full-

rank on-shell, and hence rank (Ri a0 ‘E) <my, so that the gauge transformations are not all linearly
independent. A gauge theory is first-stage reducible if mg — my of the Rioé0 are independent
on-shell and there are m; on-shell independent generators R, ,

rank(RO‘gl’E) =m; , o3 €{l,...,mi}, (15.19)
where € (R ) = €(£*°) + ¢(c*!) and the ! are the first-level gauge parameters. It follows that,

X

R, R = 557 Vi, (15.20)
for some Vcil = —(—1)€(¢A)E(¢j)V£. The equation above indicates that the functionals R are the
on-shell null vectors of the Ria0 so that RiaORO‘O(j1 |Z = 0. Now we have that,

Or.ORr%Z,
k<fW Z) =n—mg+ M1 = Ndof - (1521)
A gauge theory is L*2-stage reducible if there exist functionals R with o, € {1,...,m,},
we have
05 i
R 2 RGT = WVOZ‘?S% , se{l,...,L}, (15.22)
L
rank (R%']o) =Y (=)""m; , s€{0,...,L}, (15.23)
l=s
OLORZ. -
LYR-Zo
nk (W E) = - ;(—l)sms = Ndof - (1524)

Now, we make some identifications between the structures on J*7 and J*7. First, the gauge
transformations (15.3) yield,

LX)y = R'\e* < 0.0'(2) = /M(Riaso‘)ojk¢, (15.25)
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and hence X, € X(J*7) is given as,

(15.26)

If X, generates a gauge symmetry on J*m, then we make the following identification with equation
(15.7):

b (L0 i"0) = 0,F(0) = 0 (f105"6) & L(X)Z = duf” (15.27)
Moreover, the identification with he Noether identities (15.11) is given as
6.,%0 ; 63@ ; / <5$o 1 ) -k
-R'y=0 ¢ -R'(¢) = -R'\ ) o =0. 15.28
= [ SR = [ (SR e (15.28)

The following correspondence between the multi-Hessians is also made:

N 5230
> 6¢'6¢7

5230

)
These identifications allow us to pass from the infinite-dimensional setting given on the space of
holonomic sections J*m, to the finite-dimensional setting on J*r.

15.2 Characteristic Cohomology of Conserved Currents

We now wish to recall the horizontal cohomology of the variational bicomplex. When the cocycle
and coboundary conditions weakly satisfied,

dpwp S 0 (weak cocycle condition) ,

- (15.30)
w5 dyn  (weak coboundary condition) ,
we obtain,
Ker dy|
H® (dy, 2°°(%)) = ———= 15.31
( hs ( )) Im dh‘g ) ( )

which is known as the characteristic cohomology. We remind the reader that the multimomen-
tum maps associated with Noether symmetries generated by evolutionary vector fields are classified
by the characteristic cohomology, as seen in equation (14.30).

The characteristic cohomology can be extended by the Koszul-Tate differential § as
HP(dy,, 2P°(%)) = HY (dy|d) , (15.32)

where the subscript in the extended cohomology H{(dy|d) indicates the antifield number and now
the superscript indicates the local form degree on all of J*7 (i.e. wP € QPY(JF7)). Local forms
which vanish on-shell can be written as a linear combination of the equations of motion (similarly
to equation (15.12)). Then,

dhwg § 0 = dhwg = )\“83 <5(;§O> . (15.33)

Furthermore, since 0y} = 6.%,/5y" we have

wy =AMy = Swp = = ATeyly = —Aa5(0y)) = ATy <5gj> : (15.34)
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and it follows that the cocycle condition of H® (dy, 2°°(X)) in equation (15.30) is extended off-shell
by 8, giving dpwh + &ufH = 0; the same analysis can be performed for the coboundary condition

in equation (15.30). Then, the cocycle and coboundary conditions for H{(dy|d) are given as,

dpw? + 0Pt =0 (cocycle condition) (15.35)
WP =dpnf ™" + 61" (coboundary condition) . '

The characteristic cohomology of degree D — 1 is of special importance as it classifies the conserved
currents associated with Noether symmetries (see, e.g., [12]) as follows.

Given a Lagrangian system with a multimomentum map J¢ € 2P=1(J*r), the Noether cur-
rent

je = jro* Je € QP (M) (15.36)
associated with a symmetry of the action S, vanishes on shell by Noether’s theorem:
dje = 0. (15.37)
g
On-shell exact Noether currents,
je 5 dkg, for some ke € P2 (M) (15.38)
¢

are called trivial. The corresponding on—shell de Rham cohomology on M is obtained from pulling
back by holonomic sections as,

7*¢* (dna) = d (jkgb*oz) , Vae2(Jhn), (15.39)

so the Noether currents therefore belong to H™~1(d, 2™71(Zy)).

15.3 The Koszul-Tate Differential and the Longitudinal Derivative

The equations of motion and Noether identities are implemented in the BRST formalism by means
of the Koszul-Tate differential §, which is nilpotent 6% = 1[§,6] = 0 and is chosen such that
d(dz#) = 0 and hence 60, = 0,6 = dd + dd = 0. Furthermore, § is a boundary operator on the
IN-graded algebra A which has grading called antifield number.

On J*7, the Koszul-Tate differential ¢ is given as,

5L\ 0 RPN
§=—05 ( 5y ) s + 05 (yiR',) oo (15.40)

The Koszul-Tate differential § provides a homological resolution of the algebra A, which is a IN-
graded differential algebra A such that:

antifd(6) = -1 ; d6(z) =0, Yz € Ay (15.41)

whose homology is nontrivial only at degree (antifield number) zero and is isomorphic to the
associative algebra A:

Hp(0)=0, Ek>0;
£(9) (15.42)
Hy(s)=A
It follows that the homology of ¢ is given as,
Ker(4)
H()) = = H,=A. 154
(9) 0 D (15.43)
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Next, we construct the exterior derivative along the gauge orbits, known as the longitudi-
nal derivative. Given an arbitrary local function f € C*°(J*7), local forms o € 02P(J*r) and
B € 29(JFr), and a gauge symmetry generated by an infinitesimal vector field X € X(J*7), the
longitudinal derivative 7 is defined by the following properties [84]:

(1) (VWHX)=LX)f,
(i) +*=0, (15.44)
)

(iii) ~y(aB) = ayf+ (-1)*(va)B .
Furthermore, v has pure ghost grading puregh(v) = 1, and
Y0y = Oy = yd +dy =0, (15.45)
0y+7v0=0. (15.46)
The longitudinal derivative is given on J*m explicitly as,
(15.47)

where Rja’i = OR,/0y".

15.4 The BRST Differential and the Antibracket

As mentioned earlier, the BRST differential given as s = ¢ + v is nilpotent s> = 0 and acts as
a coboundary operator on the Z-graded vector space whose grading is called total ghost number:
gh(s) = +1. Furthermore, s satisfies the graded Leibniz rule:

s(AB) = A(sB) + (—1)B(sA)B (15.48)

where A and B are local functionals of the fields and antifields. The local expression for s on Jk7
is given as

0 0

, ) 1 )
=05 (R'.CY) — + 85 | =fe.Cc7CP .
5°§/ﬂ0 * 1J o * 1t ¥ * 3 0
Oy (W +yiR, O ) 5y 00 (v R+ 11505 )a% .

Then, the local BRST cohomology is constructed to classify functionals. Given two local functionals
A= [a= [j*¢*a and B= [b= [ j*¢*B such that

sA=0 = sa+dm=0 (cocycle condition) , (15.50)
A=sB = a=sb (coboundary condition) . (15.51)

The cohomology of local functionals defined from the cocycle and coboundary conditions above is
the BRST cohomology of local functionals: H (s|d). Furthermore,

sa =0 (cocycle condition) ,

iy (15.52)
a = sb (coboundary condition) ,
gives the BRST cohomology of local forms: H(s),
K
H(s) = —2% (15.53)

 Ims
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This cohomology is also known as the BRST cohomology of local functions. Then (see e.g. [84]),

g )0, g<0,
H(s) = {Hg(v) g0, (15.54)

Furthermore, the antibracket of two functionals X and Y is defined as,

_OrXOLY  OpXOLY
(X.Y) = 5o5 5oy~ b% 504 (15.55)

using the left and right derivatives (see Appendix E). It follows that,
gh(X,Y)=ghX +ghY+1 |, €(X,Y)) =ex+eyr+1. (15.56)

Moreover,
(X,¥) = (-1 DOy, x) -
(X, Y),2) + (-l xtDora)((y, 2), X) 4 (- 1)l 7D xro)(Z,X),7) = 0.

The second equation above is the graded Jacobi identity; it follows that the antibracket is a graded
Poisson bracket. For more properties of the antibracket, see Appendix F.

The fields and antifields are canonically conjugate with respect to the antibracket as,
(@4, @%) = 6% ; (15.58)

see e.g. [65] for more details. The BRST transformation of some functional X is generated by the
extended action functional S via the antibracket as,

sX = (X,9) . (15.59)

Then, the BRST transformations of the fields and antifields are given explicitely as,

LS LS

A _ (_1\€a A —

@y = (—1)T(D}, 9) =

(15.60)

Furthermore, the nilpotence of the BRST differential is therefore expressed in terms of the an-
tibracket as,
(5,8)=0. (15.61)

This equation is known as the master equation and can be written equivalently as,

L(s)L = (s.2)dPz = 05 (S@A)% + 05 (s@Y) ———

=d 15.62

for some g = g+dP 1z, € P=1(JFr). The extended action functional S which solves this equation
is known as the proper solution to the master equation and, in general, it is given explicitly as

: 1
S=5, +/ (gb;RZaOa + Qfg,yc;moﬁ) , (15.63)
M

for irreducible gauge theories.

As mentioned earlier, the BRST cohomology is usually found by using the natural application
of the BRST differential to functionals on the space of holonomic sections J*7. Our goal in the
following sections is instead to investigate some of the properties of the BRST differential acting
on differential forms on J*r.
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15.5 The Multisymplectic BRST Symmetry

Finally, we turn our attention to the (pre)multisymplectic characterization of the BRST symmetry
in first-order field theories. We remind the reader that we now adjust the vertical endomorphism
as done in [120] which is now on the graded jet manifold J'r.

Recall that now the extended configuration bundle is 7 : E — M : (z*, &4, %) +— z#. Then,
the vertical endomorphism takes the following form:

0 0
A N gD-1, D-1
= 15.64
S=0"nd 8(I)A+<9A/\d :EH@‘?(I’ZLL? (15.64)
where now we have the augmented contact forms:
04 = do? — didat | 0% = A0 — &Y, dat . (15.65)
Now, defining the Poincaré-Cartan D-form © ¢ on the extended phase space J!7 as before,
0y =2dPz +S5dY), (15.66)
yields the following coordinate expression:
0.7 0.7
_[pA D-1 D
Gj—<0 (%)A HA&I)* >/\d x, +ZLd%x
0.L 0L 0. 0. 1567
dy’ dc Ptz — co -z )d”
( Yoy T an> n (yﬂaz+ rer ) v
The Poincaré—Cartan (D + 1)-form is given by 2 = —dO & as usual. Then, the multimomentum
map for first—order field theories associated with the BRST symmetry is given as
0L 07
= — ¢ = (— ( ) AZ= D-1
JBRST i(s)0g + B = (-1)° ( P 937 q)Aa‘I)ZM) d" "z, + B8,
; 0L o 07
= IR —1)e@ )1 loaleL wl gP-1,
-1y o+ VRO R 1
(15.68)

The standard BRST charge is then obtained by taking holonomic sections restricted to some Cauchy
surface jloy : ¥ C M — J'7 to compute

QBRsT = /Z(j1¢2)*JBRST : (15.69)

15.6 Yang—Mills Theory

Recall that the Yang-Mills Lagrangian prior to ghosts and antifields is written as,

1
£ = —ZFSVFL{“’ (15.70)
with covariant derivative,
Dy = 6% — f3AS . Dyt =600 + [R AL (15.71)

The extended Lagrangian which possesses the desired BRST symmetry includes one ghost field and
the corresponding antifields is,

1 a 14 * a a C 1 C * a
L = = F 4 A (CM - CbAHC”) + s facichan. (15.72)



The Poincaré—Cartan D-form on the graded jet manifold is given as,

Oy = — FIMdA2 A Az, + AHAC* A dPxy,
1

+ <_F(§WAZV+ 4@

The BRST transformations are given as,
_ b
sAj, = D7,
a 1 a ~vevb
sC* = §fbcC C y
SAZM = Dl/abFl:w + fcfbA:qu )
* b px * b
sCy =—D,, A+ CrfSCY .

The BRST multimomentum map which arises from the BRST symmetry is,
uv mya b 1 a pA*p e b 3
JBRST = —Fa DubC — §fbc‘4a C C d ZEH y
which up to the total derivative term —D?%, (C*F}") is equal to
_ ba pur 1 a pA*p e b 3
JBRST— CDbea _§bcaCC dl‘u.
Now we can compute the BRST charge using equation (15.69) to obtain
L o
QBRST = /E A3z (CngngV -3 fchGOCCCb) :

which is the standard BRST charge for Yang—Mills theory [13].

1
FJ"Fy, + [GATALC" — 5 abc;cboa> d'z
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(15.73)

(15.74)

(15.75)

(15.76)

(15.77)
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16 Conclusions and Outlook

16.1 Conclusions and Overview

The original work of Théophile De Donder in 1930 [36] and Hermann Weyl in 1935 [143] known
today as the De Donder—Weyl Hamiltonian formalism is advantageous in the study of relativistic
field theories since it treats space and time on the same footing. This makes the De Donder—Weyl
framework especially appealing for the study of gravitational theories which are generally covariant.
Nevertheless, the understanding of De Donder—-Weyl constraints did not exist at the time when
the formalism was first constructed. The De Donder—Weyl constraints were understood formally
later [37, 39]; moreover, understanding the De Donder—Weyl constraint structure required a much
more formal understanding of the differential geometry underlying the variational calculus. The
geometric picture in which constraints are controlled is, in fact, a generalization of the geometric
constraint analysis of time-dependent singular mechanics [28, 38]. However, the constraint analysis
developed in [37, 39] is given in terms of the intrinsic global geometry of jet bundles and (extended
and restricted) multimomentum bundles.

This work offers new geometric insights into the structure of De Donder—Weyl constraints by
working locally. The geometric results we have obtained are rigorously stated in the following
lemma and propositions: Lemma 3.17 Proposition 3.1 Proposition 3.2. We have published these
results in [63].

This thesis also provides a variety of novelties by explicitly developing the full (pre)multisymplectic
analysis of several physical models in both the Lagrangian and De Donder—Weyl Hamiltonian set-
tings. Our original findings obtained through the analysis of specific field theories are the following;:

e We present the first premultisymplectic treatment of Carrollian field theories [18, 19, 64, 80]
which arise from taking the limit ¢ — 0 for the speed of light as first introduced in [77,
109]. The De Donder—Weyl formalism and its (pre)multisymplectic interpretation prove to
be geometrically powerful enough to handle non-relativistic field theories.

e The multisymplectic formulation of the Nambu—Goto action for string theory and p-branes on
the multimomentum phase space J!7* found in [11] is extended in this work by additionally
providing the multisymplectic Lagrangian formulation on J'm and a full discussion on the
Noether symmetries on the multisymplectic phase spaces. We detail how the Nambu—Goto
action is regular in the De Donder—-Weyl sense. We also provide a brief discussion on the
non-relativistic particle limit.

e We also analyze the bosonic string constructed from the Polyakov action. We provide a
new geometrical interpretation of the well-known Virasoro constraint by finding from the
premultisymplectic constraint analysis that the Virasoro constraint arises as a compatibility
constraint in both the Lagrangian and De Donder—Weyl Hamiltonian settings.

e We provide the full premultisymplectic constraint analysis of 2 + 1 Einstein—Cartan gravity
which is a Chern—Simons theory [147]. We show that the field equations, Einstein’s equations
and the vanishing torsion, are given as Second Order Partial Differential Equation (SOPDE)
constraints in the Lagrangian setting.

e Finally, we provide the premultisymplectic construction of the fermionic Dirac Lagrangian
and find that the Dirac equation arises as a SOPDE constraint in the Lagrangian setting.

It should be noted that we have also the Yang—Mills and Chern—Simons theories with gauge group
SU(N). We have omitted the exposition of 3+ 1 Einstein—Cartan gravity as its premultisymplectic
geometry is virtually identical to the 2 4+ 1 case; the explicit exposition of 3 + 1 Einstein—Cartan
gravity can be found in our latest publication [76].
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Additionally, we present a formal mathematical presentation of the canonical lifts from the
configuration bundle to the extended and restricted multimomentum bundles Mm and J'7* of
the action of diffeomorphisms and their corresponding infinitesimal vector fields. The notion of
natural symmetries in the multisymplectic De Donder—Weyl framework thereby follows, along with
a variety of properties and new theorems. Hints of the results we provide are given as peripheral
ideas in [67] and are the natural generalization of those in mechanics. The definitions we present
for canonical lifts to the extended and restricted multimomentum bundles are given in [67]. Here,
our exposition of these definitions is more precise and we explicitly prove a variety of results, some
of which are hinted at but not proved explicitly in [67]. We also give a preliminary definition
of canonical lifts to embedded submanifolds of J!7* for field theories that are almost-regular in
the De Donder—Weyl sense. However, our definition requires invariance of the primary constraint
submanifold under the action of such lifts; this is a highly restrictive condition and a more general
definition would be ideal. Nevertheless, the results obtained from our definitions for canonical lifts
are the following: Proposition 4.1, Proposition 4.2, Proposition 4.3, Proposition 4.4, Proposition
4.6, Proposition 5.1.

We have also proposed in Chapter 6 a (pre)multisymplectic interpretation of the De Donder—
Weyl Poisson bracket of functionals first introduced by Marsden et al [116]). This allows us to pass
from the language of local functionals, to the language of vector fields and differential forms on
Jir*. Our (pre)multisymplectic construction of the De Donder—Weyl Poisson bracket includes the
derivation of the Hamilton—De Donder—Weyl field equations, analogous to how they are obtained
from the Poisson bracket of the action functional with some arbitrary functional. Additionally,
we have shown how this Poisson bracket can be derived from the (pre)symplectic structure of the
infinite-dimensional covariant phase space formalism.

Furthermore, we have also shown in Chapter 6 how the multimomentum maps in Yang—Mills
associated with the SU(N) gauge symmetry are related, up to a total derivative, to the first-
class constraints in the infinite-dimensional covariant phase space formalism; it thereby follows
that the Poisson bracket of first-class constraints is directly related to the (pre)multisymplectic
bracket (5.21) of multimomentum maps which, in turn, constitutes the bracket of observables
in the (pre)multisymplectic setting. This new perspective allows us to understand the first-class
constraints of a gauge theory in the canonical (instantaneous) Hamiltonian formalism in a covariant
manner on J'7*. To our knowledge, this perspective does not exist in prior literature; prior to
this work, the first-class constraints of a gauge theory in the canonical Hamiltonian formalism were
understood in terms of the multimomentum maps on J'7* by taking their zero level sets after
pulling back onto Cauchy surfaces [69], thus breaking the covariance of the analysis. We intend to
present our findings along with further developments in future publications.

Finally, we provide a first step towards understanding the Poincaré—Cartan geometry of jet
bundles in the BRST-BV analysis of first-order field theories. After constructing the BRST sym-
metry, in Section 15.5 we find the corresponding multimomentum map (m — 1)-form on J'x. We
find that the Noether charge obtained by pulling back by holonomic sections and integrating over
a Cauchy surface agrees with the standard BRST charge up to a total derivative, working out the
case for Yang—Mills explicitly in Section 15.6.

16.2 Outlook

As mentioned in the Introduction, one of the central challenges in quantum gravity is understanding
the role of time. More precisely, the general covariance of classical gravitational theories is at
odds with the preferential time direction that naturally emerges from the canonical Hamiltonian
formulation of quantum field theory. It has long been known that the ADM formalism which foliates
spacetime into Cauchy surfaces as M = R x X provides the canonical Hamiltonian formulation
of General Relativity, equivalent to the Einstein—Hilbert Lagrangian formulation. Upon naively
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performing canonical quantization using the ADM Hamiltonian, one obtains the famous Wheeler—
DeWitt equation as the quantized Hamiltonian constraint [43], which serves as the analogue to
the Schrodinger equation. It was shown in [126] that the classical Hamilton—Jacobi equation of
the ADM formalism is the leading-order WKB semiclassical approximation 2 — 0 of the Wheeler—
DeWitt equation for pure gravity.

However, the canonical quantization of Einstein gravity by using the ADM Hamiltonian oc-
curs on very shaky grounds as the gauge algebra of first-class constraints does not close properly.
Although the Poisson bracket of momentum constraints corresponding to spatial diffeomorphisms
closes properly and forms an honest Lie algebra, the Poisson bracket of Hamiltonian constraints
corresponding to timelike diffeomorphisms does not close and instead the algebra has “structure
functions” (instead of structure constants) which depend on the dynamical fields of the theory, as
pointed out by Lee and Wald in the infinite-dimensional covariant phase space formalism [108]. It
thereby follows that the Poisson bracket of first-class constraints does not give a Lie algebra repre-
sentation for the full spacetime diffeomorphisms under which General Relativity is gauge invariant.
This is severely problematic in the quantum theory, leading to gauge anomalies and ambiguity in
the ordering of operators, among other problems. However, the lack of a Lie algebra representation
of spacetime diffeomorphisms in terms of first-class constraints (even in the covariant phase space
formalism) is likely an artifact of the ADM formalism which sacrifices the general covariance of
General Relativity by splitting space and time. Yet, we know from the Feynman (functional) path
integral formulation of quantum field theory that the Einstein—Hilbert action is nonrenormalizable
in dimensions higher than 2 + 1, which shows that the challenge of quantizing General Relativity
runs deeper than the splitting introduced in the ADM Hamiltonian formalism.

Nevertheless, the role that constraints can play in a quantum theory of gravity should not be
overlooked, as the Wheeler-DeWitt equation suggests. Moreover, trying to understand classical
gravity as a semiclassical approximation to some unknown quantum theory may be one of the most
promising methods in the search for a consistent theory of quantum gravity. Bearing in mind such
lessons, one might ask what role could the De Donder—Weyl formalism play in quantum gravity. A
first effort to address this question was made in 1990 by Hofava who derived the Hamilton—Jacobi
equation within the De Donder—Weyl formalism, first for pure gravity which works for arbitrary
spacetime topology [86] and then for Einstein-Maxwell theory [87]. As Hofava notes, it is an
intriguing task to investigate which quantum theory admits the Hamilton—Jacobi equation of the
De Donder—Weyl formalism for pure gravity as its WKB approximation. In this light, one may
naturally suspect that De Donder—Weyl Hamiltonian constraints of some unknown theory could
play some role similar to that of the Wheeler-DeWitt equation. However, Hofava’s work does
not work with De Donder—Weyl constraints; instead, he circumvents the singular nature of the
Einstein—Hilbert Lagrangian by constructing a Lepage equivalent Lagrangian which is regular in
the De Donder—Weyl sense.

As we have already noted, the structure of De Donder—Weyl constraints has only been under-
stood much later. Moreover, our understanding of De Donder—Weyl constraints is still lacking in
the sense that we do not yet know if the constraint structure admits an interpretation a la Dirac
in terms of Poisson brackets of first and second class constraints. Nevertheless, we have a solid
understanding of De Donder-Weyl constraints in terms of the Hamilton-Cartan geometry on J!7*,
and equivalently in terms of the Poincaré-Cartan geometry on J'm which provides us with the
corresponding Lagrangian constraints. Furthermore, the gauge algebra of spacetime diffeomor-
phisms has recently been represented as a Lie algebra in the infinite-dimensional covariant phase
space formalism [32]; other modern approaches to understanding the gauge algebra of spacetime
diffeomorphisms involve Lie-infinity algebras (see [20, 21] and references therein). Both of the
aforementioned approaches to the gauge algebra of General Relativity involve the multisymplectic
geometry of (dual) jet bundles at the foundational level. Such progress is interesting since having
a complete understanding of the Poisson brackets of observables is likely essential for quantization
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in the covariant De Donder—Weyl Hamiltonian formalism.

Quantization in the Lagrangian framework is well understood via Feynman’s functional inte-
gral on the infinite-dimensional space of field configurations. In the path integral quantization of
gauge theories, the standard approach for controlling the infinities which arise in the path integral
from gauge redundancies involves constructing the gauge-invariant measure for the path integral
by means of the well-known BRST analysis. However, it is unclear at this point if understand-
ing the quantum and semiclassical properties of De Donder—Weyl constraints would be easier in
the Lagrangian setting since understanding Feynman’s path integral in formal geometric terms
is likely a far greater challenge than understanding constraints and observables a la Dirac in the
De Donder—Weyl Hamiltonian setting. Perhaps it is sufficient to understand the constraints and
BRST analysis in the Lagrangian setting in terms of the Poincaré-Cartan geometry without hav-
ing to make groundbreaking insights into the formal understanding of the path integral in order to
understand the relation between the quantized constraints and their semiclassical approximations.

As suggested in [87], it is interesting to study the case of pure gravity in 2 + 1 dimensions,
as it has been proven for many years now that the Einstein—Hilbert action is fully quantizable
[147]. Moreover, 2 + 1 gravity admits the BTZ black hole solution, making it an even more inter-
esting model, since we know that understanding the nature of black holes is deeply connected to
the foundations of quantum gravity. Perhaps a next important step in understanding black holes
involves developing the finite-dimensional De Donder—Weyl construction of Wald’s black hole ther-
modynamics calculation, which he performed in the ADM formalism using the infinite-dimensional
covariant phase space framework. Nevertheless, 2 + 1 gravity is not the only coherent model of
quantum gravity.

In fact, the first mathematically consistent version of quantum gravity was String Theory, whose
renormalization produces the beta function which, upon vanishing, yields Einstein’s equations plus
higher-order corrections in the low-energy limit. This means that the Einstein—Hilbert action
(plus corrections) can be interpreted as a semiclassical approximation of String Theory. This
allowed us to think of gravity as emergent from quantum phenomena since String Theory starts
classically from a fixed and flat background spacetime, thus changing the thought process from
attempting to quantize a classical theory of gravity, to trying to obtain a classical theory of gravity
as the semiclassical approximation of some quantum theory. The gravitational dynamics in String
Theory emerges from the quantum spectrum as the propagating spin-2 massless particle state,
the graviton. The classical geometry of spacetime is reconstructed by taking a high occupation
number of coherent states of gravitons, in direct analogy with how classical electromagnetic fields
are reconstructed from photons in electrodynamics. Furthermore, one can formulate String Theory
classically on a non-trivial, dynamical, background spacetime and upon quantization obtain the
corresponding quantum mechanics; this allows us to pass back and forth between classical and
quantum gravity in precise mathematical terms. Another extraordinary feature is the cancellation
of gravitational anomalies, which occurs uniquely in the case of strings within the quantum field
theory of extended objects. Furthermore, the first mathematically precise construction of the
holographic principle was the AdS/CFT correspondence [112]7 in which the large N limit of N = 4
Super Yang-Mills is dual to the semiclassical limit of quantum gravity as given by Type IIB
string theory on AdSs x S°. Additionally, the AdS/CFT correspondence provides us with an
understanding of black hole thermodynamics in terms of the statistical mechanics of microstates.
However, despite decades of immense effort, we have yet to find a version of String Theory which
has a phenomenologically tenable quantum spectrum that resembles the Standard Model of particle
physics.

"Today, this is the most cited paper in theoretical high energy physics with over 20,000 citations, with applications
extending outside the research field of String Theory.
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Most other known physical (though non-phenomenological)® models of quantum gravity, in-
cluding the Einstein—Hilbert model in 1 + 1 and 2 4+ 1 dimensions, are topological quantum field
theories in which all degrees of freedom are gauge degrees of freedom. This makes such theories of
quantum gravity quite interesting to the mathematics community, as the usefulness of topological
quantum field theories has been widely accepted, opening a new field of research in mathematics.
In particular, topological quantum field theories of the cohomological type [146] which are con-
structed from the BRST framework, have proven to be interesting to both the theoretical physics
and mathematics communities; the first of such theories include topological Yang—Mills in 3 4 1
dimensions [150], nonlinear sigma models [151], and the first version of topological quantum gravity
[149]. More recently, a topological quantum field theory of the (BRST) cohomological class was
used to obtain Perelman’s Ricci flow from non-relativistic quantum gravity with Lifshitz scaling
[53]. We recall that the geometric advantages of studying the (pre)multisymplectic geometry of
(dual) jet bundles are not limited to relativistic field theories. Moreover, understanding the BRST—
BV analysis of field theories in terms of the differential geometry of jet bundles may offer further
insight into the structure of topological quantum field theories.

Nevertheless, the semiclassical limit 2 — 0 is used in quantum mechanics to pass from the quan-
tum commutator of operators to the Poisson bracket of classical observables. One then reconstructs
the classical phase space by appropriately preparing coherent stats so that they become the points
of phase space in the semiclassical limit; this process is straightforward in quantum mechanics since
the classical phase space is finite dimensional. On the other hand, the classical phase space for field
theories that is used in the physics literature is typically infinite-dimensional as we have previously
discussed. Moreover, coherent states become functionals, making them much more difficult to con-
trol. Consequently, reconstructing such classical phase spaces from a semiclassical limit quickly
becomes unmanageable, with some obstructions arising from the presence of gauge symmetries and
constraints. Furthermore, the semiclassical limit of quantum field theories does not always exist,
let alone the reconstruction of classical phase space. In the case of Quantum Electrodynamics, the
reconstruction of the infinite-dimensional classical phase space of Electromagnetism is possible as
a result of the abelian structure of the gauge algebra and, more importantly, due to the fact that
gauge fixing can be done globally and the Marsden—Weinstein symplectic reduction is performed
in a straightforward manner. In the case of topological field theories, the reduced covariant phase
space has the exceptional quality of being finite-dimensional; as an example (mentioned in the
Introduction), the global structure of the covariant phase space for JT gravity was uncovered in
the covariant phase space quantization of the theory [123, 124]. Now, in the case of non-abelian
Yang—Mills theory, we do not know the global structure of the infinite-dimensional classical phase
space due to a variety of complications. Firstly, gauge fixation is not globally possible due to the
Gribov ambiguities. Furthermore, symplectic reduction is not straightforward. Instead, we control
the gauge symmetry of Yang—Mills by means of the local cohomology in the BRST-BV analysis.
Nevertheless, the semiclassical limit of Yang-Mills is understood in certain regimes, such as in
the perturbative expansion of the path integral around saddle points, or non-perturbatively in the
expansion around instantons.

Understanding the Hamilton—Jacobi equation of the De Donder—Weyl formalism as the semi-
classical approximation of some quantum system is likely not an easy task. The full global recon-
struction of classical phase space for more complicated gauge theories such as Yang—Mills or General
Relativity in dimensions greater than 2 + 1 is an even more challenging task. Perhaps the finite-
dimensional structure of (dual) jet bundles, together with their canonical geometric properties, may
offer new insights into the understanding of semiclassical approximations and the reconstruction
of classical phase spaces. Furthermore, the understanding of observables, local symmetries, and
constraints in terms of Poisson brackets in the De Donder—Weyl formalism is becoming an increas-

8That is, theories which are renormalizable and unitary but whose characteristics do not resemble the phenomeno-
logical data taken from observations in our universe.
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ingly reachable objective. Perhaps the cohomological classification of multimomentum maps and
the BRST-BV analysis of field theories on J'7 and J'7* could play key roles in the understanding
of gauge symmetries and observables in the De Donder—Weyl formalism.

Most of the modern literature on the De Donder—-Weyl formalism comes from the differential
geometry community, although there has been a reappearance occurring recently in the physics
literature (see e.g. [100]-[103]). The applications of the infinite-dimensional covariant phase space
formalism is far more abundant in the physics literature (e.g. [5, 82, 83]); it would be interesting to
study some of these applications using the geometric De Donder—Weyl program. The fact that space
and time are treated on the same footing in the De Donder—Weyl Hamiltonian formalism makes
it interesting for the study of relativistic theories, especially gravitational theories. Moreover, the
geometric formulation of the De Donder—Weyl formalism makes it even more interesting, as it is a
generalization of the variational calculus in mechanics, and the finite-dimensional covariant phase
spaces (the jet and multimomentum bundles) are equipped with canonical geometric structures
that serve as powerful tools in the analysis of field theories.
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A  Multivector Fields

(m)
Let M be an n-dimensional manifold and m < n; sections of A™(TM) = TMA...ANTM are
called m-multivector fields on M and they are the contravariant skew-symmetric tensor fields
of order m on M. The set of m-multivector fields on M is denoted X" (M). For more details on
multivector fields and all the related topics presented here see, for instance, [24, 26, 47, 48, 89].

For every m-multivector field X € X" (M) and p € M, there exists an open neighborhood
Up C M and Xy, ..., X, € X(M) such that

Xlg,= Y. frimXg A AKX, (A1)

1< iy <7

where fi-im € C*(U,) and m < r < dimM. Then, X € X™(M) is locally decomposable fif,
for every p € M, there is an open neighborhood U, C M and Xi,...X,, € X(U,) such that

Xy, =X1 Ao A (A.2)

All multivector fields used in this paper are assumed to be locally decomposable.

The contraction between multivector fields X € X™ (M) and differentiable k-forms & € 2F(M)
is

iX)ely, = > X A AKX )= Y (X)L i(XG)E, (AB)

1<i1 i <7 1<i1 i <7

if £ > m, and i(X){|y, = 0, if & < m. Furthermore, the Lie derivative of £ with respect to X is
the graded bracket (of degree m — 1)

L(X)¢ = [d,i(X)]€ = (di(X) — (=1)™i(X)d)¢ . (A.4)

A distribution D of rank k on M is a sub-bundle of TM of rank k£ (and an m-dimensional
distribution on M is an m-dimensional sub-bundle of TM). For every p € M there is a linear
subspace D, C T,M such that D = Upe M Dp. Given a distribution © € TM, a nonempty
immersed submanifold W C M is a an integral manifold of D if T,W = D,. The distribution
D C TM is an integrable distribution if at every p € M there is an integral manifold of D
containing p. A multivector field X € X" (M) and an m-dimensional distribution © on M are
locally associated if there exists an open set U C M such that X|;; is a section of A™D|;.

Locally decomposable m-multivector fields are locally associated to m-dimensional distributions.
Multivector fields associated with the same distribution form an equivalence class {X} in X" (M).
If X;, X9 € X"(M) are two nonvanishing multivector fields, both locally associated with the same
distribution on the open set U C M, then there exists f € C°°(U) such that X; = fX3 (on U), and
this is precisely the equivalence relation with equivalence class denoted {X}y. A multivector field
is integrable if its locally associated distribution is integrable. An m-dimensional submanifold
W — M is an integral manifold of X € X" (M) if, and only if, for every point p € W, the
multivector X, spans A"T,W.

Now, let 7: M — M be a fiber bundle with dim M = m and dim M = m + n. Vector fields on
M are called T-vertical vector fields when they are tangent to the fibers of 7. The set of such
vector fields will be denoted as XV(T)(M). A multivector field X € X™(M) is 7-transverse if at
every point p € Y, i(X)(7*8)|, # 0 for every 8 € 2™(Y) with 3(7(p)) # 0.

If M is an orientable manifold, the condition that a multivector field X € X"*(M) is T—transverse
can be written as i(X)d"z # 0, where d™z = dz® A ... A dz™ ! is the local coordinate expres-
sion (z#) on M (u = 0,...,m — 1) of the volume form w. In particular, it is possible to take a
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representative X in the class of m-transverse multivector fields such that f = 1 so that

i(X)dmr =1 . (A.5)

The canonical prolongation of a section t): U C M — M to A" TM is the section (™) : U C
M — A"TM defined as
Y™ = AT oY, , (A.6)

where AT : A" TM — A™TM is the natural extension of 1 to the corresponding multitangent
bundles and Y,, € X" (M) is the unique m-multivector field on M such that (Y, )w = 1. Then, ¢
is an integral section of X € X™(M) if, and only if, /(™) = X o 1.

Consider a local section of 7, ¢: U, C M — M : z +— y = ¢(z) where x € M and y € M;
if ¢(U,) is the integral manifold of the multivector field X € X" (M) at y, then ¢ is called an
integral section of X. If a multivector field X € X™ (M) is integrable, then it is 7-transverse if,
and only if, its integral manifolds are local sections of 7; that is, the local sections of 7 are integral
sections of X.

B Graded Algebras

This appendix closely follows [84].
Zs-graded (Supercommutative) Algebras:

An associative algebra A is a vector space over C such that, for any x,y, € A, the following
properties hold:

(x4+y)z=2z4+yz , z(y+z)=zy+az;
alzy) = (ax)y =z(ay) , a€C; (B.1)
(zy)z = 2(y2) .

The algebra A is Zs-graded (supercommutative) if it is the direct sum of two associative
algebras,
A=Ay A, (B.2)

such that,
xy = (—1)“*vyx | (B.3)

where e, =01if z € Ag and ¢, = 1 if z € Ay. It therefore follows that,

AgAg C Ay , AgA1 C A, A1AI CAp. (B4)

Z-graded Algebras:
An algebra A is a Z-graded algebra if A = @A, with multiplication rules: A, A, C Apim.
Z

Furthermore, an element z € A has degree given as deg(x) = n if and only if x € A,,.

C Differentials and (Co)homology

This appendix also closely follows [84].

A graded derivation D is a linear transformation with Z, parity grading which satisfies the
Leibnitz rule:
D(zy) = zDy + (-1)P%(Dx)y . (C.1)
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If ep = 0 then D is an even derivation and if ep = 1 then D is an odd derivation.

A differential D is a nilpotent odd derivation:
1
D? = 5[D,D} =0, (C.2)

e(D)=1. (C.3)

The differential D may also have a Z-grading deg(D) = 41 on some Z-graded algebra A. If
deg(D) = +1 then D is a coboundary operator forming the cochain complex:

D D D D
: ? An ? An—l—l > An+2 >

and the cohomology of D, denoted H*(D), is defined as

KerD
H*(D)= —— 4
(D)= 1os (C.4)
where,
reKerD& Dr=0 and z€elmD< Jye A:Dy==x, (C.5)
and an element = € KerD for which x ¢ ITmD is called a cocycle. Furthermore,
€ KerD : deg(x) = k}
H¥(D) = {z .
(D) {z € ImD : deg(z) =k} ’ (C.6)
and,
=@H"D) . (C.7)
k

Furthermore, given a smooth differentiable manifold P with exterior derivative d, the de Rham
cohomology of P is defined as

Ker(d)
H*(d;P) = . C.8
Now, if deg(D) = —1, then we have the chain complex:
A A B A,
and the homology of D is given as,
KerD
H, Hi( .
(D)= T = DD (C9)

and an element x € KerD for which z ¢ ImD is called a cycle.

D Lie Algebra Cohomology and Central Extensions

The classic reference on this subject is [27].

Consider a Lie group G with Lie algebra g and a representation M. The k-th Lie algebra
homology differential of g, denoted as d;, : A¥g — A¥~1g, is defined as,

Ok 1 &1, AN ANy Z (D) GINE A NG AN A LG (D.1)

1<i<y<k+1



The space of linear maps C*(g; M) : A¥g — M is given as
C*(g; M) = H(A*g, M) = AFg* @ M .
The Chevalley-Eilenberg complex is given as,
oy O (g M) 2 O (g M) 5 OFF (g M) s
where dg is the Chevalley—Eilenberg differential defined as,

k+1

g6, Gein) = (=) a(€r i i)

=1
+ Z(—l)iJrjOé([fi,fj],fl, . ,éi, . ,éj, . 75]{?4—1) .

1<j
The cohomology of the Chevalley—Eilenberg differential,

~ Ker(dy)

H*(g; M) = Tn(dy)

is called the Lie algebra cohomology of g with values in M.
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(D.4)

(D.5)

A Lie algebra g is called an extension of g by a if the following short exact sequence of Lie

algebra homomorphisms exists:

0—a—9g—9—0.

(D.6)

If a is in the center of g, i.e. [a,g] = 0, then g is called the central extension of g by a as g = gda.

E Left and Right Derivatives

See, e.g., [65] for more details.

Given a functional X of ¢, the left and right derivatives are defined as

or X _ E OrX _ 9
¢ 06 T 0 09
Then,
., 00X 0OrX
dX =d¢ 90 90 do ,
and similarly
.0 X  OrX
0X =6¢ 96 7(%5 10)

Furthermore,
OLX _ (_qyetonex)+n 9rX
¢

F Properties of the Antibracket

See, e.g., [65] for more details.

(E.3)

(E.4)



(XY, Z) = X(Y, Z) + (-1)¥4(X,2)Y ,
(X,YZ) = (X,Y)Z + (~1)XYY (X, Z) .

(X,Y),2) = X(Y,2) + (-1)> (X, 2)Y
(X,(Y,2)) = (X,Y)Z + (-1 (xty (X, Z) .

_ 0pBOLB

_W@ 5 _BiSELbOSOl'l7

(F,F)=0 , Fisa fermion,

(X,X),X)=0 , VX.
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(F.1)
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